
        
            [image: cover]
        

        
    
      
         
         
         
         Certified in Planning and
            Inventory Management (CPIM) Learning System

         
         
         
            
            
            APICS acknowledges the contributions of the following individuals
               to this and previous versions.

            
            
            
            
               
               
               
               
                  
                  
                     
                     
                        
                        
                        
                        
                        
                     
                     
                        
                        
                        
                           
                           
                           	
                              
                              Adolfo Alvarez, CPIM

                              
                              
                              Henry L. E. Barr,
                                 CFPIM, CSCP

                              
                              
                              Lu
                                 Bergstrand, CPM

                              
                              
                              Paul A. Bernard, CIRM

                              
                              
                              Richard Bernett, CFPIM, CPM

                              
                              
                              William M. Boyst Jr.,
                                 CFPIM

                              
                              
                              Richard L.
                                 Bragg, CPIM

                              
                              
                              Al
                                 Bukey, CFPIM, CIRM, CSCP

                              
                              
                              Jorge E. Calaf, CPIM, CIRM, CPA

                              
                              
                              Jesús Campos Cortés,
                                 CPIM, CIRM, CSCP, PLS, C.P.M., CPSM, PMP,PRINCE2, CQIA, CEI,
                                 CPF, CS&OP, CA‑AM

                              
                              
                              Jim Caruso, CPIM, CSCP

                              
                              
                              Stephen Chapman, PhD,
                                 CFPIM, CSCP

                              
                              
                              Tracy Cheetham, CSCP, CPIM, SCOR-P, PLS

                              
                              
                              
                              Jordan Chinburg, CPIM, CSCP

                              
                              
                              Edward C. Cline,
                                 CFPIM

                              
                              
                              Michael
                                 Cole, CSCP-F, CPIM-F, CLTD-F, CPSM

                              
                              
                              John H. Collins

                              
                              
                              Russell W. Comeaux

                              
                              
                              Maria Cornwell

                              
                              
                              Thomas F. Cox, CFPIM,
                                 CSCP

                              
                              
                              Barbara M. Craft, CPIM

                              
                              
                              
                              Hien Pham Dac, CPIM

                              
                              
                              Carol L. Davis, CPIM, CSCP

                              
                              
                              William David DeHart

                              
                              
                              Lon DeNeui

                              
                              
                              Kerry
                                 Depold, CSCP

                              
                              
                              Richard Donahoue, CPIM, CSCP, CLTD

                              
                              
                              Wayne L. Douchkoff

                              
                              
                              Sharon Dow, CIRM,
                                 CPM

                              
                              
                              Brian J.
                                 Dreckshage, CFPIM

                              
                              
                              Jody Edmond, CPIM, CSCP

                              
                              
                              John Fairbairn

                              
                              
                              Barry E. Firth,
                                 CIRM

                              
                              
                              Michael D.
                                 Ford, CFPIM, CSCP, CQA, CRE, PITA

                              
                              
                              Quentin K. Ford, CFPIM

                              
                              
                              Howard Forman CIRM,
                                 CSCP

                              
                              
                              Susan
                                 Franks, CPIM-F, CSCP-F, CLTD-F

                              
                              
                              Cara Frosch

                              
                              
                              Eileen Game-Kulatz, CIRM

                              
                              
                              Martin R. Gartner,
                                 CFPIM, CSCP

                              
                              
                              Ann
                                 K. Gatewood, CFPIM, CIRM

                              
                              
                              Michel Gavaud, CFPIM, CIRM, CSCP,
                                 CPM

                              
                              
                              Thomas P.
                                 Geraghty, CPIM, CDP

                              
                           
                           
                           
                           	
                              
                              Sue German, CPIM-F, CSCP, CLTD, CPM

                              
                              
                              Richard A. Godin,
                                 CFPIM, CIRM, CSCP

                              
                              
                              James C. Greathouse, CPIM

                              
                              
                              Barry Griffin, PhD,
                                 CFPIM

                              
                              
                              Jerome J.
                                 Groen, PMP, CFPIM

                              
                              
                              Debra Hansford, CPIM, CIRM, CSCP, CPM,
                                 CPSM

                              
                              
                              O. Kermit
                                 Hobbs Jr., CFPIM, CIRM

                              
                              
                              Terry N. Horner, CFPIM

                              
                              
                              Henry A. Hutchins, CFPIM, CIRM

                              
                              
                              Instructors in the
                                 APICS Atlanta Chapter

                              
                              
                              Scott Irving

                              
                              
                              David T. Jankowski, CFPIM, CSCP

                              
                              
                              Edward J. Kantor,
                                 CPIM

                              
                              
                              William M.
                                 Kerber, Jr., CFPIM

                              
                              
                              Jack Kerr, CPIM,
                                 CSCP, CLTD, C.P.M., Six Sigma Green Belt

                              
                              
                              Gerald L. Kilty, CFPIM, CIRM, CSCP

                              
                              
                              Bonnie Krause-Kapalczynski

                              
                              
                              Anthony Kren, CFPIM, CIRM, CSCP,
                                 CPM

                              
                              
                              Gary A. Landis, EdD, CFPIM,
                                 CIRM, CSCP

                              
                              
                              William F. Latham,
                                 CFPIM, CIRM, CSCP

                              
                              
                              William Leedale, CFPIM, CIRM, CSCP

                              
                              
                              Theodore Lloyd, CPIM

                              
                              
                              Henry W. Lum

                              
                              
                              Terry Lunn, CFPIM, CIRM, CSCP

                              
                              
                              Kare
                                 T. Lykins, CPIM, CIRM

                              
                              
                              Bruce R.
                                 MacDermott

                              
                              
                              David A. Magee, CPIM,
                                 CIRM, CSCP

                              
                              
                              
                              Toolsee Gulshan Marday, CPIM, CSCP

                              
                              
                              Daniel B. Martin, CPIM,
                                 CIRM, CSCP

                              
                              
                              James R. McClanahan,
                                 CFPIM, CIRM

                              
                              
                              Kaye Cee McKay, CFPIM,
                                 CSCP

                              
                              
                              Leila Merabet, CPIM, MBA

                              
                              
                              
                              Daniel Mielke, CPIM, MSc, SCOR-P

                              
                              
                              Alan L. Milliken
                                 CFPIM, CIRM, CSCP, CPF, MBA

                              
                              
                              William L. Montgomery, CFPIM, CIRM

                              
                              
                              William M. Monroe,
                                 CFPIM, CIRM, CSCP

                              
                              
                              Rebecca A. Morgan, CFPIM

                              
                              
                              Mel N. Nelson, CFPIM,
                                 CIRM, CSCP

                              
                              
                              Susan
                                 M. Nelson, CFPIM, CSCP

                              
                              
                              Charles V. Nemer, CPIM,
                                 MA-Leadership

                              
                              
                              Michael O’Callaghan, CPIM, CSCP, CLTD

                              
                              
                              Murray R. Olsen,
                                 CFPIM, CIRM

                              
                              
                              Timothy L. Ortel, CPIM, CIRM

                              
                              
                              Zygmunt Osada, CPIM

                              
                           
                           

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Ronald C. Parker,
                                 CFPIM

                              
                              
                              
                              Michael J.
                                 Pasek, CPIM

                              
                              
                              
                              James D. Peery

                              
                              
                              
                              William C. Pendleton, CFPIM

                              
                              
                              
                              Philip D. Pitkin, CIRM

                              
                              
                              
                              Paul Pittman, PhD,
                                 CFPIM

                              
                              
                              
                              Barbara B.
                                 Riester

                              
                              
                              
                              Maryanne
                                 Ross, CFPIM, CIRM, CSCP

                              
                              
                              
                              Eric Schaudt, CPIM, CSCP

                              
                              
                              
                              Fran Scher, PhD,
                                 MBA

                              
                              
                              
                              Paul
                                 Schönsleben, PhD

                              
                              
                              
                              David L. Scott

                              
                              
                              
                              Arvil J. Sexton, CPIM

                              
                              
                              
                              Bruce Skalbeck, PhD, CIRM, CSCP

                              
                              
                              
                              Carolyn Farr Sly,
                                 CSCP, CPIM, CPM

                              
                              
                              
                              Kimberlee D.
                                 Snyder, PhD, CPIM

                              
                              
                              
                              Pamela M. Somers, CPIM, CIRM, CSCP

                              
                              
                              
                              Angel A. Sosa,
                                 CFPIM

                              
                              
                              
                              Daniel
                                 Steele, PhD, CFPIM

                              
                              
                              
                              Janet Steiner, CPIM, CSCP,
                                 CLTD

                              
                              
                           
                           
                           
                           	
                              
                              
                              Peter W. Stonebraker, PhD, CFPI

                              
                              
                              
                              Michael W. Stout

                              
                              
                              
                              Jesse E. Taylor

                              
                              
                              
                              Merle J. Thomas, Jr., CFPIM

                              
                              
                              
                              Rob Van Stratum, CPIM,
                                 CIRM, CSCP

                              
                              
                              
                              Nancy
                                 Ann Varney

                              
                              
                              
                              Robert J. Vokurka, PhD, CFPIM, CIRM, CSCP

                              
                              
                              
                              Gary Walrath

                              
                              
                              
                              Reino V. Warren, PhD, CPIM

                              
                              
                              
                              Joni
                                 White, CFPIM, CIRM, CSCP

                              
                              
                              
                              Rollin J.
                                 White, CFPIM, CIRM, CSCP

                              
                              
                              
                              Blair
                                 Williams, CFPIM, CSCP

                              
                              
                              
                              Mark K.
                                 Williams, CFPIM, CSCP

                              
                              
                              
                              Jim Winger,
                                 CPIM-F, CSCP, CLTD, SCOR-P

                              
                              
                              
                              Dennis
                                 Wojcik

                              
                              
                              
                              Mary Wojtas

                              
                              
                              
                              Paula Wright

                              
                              
                              
                              Anthony Zampello, CPIM, CIRM, CSCP

                              
                              
                              
                              Henry Zoeller, CFPIM

                              
                              
                              
                              Lee Zimmerman, CFPIM,
                                 CIRM, CSCP

                              
                              
                           
                           

                        
                        
                     

                  

               
               

            
            
            
               
               Intellectual Property
                  and Copyright Notice
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         Module 4: Internal Supply

         
         
         
         
            
            
            Module 4 contains the following sections:

            
            
            
            
               
               
               	
                  
                  
                  Section A, “Functional and Operational
                     Strategies,” addresses how to determine operational technology choices and
                     covers cost-volume-profit, break-even, and sales mix analyses. Then the
                     section focuses on the most critical element of strategic planning and
                     management, alignment (of capacity, manufacturing environment, marketing,
                     supply chain, and facilities). The strategic planning process is repeated at
                     the operational level, translating strategic goals into operational
                     performance objectives and action plans.

                  
                  

               
               
               
               	
                  
                  
                  Section B, “Environments, Types, and
                     Layouts,” examines the tradeoffs of process choices with the product-process
                     matrix and service tradeoffs with the service design matrix. Various layouts
                     are examined.

                  
                  

               
               
               
               	
                  
                  
                  Section C, “Creating the Master Schedule,” describes the
                     principles and techniques for master scheduling and creating a master
                     production schedule (MPS), which is the primary input to the material
                     requirements plan. The section also covers new product introduction (NPI)
                     schedules, prototype schedules, and end-of-life plans.

                  
                  

               
               
               
               	
                  
                  
                  Section D, “Rough-Cut Capacity Planning and MPS
                     Validation,” describes validating the MPS using rough-cut capacity planning
                     to look at critical work centers, work center efficiency and utilization
                     goals, and maintenance schedules.

                  
                  

               
               
               
               	
                  
                  
                  Section E, “Using and Maintaining the Master Schedule,”
                     examines master scheduling roles, schedule stability, valid order promises,
                     and how to monitor and manage the master schedule to make timely adjustments
                     on an ongoing basis despite challenges.

                  
                  

               
               
               
               	
                  
                  
                  Section F, “Material Requirements Planning,” describes the principles and
                     techniques involved in material requirements planning (MRP) for the planning
                     of materials and releasing of orders in support of the MPS. The section also
                     describes the logic behind MRP and how to manage and evaluate MRP
                     performance.

                  
                  

               
               
               
               	
                  
                  
                  Section G, “CRP, Order Promising, and Final Assembly
                     Scheduling,” covers the more-detailed capacity check called capacity
                     resource planning (CRP). It addresses order promising including
                     available-to-promise (ATP) and capable-to-promise (CTP). Then it addresses
                     final assembly scheduling (FAS). FAS supports the demand plan,
                     available-to-promise, and capable-to-promise. The section also covers how to
                     use and maintain the FAS and measure performance against the FAS.

                  
                  

               
               
               
               	
                  
                  
                  Section H, “Changes and Supply
                     Disruptions,” shows how to replan order priorities and revise lead time, lot
                     size, safety stock quantity, kanban quantity, and cycle times. It addresses
                     using what-if analysis, machine learning, or AI, and monitoring buffer
                     status. 

                  
                  

               
               

            
            

         
         
         
         
   
      
         
         
         
         Section A: Functional and Operational Strategies

         
         
         
         
            
            
            
               After completing this section, students will be able
                  to
               

            
            
            
            
               
               
               	
                  
                  
                  Differentiate
                     operations strategy from organizational strategy

                  
                  

               
               
               
               	
                  
                  
                  Understand the
                     forces acting upon operations strategy

                  
                  

               
               
               
               	
                  
                  
                  Influence operations strategy through leveraging core
                     competencies, utilizing available resources, and
                     managing costs while adhering to company,
                     regulatory, and intellectual property policies

                  
                  

               
               
               
               	
                  
                  
                  Identify and leverage technology
                     choices to improve efficiency, costs, and
                     organizational capabilities

                  
                  

               
               
               
               	
                  
                  
                  Determine the
                     categories of information contained in functional and operations strategies
                     and the levels of details of such plans

                  
                  

               
               

            
            
            
            Here we start with a functional and operational strategy road map
               to place these levels of strategy into context. Then we address
               assessment technology choices related to operations. Degree of
               automation impacts the organization’s fixed and variable costs and
               provides various levels of capabilities, including a certain degree
               of agility. This analysis helps in selecting appropriate
               technologies for the given manufacturing type and environment.
               Determining supply chain strategies that align with the operations
               strategy is also vital. 

            
            

         
         
         
         
   
      
         
         
         
         Analysis for Functional and Operational
            Strategies

         
         
         
         
            
            
            Here we differentiate functional strategy from operational strategy and
               then delve deeper into operational strategy. Part of planning at these more-detailed
               levels
               of strategy includes a process technology strategy. A process technology strategy
               relates to
               processing technology and equipment. Process technology strategies should enable the
               area’s
               competitive priorities to succeed. These strategies will likely involve multiple individual
               technologies as well as plans to add features or upgrades to technologies over time.
               To this
               end, organizations often develop a technology overview to help coordinate technology
               investments throughout the organization. They may also need to determine the best
               supply
               chain strategy for the given functional and operational strategy.

            
            

         
         
         
         
         
            
            
            Functional versus Operational Strategy Road
               Map

            
            
            
            
               
               
               Recall that there are four basic levels of strategy, as shown in
                  Exhibit 4-1.

               
               
               
               
                  Exhibit 4-1: Strategy Hierarchy[image: A hierarchical flowchart depicting four levels of strategies within an organization. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               The ASCM Supply Chain
                     Dictionary defines functional strategy as
                  follows:

               
               
               
               
                  
                  
                     A strategy that is built from the
                        business strategy for various business functions, such as finance, marketing, and
                        production. See: strategic planning.
                     

                  

               
               
               
               While every functional area should have a strategy,
                  this course will focus on the production strategy and, to a lesser extent, the distribution
                  strategy.

               
               
               
               The ASCM Supply Chain Dictionary defines an operations strategy as follows:

               
               
               
               
                  
                  
                     The total pattern of decisions that
                        shape the long-term capabilities of an operation and their contribution to overall
                        strategy. Operations strategy should be consistent with overall strategy. See:
                        strategic plan.
                     

                  

               
               
               
               Like the organization’s overall strategy, the
                  functional and operations strategies will proceed through formulation, implementation,
                  and
                  monitoring and control.

               
               

            
            
            
            
               
               
               Operations
                  Strategy

               
               
               
               
                  
                  
                  Operations Strategy distinguishes between operational management and operations
                     strategy. The operations strategy has

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              A longer time frame.
                              
                           It considers trends
                              in demand and supply, the effects of new technology, and the opportunities for
                              internal investment and development. The strategy will focus on long-term plans for
                              the use of resources and the development/improvement of processes and
                              capabilities.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              A broader perspective.
                              
                           It considers the
                              effect of forces inside and outside the organization on operations, and it looks at
                              the entirety of operations rather than its pieces.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              A higher level of focus.
                              
                           It will provide
                              direction that can be used to develop the policies and processes needed to implement
                              the strategy.
                           

                        
                        

                     
                     

                  
                  
                  
                  During the formulation of the operational strategy, as described in Operations Strategy and shown in Exhibit 4-2,
                     strategists must reconcile forces from different directions.

                  
                  
                  
                  
                     Exhibit 4-2: Forces Acting on Operations Strategy[image: A circular diagram labeled “Operations Strategy” shows inputs from corporate strategy, market demand, resources and capabilities, and operations experiences, all connected by an outer ring labeled continuous improvement and development.]
                  
                  
                  
                  
                  The operations strategy must be

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Consistent with the strategic choices made at the
                              business strategy level. Operations strategy focuses on ways to achieve the
                           performance objectives relevant to an organization’s strategy.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Mindful of the market requirements. For example,
                           competition in the market may require operating processes that support low pricing
                           or
                           higher quality or greater customer involvement.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Open to the lessons of experience from those involved in
                              operations. This is part of a feedback loop between the higher-level strategy
                           and the operations strategy. Operations personnel can provide insight into what works
                           and the most efficient way to use resources. They may also be more aware of newer
                           technologies that can improve the strategy’s success.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Aware of the operation’s resources, capabilities, and
                              limitations. This will allow operations to use what it has efficiently and to
                           develop what it needs—new resources and capabilities—to meet the requirements of the
                           business strategy and market requirements.

                        
                        

                     
                     

                  
                  
                  
                  The operations strategy may address the
                     following key areas:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Technology
                           analysis—determining technology choices such as level of automation to use or how
                           agile the organization wants to become

                        
                        

                     
                     
                     
                     	
                        
                        
                        Capacity requirements
                           analysis—determining the need to build or change capacity to meet performance
                           requirements based on cost-volume-profit, break-even, sales mix, or other
                           analysis

                        
                        

                     
                     
                     
                     	
                        
                        
                        Capacity
                           strategy—determining how and when to adjust capacity through capital expenditures
                           and
                           determining where to locate the capacity and what the capacity should look
                           like

                        
                        

                     
                     
                     
                     	
                        
                        
                        Marketing
                           strategy—aligning with marketing strategies (e.g., product placement)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Supply network—what to
                           make versus buy and how to create and manage a supply network, including managing
                           the
                           network’s risks

                        
                        

                     
                     
                     
                     	
                        
                        
                        Manufacturing environment
                           and push-pull boundaries—determining the point at which actual demand, rather than
                           a
                           forecast, will drive supply and the appropriate manufacturing environment for the
                           given product family

                        
                        

                     
                     

                  
                  
                  
                  How can production and inventory control professionals positively influence operations
                     strategy? Here are examples.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              Leveraging core competencies:
                              
                           Organizations may need
                              help from operations professionals to understand what their operational core
                              competencies really are. Some may be considered core competencies but are now falling
                              behind the state of the art or may have gotten out of alignment with evolving market
                              and customer requirements. Other key competitive differentiators might be undervalued,
                              perhaps because the cause-and-effect relationship between the inputs and the final
                              output is difficult to understand due to their complexity. Operations professionals
                              can also help when determining what to keep in-house versus what to outsource.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Utilizing available resources:
                              
                           Operations
                              professionals have a good grasp of the quality and sufficiency of available resources
                              (human, facility, technologies, capital) and can help get the most out of them. They
                              can advocate for upskilling various job roles and closing other resource gaps as
                              needed.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Managing costs:
                              
                           Operations
                              professionals can advocate for a total cost of ownership (TCO) perspective so that
                              things such as the cost of quality (e.g., rework) are considered. Other examples
                              include investing in resilience to avoid costly operations failures or eliminating
                              waste and becoming lean.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Adhering to policies:
                              
                           Organizational
                              policies, regulatory requirements, and intellectual property (IP) policies act as
                              constraints on operations strategy. They need to be built in to the strategy and not
                              be an afterthought. Ensure policies align with overall organizational mission and
                              vision and risk tolerance levels. Operations professionals can question assumptions
                              about some policies that could hinder operations strategy modernization because they
                              were created for legacy reasons. For example, if the organization wants to more
                              closely collaborate with supply chain partners, IP policies may need tweaks to enable
                              collaboration or global expansion while still protecting IP.
                           

                        
                        

                     
                     

                  
                  
                  

               
               

            
            

         
         
         
         
            
            
            Process Technology Assessments

            
            
            
            
               
               
               An assessment of
                  technology options as an input to functional and operational strategies needs to determine
                  what process technologies would best fit with the organization’s strategy and, specifically,
                  a given operation’s competitive priorities. A process technology strategy is often
                  implemented as part of an organization’s or larger supply chain’s overall digital
                  transformation strategy. 

               
               
               
               Operations Strategy defines a process
                  technology strategy as “the set of decisions that define the strategic role that direct
                  and
                  indirect process technology can play in the overall operations strategy of the organisation
                  and sets out the general characteristics that help to evaluate alternative technologies.”
                  They also describe it as “the application of science to any operations process.” It
                  is
                  distinct from the product or service itself: for a motherboard product, it is not
                  about the
                  motherboard itself (the product technology) but the various equipment that produces
                  the
                  motherboards (material processing systems and equipment) and the processes that keep
                  the
                  operation efficient and within specifications.

               
               
               
               Direct and indirect process technology choices need to be identified and leveraged
                  to
                  improve efficiency, costs, and organizational capabilities. Leveraging these technologies
                  often requires a digital transformation to ensure that the people are ready to embrace
                  these
                  changes and that the organization’s capabilities and processes are similarly increased
                  in
                  maturity.

               
               
               
               Direct process technology includes not only material
                  processing systems and equipment (e.g., automated assembly line, warehouse automation
                  system) but also their control systems. 

               
               
               
               Indirect process technology includes information processing systems
                  (e.g., customer relationship management systems, advanced analytics, and administrative
                  support systems. Operations modules of an organization’s enterprise resource planning
                  (ERP)
                  system and advanced planning and scheduling system (APS) integrate core operational
                  processes: procurement, operations (e.g., master scheduling, materials requirements
                  planning, each level of capacity checking), inventory management, and order management.
                  ERP
                  forms the backbone for processes such as detailed scheduling, final assembly scheduling,
                  and
                  shop floor control (which may or may not be part of an ERP system). APS addresses
                  demand,
                  supply, and scheduling in multi-plant environments.

               
               
               
               AI is being used as an indirect process technology to augment quality
                  assurance, process optimization, predictive maintenance, energy management (for
                  sustainability), cybersecurity, robotics, logistics, exception finding, forecasting,
                  and
                  more. AI is also increasingly becoming embedded in direct process technologies.

               
               
               
               Direct process technologies also exist for services.
                  These might be called customer processing systems. Medical equipment is an example.
                  Another
                  example are the rides at Disney theme parks, which are designed to be “people movers,”
                  meaning that they have high and steady throughput. For example, the Haunted Mansion
                  incorporated slowly moving seats on a conveyor rather than having people walk through,
                  as
                  was initially envisioned, which improved throughput. Disney’s fast pass system is
                  a
                  technology solution to regulate input to the rides.

               
               
               
               Process technology is continually changing, and so it is a force for
                  change in the design or redesign of manufacturing processes, service processes, and
                  the
                  supply chain. Technology can improve one or more competitive priorities (speed,
                  dependability, flexibility, quality, and cost). Some examples follow:

               
               
               
               
                  
                  
                  	
                     
                     
                     Speed. Automation can
                        increase throughput. Communication technology between internal areas and supply chain
                        members reduces information delays.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Dependability. Technology can control or coordinate
                        processes or add feedback loops to make them more resilient and dependable.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Flexibility. Technology
                        can enable flexibility by accommodating change without undue hardship or expense.
                        Supply
                        chain flexibility can take the form of the ability to dynamically adjust destinations
                        based on planning or customer changes. Manufacturing flexibility can take the form
                        of
                        easy capacity change or easy sales mix change:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Scaling up or down
                              capacity or throughput is often needed to match demand.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Some manufacturing
                              environments require the ability to change over equipment in ways that minimize
                              setup time and/or maximize the potential types of products that can be
                              produced.

                           
                           

                        
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     Quality. Automation can standardize processes and
                        increase precision.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Cost. Technology that is more efficient and effective
                        than manual or older technology solutions can improve direct or indirect process
                        costs:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Direct processes
                              include operations, purchasing, and inventory storage. Automation and process
                              simplification in these areas can lower variable costs (e.g., labor) and/or overhead
                              (e.g., need for inventory storage space reduced by better demand data).

                           
                           

                        
                        
                        
                        	
                           
                           
                           Indirect processes are costs associated with support or
                              administration and so are part of overhead. For example, more efficient order
                              processing will reduce overhead. Another example is automated communication of
                              demand data between supply chain members. Technology that increases information
                              visibility enables decision making that improves material flows, which can in turn
                              reduce inventory investment and other costs.

                           
                           

                        
                        

                     
                     

                  
                  

               
               
               
               A given process technology may provide benefits for
                  multiple competitive priorities, but the degree of each benefit may differ, so the
                  top
                  priorities need to be aligned.

               
               

            
            
            
            
               
               
               Evidence-Based Assessments for Process Technology

               
               
               
               
                  
                  
                  The process technology strategy needs to be able to assess
                     benefits, costs, and risks between alternatives. The process technology strategy can
                     deliver an optimal result only if the process is evidence-based rather than being
                     based on gut feelings or a desire to acquire the latest technologies regardless of
                     proper fit or need. Evidence can take the form of data about improvements to speed,
                     quality, and so on as well as financial impact data. A pilot project is often
                     conducted to gather data before committing to a larger capital expense.

                  
                  
                  
                  Because process technology can require substantial initial
                     capital investment or ongoing overhead expense
                     (e.g., leased software), it needs to be justified
                     by financial projections, such as reasonable
                     return on investment in a short enough time
                     period. The cost of training and change management
                     or of new organizational roles for staff needs to
                     be accounted for.

                  
                  

               
               

            
            
            
            
               
               
               Technology Road Mapping

               
               
               
               
                  
                  
                  A technology road map is a tool that originated in agile project management to
                     enable longer-term yet still flexible planning. Road maps can facilitate technology
                     planning, collaboration, and consensus building among various areas of the
                     organization. The road map helps the organization begin with the end in mind and map
                     out the broad steps that will be required to get there over time. These road maps
                     are kept at a high enough level that they can be easily revised such as due to
                     customer-driven changes even late in development. Since process technology
                     requirements are subject to change as the market changes or new technologies become
                     available, a road map is often a great tool for flexible planning. Road maps can
                     take many forms, but, in general, they should be easy to interpret, brief, and high
                     level.

                  
                  
                  
                  Exhibit 4-3 shows a
                     road map for a shipbuilder that has decided to transition to blockchain and internet
                     of things (IoT) equipment to help track and coordinate the use and maintenance of
                     its manufacturing assets, from large equipment down to tools and dies. Larger
                     powered equipment will have RFID (radio frequency identification) tags that
                     broadcast its whereabouts and maintenance status. Smaller things like tools and dies
                     will have QR codes, and these barcodes will be scanned as items are checked out and
                     moved to various locations. The blockchain system (a distributed ledger that makes
                     records very hard to alter) will operate in the background to collect these data at
                     multiple locations and create a time line of how the assets are used. Advanced
                     analytics will determine proactive maintenance requirements and optimal amounts and
                     locations of each type of asset.

                  
                  
                  
                  
                     Exhibit 4-3: Technology Road Map for a Blockchain and IoT Initiative[image: Roadmap showing business, product, process, equipment, and software goals and timelines, including utilization, shipbuilding schedule improvements, predictive maintenance, RFID upgrades, and analytics releases. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Note how various categories of goals are made clear. Other
                     road maps that have complex dependencies between goals could use a flowchart-type
                     design, with arrows between the various elements to show what aspects of the
                     initiative need to be done before other elements can be started or which
                     sub-initiatives require close coordination.

                  
                  
                  
                  Process technology strategy and requirements will differ significantly based on the
                     organization’s manufacturing environment and process type.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Supply Chain
               Strategy

            
            
            
            
               
               
               The supply chain is managed using supply chain management and
                  logistics. The ASCM Supply Chain Dictionary
                  defines logistics as:

               
               
               
               
                  
                  The subset of supply chain management that
                        controls the planning, coordinating and movement of resources, such as people,
                        materials, inventory, and equipment, from one location to another. It includes the
                        forward and reverse movement, handling, and storage of resources between two
                        points.

                  

               
               
               
               Marketing and
                  supply chain strategies need to be closely aligned with each other.
                  The supply chain needs to provide access to offerings where and
                  when they are desired without this service costing more than would
                  be profitable.

               
               
               
               Supply chain strategy
                  decisions can affect the organization’s performance objectives—speed,
                  dependability, flexibility, quality, cost—and the competitive advantages
                  that can be created and maintained.

               
               
               
               Supply chain partners can design their operations and
                  logistics for greater economies of scale and compete by offering lower prices or
                  distribution costs or other advantageous services or terms. Supply chain partners
                  may also contribute expertise based on their more-narrow spheres of experience
                  (e.g., material performance, cross-docking expertise). Depending on their abilities
                  and the level of integration between the parties, some or all supply chain members
                  may be able to maintain lower levels of inventory and cut operating costs.

               
               
               
               However, managing
                  supply chain relationships takes time and money, and dealing with
                  partners involves risk. There is uncertainty about order lead times,
                  guaranteed quantities, item quality, or damages in shipment. There
                  may be risks to the organization’s strategic goals and reputation.
                  Consequently, designing and managing the supply network is critical
                  to operations. Part of this will involve determining the big picture
                  of how materials should flow through the network. The network itself
                  also needs to be designed.

               
               
               

            
            
            
            
               
               
               Designing Materials Flow

               
               
               
               
                  
                  
                  A central concept in supply chain management is to engineer
                     the flow of materials to be effective and efficient. Creating the most effective and
                     efficient flow of materials requires designing how materials will flow into,
                     through, and out of the manufacturing process from procurement to use and eventual
                     distribution. Materials flow may also need to account for reverse logistics—returns,
                     end-of-life disposal, or remanufacture.

                  
                  
                  
                  Materials flow can be coordinated as part of material
                     acquisition and during manufacturing. Procurement strategy may determine how much
                     information from demand management to share with suppliers so they can order their
                     own materials in advance. Procurement also needs to coordinate materials planning
                     and purchasing. Materials flow during manufacturing encompasses scheduling and
                     production. Scheduling must be designed to produce items as close as possible to
                     when the customer needs the product, as a shorter lead time will avoid inventory
                     storage costs and reduce risk of order cancellations. Production processes need to
                     be designed to accommodate materials flows such as by minimizing handling and the
                     distances the materials need to travel to promote efficiency. The needs of
                     distribution and specialized reverse logistics functions must also be considered up
                     front in the design of processes.

                  
                  
                  
                  Demand-driven planning,
                     and its material planning subset, demand-driven MRP (DDMRP) are
                     good examples of systems that prioritize effective materials flow.
                     These methodologies avoid generic safety stock in favor of strategically
                     positioned inventory buffers that are dynamically adjusted to maximize
                     materials flow.

                  
                  

               
               

            
            
            
            
               
               
               Supply Chain Design

               
               
               
               
                  
                  
                  Supply chain design
                     can be complex, because no individual supply chain stands alone but
                     instead is part of a network of numerous supply chains that form
                     a complex adaptive network. Exhibit 4-4 shows
                     some possible relationships within a supply chain with three manufacturers
                     competing against each other. Suppliers are upstream from the manufacturers
                     (to the left), and distributors/wholesalers and retailers are downstream
                     (to the right).

                  
                  
                  
                  
                     Exhibit 4-4: Supply Network Example[image: A supply chain diagram illustrating the flow from suppliers to customers. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Manufacturer A shares a supplier with manufacturer
                     B (supplier 1) as well as a distributor who channels products to the retailer. In
                     addition, manufacturer A has created a direct channel to the customer (perhaps to
                     consumers through internet sales). This process is referred to as disintermediation, defined in the ASCM Supply Chain Dictionary as: “The process of eliminating an intermediate stage or echelon in a supply chain with
                        the goal of reducing total supply chain operating expenses, total supply chain inventory,
                        and/or total cycle time to increase the profitability of the remaining echelons. See:
                        echelon.” Disintermediation allows manufacturer A to reduce supply chain operating
                     expense, inventory, and order cycle time and increase profits.

                  
                  
                  
                  Probably in an effort to gain more control
                     over its supply line and possibly cut costs, manufacturer B has
                     vertically integrated (i.e., acquired) a supplier (2). Manufacturer
                     B maintains two channels through distributors, but it also sells
                     directly to the retailer. This disintermediation may cut distribution
                     costs but could also disrupt relations with the distributors. Disintermediation
                     could also inadvertently raise costs if the distributors added significant
                     value such as picking and packing very small orders more efficiently
                     than the manufacturer can do.

                  
                  
                  
                  Manufacturer C has a dedicated supplier
                     (3). This increases its reliance on that supplier, which can be
                     risky if the supplier cannot meet demand. However, it does reduce
                     the expense and complexity of operating the upstream supply chain.

                  
                  
                  
                  The relationships
                     within the network can vary. The same operation may have a small group
                     of preferred or strategic suppliers with whom they collaborate and
                     share information and a much larger group of suppliers who compete
                     for transactions (one-time purchases).

                  
                  
                  
                  Understanding the organization’s supply
                     chain design strategy helps operations see opportunities for strengthening
                     competitive advantage as well as vulnerabilities from threats. It
                     can also help operations understand their supply chain partners’ perspectives
                     and business priorities, which can lay the foundation for mutually beneficial,
                     collaborative relationships.

                  
                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Section B: Environments, Types, and Layouts

         
         
         
         
            
            
            
               After completing
                  this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Understand and utilize the push-pull boundary to align with
                     the business strategy

                  
                  

               
               
               
               	
                  
                  
                  Compare
                     forecast-driven versus demand-driven strategies

                  
                  

               
               
               
               	
                  
                  
                  Examine the tradeoffs of manufacturing process choices
                     within the product-process matrix

                  
                  

               
               
               
               	
                  
                  
                  Explain how the
                     variety of products and product volume determine the appropriate
                     manufacturing environment

                  
                  

               
               
               
               	
                  
                  
                  Utilize appropriate manufacturing layouts to support
                     product and service design decisions

                  
                  

               
               
               
               	
                  
                  
                  Align process choices and layouts with product/service life
                     cycles

                  
                  

               
               
               
               	
                  
                  
                  Examine tradeoffs within the service decision

                  
                  

               
               
               
               	
                  
                  
                  Support ETO or
                     internal change implementation using project management.

                  
                  

               
               

            
            
            
            We start here with push-pull and manufacturing environment
               choices, showing that a key functional and operational strategic decision is to
               determine the decoupling point where actual demand drives the next stages rather
               than forecasts. This decision determines the degree to which the organization’s
               strategy will be forecast-driven versus demand-driven. 

            
            
            
            Each manufacturing environment (MTS, MTO, etc.) can be further
               differentiated by process types and layouts. Process types for manufacturing include
               project, job shop, batch, mass customization, assembly line, repetitive, and
               continuous flow. Manufacturing layouts include fixed position, process/functional,
               cellular/product focus, and product-based. 

            
            
            
            Services also have important design choices related to the degree
               of contact, service production efficiency, and opportunity for sales. These various
               product or service choices need to be the best fit for a given operational strategy
               and align with the overall organizational and business unit strategies. Finally, we
               address project management here since it is so central to the ETO manufacturing
               environment.

            
            

         
         
         
         
   
      
         
         
         
         Push-Pull
            Strategy and Manufacturing Environment

         
         
         
         
            
            
            Here we discuss
               how operations strategy needs to determine whether to be forecast-driven
               or demand-driven and where to locate the push-pull frontier, as
               it is a key driver for the manufacturing environment. Manufacturing
               environments are discussed from the perspective of operations strategy
               and alignment with market and operations needs.

            
            

         
         
         
         
         
            
            
            Push-Pull Operational
               Strategies

            
            
            
            
               
               
               Two basic
                  operational strategies include being forecast-driven or being demand-driven.
                  An organization with different business units might adopt different
                  push-pull strategies for different product types. The choice of
                  how to drive supply and demand planning is also part of a broader
                  supply chain strategy. Suppliers and intermediate customers will
                  often need to support this strategy in their own planning and systems.

               
               

            
            
            
            
               
               
               Strategy: Forecast-Driven
                  Enterprise

               
               
               
               
                  
                  
                  In a forecast-driven enterprise, the
                     manufacturer or service supplier uses a forecast—an estimate of future demand—as
                     the basis of its organizational strategy.

                  
                  
                  
                  When a supply chain works in response to forecasts, it’s
                     called a push
                        system, defined as follows in the ASCM Supply Chain Dictionary:

                  
                  
                  
                  
                     
                     1) In production, the production of items at
                           times required by a given schedule planned in advance. 2) In material control, the
                           issuing of material according to a given schedule or the issuing of material to a
                           job order at its start time. 3) In distribution, a system for replenishing field
                           warehouse inventories in which replenishment decision-making is centralized, usually
                           at the manufacturing site or central supply facility. See: pull
                           system.

                     

                  
                  
                  
                  Everything in a push system is pushed
                     downstream from one point to the next according to schedules based on the
                     forecasts. The supplier delivers components in the amounts determined by the
                     schedule to inventory, where they await use in manufacturing. The plant turns
                     them into finished products and pushes the products to the distribution center
                     or the retailer, where they await an order from downstream.

                  
                  
                  
                  Here is the complicating factor: It is difficult to know what
                     customer requirements will be from day to day, month to month, quarter to quarter,
                     and so on. If a manufacturer knew its customers were going to need 1,000 SKUs every
                     Wednesday, then getting those products to customers at the right time and place
                     would be a matter of simple calculation. The manufacturer would look at the bill of
                     material, determine the lead time for each item listed, and submit schedules to
                     suppliers.

                  
                  
                  
                  Unfortunately, it’s difficult to
                     predict even the most stable demand—say, for a product like diapers. There is
                     some variability in demand for diapers, even though they aren’t subject to
                     seasonal changes and are in demand in all economic cycles. However, they are
                     subject to the bullwhip effect, which involves the variability at each supply
                     chain stage being magnified at each stage back up the chain due to lack of
                     information on why the variability is occurring. That’s why Procter & Gamble
                     provides vendor-managed inventory (VMI) to Walmart to plan for demand and
                     replenishment of diapers.

                  
                  
                  
                  In
                     situations outside this kind of partnership, forecasting along the supply chain
                     may work like this:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The retailer forecasts demand from
                           parents who purchase diapers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The wholesaler forecasts demand from
                           all its retailers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The manufacturer forecasts demand
                           from the wholesale distributors.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The component suppliers forecast
                           demand from manufacturers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The raw materials suppliers forecast
                           demand from the component manufacturers.

                        
                        

                     
                     

                  
                  
                  
                  The bullwhip effect affects all manner
                     of supply chains that are based on serial forecasting by each independent
                     division or company that touches the product as it travels from raw material to
                     finished good. Communication of little more than orders (failure to communicate
                     actual demand) plus over-reliance on forecasts are root causes of the bullwhip
                     effect. One solution to the bullwhip effect then is better visibility in both
                     directions but especially of promotions, orders to replenish safety stock, and
                     other information on actual demand. Another solution is to rely less on
                     forecasting, which is the purpose of the next strategy discussed.

                  
                  

               
               

            
            
            
            
               
               
               Strategy:
                  Demand-Driven Enterprise

               
               
               
               
                  
                  
                  Since the bullwhip effect is
                     driven by demand forecasts, a solution is to replace the forecasts with actual
                     demand information to the degree feasible. This isn’t simple, but supply chain
                     professionals have developed demand-driven techniques for letting actual orders (not
                     forecasts) drive production and distribution while maintaining strategic buffers of
                     inventory in key locations rather than spreading inventory throughout the system.
                     Lean and its subset, just-in-time (JIT), are other important examples of pull
                     systems. Another example is demand-driven planning (DDP) and its key ordering
                     method, demand-driven material requirements planning
                        (DDMRP), defined in the ASCM Supply Chain Dictionary as: “A
                        method for planning material needs that enables a company to build more closely to
                        actual market requirements.”

                  
                  
                  
                  The demand-driven supply
                        network is defined in the ASCM Supply Chain
                        Dictionary as: “A network in which a customer purchase initiates real-time information flows through
                        the supply chain that consequently cause movement of product through the network.” 

                  
                  
                  
                  DDMRP and lean are examples of a  pull system, which the ASCM
                        Supply Chain Dictionary defines as:

                  
                  
                  
                  
                     
                     
                        1) In production, the production of items
                           only as demanded for use or to replace those taken for use. See: pull signal. 2) In
                           material control, the withdrawal of inventory as demanded by the using operations.
                           Material is not issued until a signal comes from the user. 3) In distribution, a
                           system for replenishing field warehouse inventories in which replenishment decisions
                           are made at the field warehouse itself, not at the central warehouse or
                           plant.
                        

                     

                  
                  
                  
                  In the demand-driven supply chain, supply management is
                     focused on customer demand. Instead of manufacturers planning their operations based
                     on factory capacity and asset utilization, the demand-driven supply model uses a
                     customer-centric approach that allows demand to drive supply chain planning and
                     execution—moving the “push-pull frontier” back up the supply chain at least to the
                     factory but often to first-tier suppliers. Instead of producing to the forecast and
                     sending finished products to inventory, the production process is based on actual
                     demand information. There is no fixed production schedule in a strictly
                     demand-driven supply chain. Product is turned out only in response to actual orders
                     or “on demand.” This often leads to a decrease in lead times due to the ability to
                     better anticipate incoming orders from the retailer. Even deliveries of raw material
                     are determined using actual demand information. (Suppliers may still need to rely
                     on
                     forecasts to determine their production. The art of forecasting remains crucial,
                     even in a demand-driven supply chain.)

                  
                  
                  
                  The challenge in changing from forecast-driven (push)
                     systems to demand-driven (pull) systems is in reducing inventory without lowering
                     customer satisfaction. If set up and managed properly, it can actually enhance
                     customer service while reducing costs. But stockouts are a risk.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        In the forecast-push process, the risk is related to the
                           build-up of inventory all along the supply chain. Not only does inventory
                           cost money while it sits in a retail stockroom, distribution center, or
                           preproduction storage area; it also runs the risk of becoming obsolete or
                           irrelevant in this world of rapid innovation. Season closeout sales and
                           discount resellers are ways of clearing out overstock. Magazine distributors
                           destroy huge quantities of monthly magazines when they come back from retail
                           outlets. Those are the results of producing to forecasts that no one trusts
                           and purposely overstocking in case of unexpectedly high demand.

                        
                        

                     
                     
                     
                     	
                        
                        
                        In
                           the demand-pull model, on the other hand, the risk is that orders
                           will begin to come in above capacity and all along the supply chain
                           there will be expensive activity to run the plant overtime, expedite
                           more and faster transportation, or convince customers to wait or
                           accept a substitute product. (Running short of stock is also a risk
                           in the forecast-driven supply chain. Forecasts can be wrong in either direction.)

                        
                        

                     
                     

                  
                  
                  
                  Demand-driven enterprises therefore establish strategic
                     inventory buffers and monitor the size of those buffers so that throughput can be
                     kept high enough to satisfy most demand while keeping aggregate levels of inventory
                     very low. They also rely more on MTO or ATO when feasible.

                  
                  
                  
                  In
                     reality, most organizations pursue a push-pull strategy, and the
                     point where push moves to pull is the key strategic decision. Once
                     that decision has been made, building a demand-driven enterprise
                     can require significant changes in all supply chain processes.

                  
                  
                  
                  The following are some
                     major steps:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              Get end customer visibility.
                              
                           First,
                              replace forecasts with real supply chain demand data. The only supply
                              chain partner with access to these data firsthand is the retailer, and
                              retailers in the past have been no more willing to share business data
                              than any other company. The other partners lack visibility—a key supply
                              chain principle. They simply cannot see what’s going on with the end
                              customer. But visibility is required in a pull system. With
                              point-of-sale (POS) data using barcodes or radio frequency
                              identification (RFID), a retailer can transfer customer activity data to
                              its suppliers continuously. Instead of producing to a forecast,
                              manufacturers with immediate signals from the front lines can plan one
                              day’s production runs at the end of the prior day. They produce just
                              enough to replace the sold items. 
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Establish trust and collaboration.
                              
                           Collaboration
                              is implied in information sharing. But more is at stake than the
                              decision to share sales information. Partners may have to invest in
                              technology and develop systems to be able to use the real-time data.
                              With orders going out without a schedule, all processes have to be
                              altered—warehousing (less storage needed), packaging, shipping, and
                              planning will all be handled differently. In return for the real-time
                              data and subsequent reduction of inventory, suppliers and distributors
                              agree to change their processes as needed to make the new system
                              function at the desired level of customer service. 
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Increase partner agility.
                              
                           Because the
                              inventory buffers will be much reduced in this demand-driven supply
                              chain, the trade partners need agility—the ability to respond to the
                              variability in the flow of orders based on sales. The plant, for
                              example, may need considerable change. When making-to-forecast, a plant
                              can run a larger volume of each product to send to inventory; when MTO
                              or ATO, the plant may have to produce several different types of
                              products in a day. There will be no room for long changeover times
                              between runs of different products; therefore, equipment, processes,
                              layouts, staffing, and/or siting may have to change to create the
                              capacity required to handle the new system. 
                           

                        
                        

                     
                     

                  
                  
                  
                  Gartner’s annual supply chain report (“The AMR Supply Chain
                     Top 25 for [the prior year]”) ranks the top 25 demand-driven supply chains each
                     year, underscoring the importance of this and other cutting-edge supply chain
                     strategies. A link to this report is in the online resource center.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Manufacturing Environments and Push-Pull
               Strategy

            
            
            
            
               
               
               Production environments are fundamental choices for manufacturing. The type of
                  product and the demand expectations of customers, in most cases, impact the choice
                  of production environment. The optimum production environment is implemented based
                  on the volume, variety, and lead time of the products a company sells. The
                  environment impacts the selection of process technologies.

               
               
               
               Prior to discussing the basic manufacturing environments in
                  more detail, we set the stage by first discussing how the push-pull frontier
                  influences the best environment to use.

               
               

            
            
            
            
               
               
               Push-Pull and Strategy

               
               
               
               
                  
                  
                  Customer needs (order winners and order qualifiers) and the
                     organization’s strategies, capabilities, and capacity to manage that demand help
                     determine the best manufacturing process types and manufacturing environments for
                     specific types of products. Operations strategy needs to take into account the
                     inherent demand management characteristics that each manufacturing environment
                     represents. Determining the best point for moving from push to pull is an important
                     operations strategy decision. This location is called the push-pull frontier and it
                     is an example of a decoupling point. According to the ASCM Supply Chain Dictionary, decoupling points (also
                     known as customer order decoupling points or order penetration points) are defined
                     as: “The locations in the product structure or distribution network where inventory is
                        placed to create independence between processes or entities. Selection of decoupling
                        points is a strategic decision that determines customer lead times and inventory investment.
                        See: control point.”

                  
                  
                  
                  The manufacturing environments in Exhibit 4-5 have different push-pull
                     decoupling points from which demand management fills orders.

                  
                  
                  
                  
                     Exhibit 4-5: Demand Management in Different Environments[image: A table comparing how orders are fulfilled in four manufacturing environments: ETO, MTO, ATO, and MTS. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Decoupling point selection is a strategic decision that
                     determines customer lead times and inventory investment. This is the point at which
                     the organization, rather than the customer, becomes responsible for determining the
                     timing and quantity of materials to be purchased, made, or finished. This concept
                     of
                     strategic decoupling is used to broaden the push-pull frontier from a single point
                     to multiple pull points along a supply chain. This creates a system that extends the
                     benefits of pull throughout the network.

                  
                  
                  
                  Fundamental approaches for control of operational plans
                     and schedules include material requirements planning (MRP), demand-driven MRP
                     (DDMRP), and lean. Exhibit 4-6 compares MRP,
                     DDMRP, and lean control systems.

                  
                  
                  
                  
                     Exhibit 4-6: Control Systems Comparison
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Element

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       MRP-Based (Push)

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       DDMRP (Mainly Pull with Push Elements)

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Lean-Based (Pull)

                                       
                                       
                                    

                                 
                              
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Control objective

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Work center capacity
                                          utilization

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Targeted service with minimal total inventory

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Overall production
                                          flow rate

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Control of material
                                             flow

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Push: schedules, shop
                                          orders, batches, job sequencing rules

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Pull: orders released at decoupling points based on net
                                          flow versus red/yellow/green at top of red; Push:
                                          forecast where to place decoupling points and their
                                          size

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Pull: flow production
                                          in response to customer requirements

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Operations
                                             sequencing

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Important; based on
                                          due date priorities at each work center

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Sequence by percent red zone penetration using short
                                          interval reviews and visual queues

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Not a concern;
                                          relatively quick flow-through to finished goods

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Order tracking

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Important; track
                                          production floor transactions by operation

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Track buffer health, net-flow position, and open
                                          replenishments per buffer

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Not necessary; minimal
                                          work-in-process (WIP); quick flow-through; no need for
                                          tracking

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Monitoring and
                                             feedback

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Critical; input/output
                                          control and work center load reports

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Critical; dynamic buffer sizing with daily buffer health
                                          review and seasonal or management overrides

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Less central; focuses
                                          on overall results

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Preferred lot
                                             size

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Large

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Small; as close to lot-for-lot as possible given
                                          min/multiple rules for replenishment up to top of
                                          green

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       One or small

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       WIP and safety
                                             stock

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Large

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Medium: tightly controlled (red inside buffers are safety
                                          stock); fewer decoupling points means less WIP

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Small

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Product demand

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Low/medium volume,
                                          high variety with variable demand and lead times

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Best for volatile volume, high variety, and frequent
                                          supply shocks

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Best with medium/high
                                          volume, low variety, and stable demand

                                       
                                       
                                    

                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            
            
            
               
               
               Engineer-to-Order (ETO)

               
               
               
               
                  
                  
                  The ASCM
                        Supply Chain Dictionary defines engineer-to-order
                        (ETO) as:

                  
                  
                  
                  
                     
                     Products whose customer
                           specifications require unique engineering design, significant customization, or new
                           purchased materials. Each customer order results in a unique set of part numbers,
                           bills of material, and routings. Syn.: design-to-order (DTO).

                     

                  
                  
                  
                  A unique design means product volume in ETO
                     environments is low. Generally no two products are alike (i.e., high customer
                     influence over design); therefore, product variety is high. It is not profitable to
                     hold inventory until a customer places an order and the design and specifications
                     have been approved. Examples may include a bridge, a specialty tool or die for use
                     in production, or a custom prosthetic.

                  
                  
                  
                  These items require extensive lead times. The
                     significant design lead time often involves a back-and-forth dialogue between the
                     customer and the supplier or a design firm. Once designs are finalized, there is
                     additional lead time for purchasing, assembly, and shipping.

                  
                  
                  
                  The key demand management task in the ETO
                     environment is to coordinate information on customers’ product needs (sales or other
                     customer-facing role) with engineering (often not a customer-facing role). The key
                     operations strategy decisions relate to investments in systems for validating
                     production feasibility, including reliable cost and lead time estimating as well as
                     technologies for effective sourcing, subcontracting, and project management.

                  
                  

               
               

            
            
            
            
               
               
               Make-to-Order (MTO)

               
               
               
               
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines make-to-order (MTO) as:

                  
                  
                  
                  
                     
                     A production environment where a good or service is made after receipt of a customer’s
                           order. The final product is usually a combination of standard items and items custom-designed
                           to meet the special needs of the customer. Where options or accessories are stocked
                           before customer orders arrive, the term assemble-to-order (ATO) is frequently used.
                           Syn.: build-to-order (BTO). See: assemble-to-order (ATO), make-to-stock (MTS).

                     

                  
                  
                  
                  Make-to-order produces nothing until a customer
                     order is received, such as for custom kitchen cabinets. The organization may still
                     carry inventory, but it is in the form of raw materials. 

                  
                  
                  
                  Delivery lead time for MTO includes
                     production, assembly, and shipping, so lead time is fairly long. In some cases, some
                     components might be custom-designed, and this would add lead time for design (in
                     general, not as much as ETO). Make-to-order is best when variety is medium to high
                     and volume is low to medium.

                  
                  
                  
                  Demand management in the MTO environment
                     involves determining how much engineering and manufacturing capacity will be
                     necessary in order to meet the needs of future customers. Options or accessories are
                     stocked before a customer order arrives. The ASCM
                        Supply Chain Dictionary defines an option as:

                  
                  
                  
                  
                     
                     A choice that must be made by the customer or
                           company when customizing the end product. In many companies, the term option means
                           a
                           mandatory choice from a limited selection. See: feature.

                     

                  
                  
                  
                  As with ETO, the key demand management task in
                     the MTO environment is to coordinate information on customers’ product needs with
                     engineering. Engineering then determines the required materials, manufacturing
                     steps, and cost within the predetermined manufacturing constraints. Therefore, the
                     key operations strategy decision is to determine how flexible the manufacturing
                     equipment and control systems need to be. For example, a custom window manufacturer
                     will have a maximum size window that can be produced.

                  
                  

               
               

            
            
            
            
               
               
               Assemble-to-Order (ATO)

               
               
               
               
                  
                  
                  The ASCM Supply
                        Chain Dictionary defines assemble-to-order
                        (ATO) as:

                  
                  
                  
                  
                     
                     A production environment where a good or service can be assembled after receipt of
                           a customer’s order. The key components used in the assembly or finishing process are
                           planned and usually stocked in anticipation of a customer order. Receipt of an order
                           initiates assembly of the customized product from common components into a pre-determined
                           product. This strategy is useful when a large number of end products (based on the
                           selection of options and accessories) can be assembled from common components. ATO
                           is distinct from configure-to-order in that the assembly is standard and is not customized
                           to order. Syn.: finish-to-order (FTO). See: make-to-order (MTO), make-to-stock (MTS),
                           configure-to-order (CTO).

                     

                  
                  
                  
                  ATO is sometimes called build-to-order,
                     finish-to-order, or even package-to-order. Assemble-to-order is much more common
                     than make-to-order these days. Often when people say make-to-order what they really
                     mean (or what is really being done) is assemble-to-order.

                  
                  
                  
                  ATO forecasts standard subassemblies,
                     components, and/or raw materials to keep inventory on hand instead of finished
                     goods.

                  
                  
                  
                  The finished product is then assembled only
                     upon receipt of a customer order. Examples include laptops, motorcycles, and
                     packaged pharmaceuticals. Assembly might include assembling components, completing
                     finish work such as painting, or adding country-specific labels.

                  
                  
                  
                  The key inventory is in components rather than
                     finished product. Since the components are in inventory, the lead time is short,
                     consisting only of assembly and shipping. This results in lower inventory costs than
                     in a make-to-stock environment, because the components can be made into a wide
                     variety of end products that, if all built, would require significantly more
                     inventory overall. Assemble-to-order reduces risk because varieties not in demand
                     are never produced. Customers will be involved in assembly decisions only.

                  
                  
                  
                  In ATO, products are high enough in volume
                     with adequate variety to justify making components in advance (i.e., volume is
                     medium to high and variety is low to medium). The key operations strategy tasks are
                     to identify the alternative components and options that customers can order and to
                     be able to determine the cost and required lead time of each configuration.
                     Customers need to learn about allowable combinations and get a reliable quote for
                     a
                     delivery date.

                  
                  

               
               

            
            
            
            
               
               
               Make-to-Stock (MTS)

               
               
               
               
                  
                  
                  The ASCM Supply
                        Chain Dictionary defines make-to-stock (MTS)
                     as:

                  
                  
                  
                  
                     
                     A production environment where products
                           can be and usually are finished before receipt of a customer order. Customer orders
                           are typically filled from existing stocks, and production orders are used to
                           replenish those stocks. Syn.: produce-to-stock. See: assemble-to-order (ATO),
                           make-to-order (MTO).

                     

                  
                  
                  
                  Make-to-stock builds items for inventory based
                     on forecasts of demand. Examples include steel, small appliances, petroleum
                     products, and consumer packaged goods.

                  
                  
                  
                  Demand management for MTS involves
                     maintenance of finished goods inventories. Customers buy products directly from the
                     available inventory, so customer service is determined by whether the item is in
                     stock. It is important to coordinate the methods for replenishing stock at specific
                     locations between operations and supply chain strategies. 

                  
                  
                  
                  Operations strategy for some industries is to manufacture
                     inventory at economies of scale in just one or a few locations so that the inventory
                     is relatively inexpensive to make and therefore keep at multiple supply chain
                     locations. Others develop regional manufacturing centers and maintain lower overall
                     inventory but faster distribution methods. Still other organizations choose a
                     strategy of making MTS products using lean manufacturing (making items only in
                     response to replenishment orders) so they can achieve higher customer service levels
                     with a much lower inventory investment level.

                  
                  
                  
                  Lead time in make-to-stock can be very short,
                     as it is limited to shipping. Many methods can be used to ship or position the
                     inventory closer to the customer. Customers can’t make design decisions but may
                     indirectly influence future product or feature designs. This strategy has high
                     inventory costs.

                  
                  

               
               

            
            
            
            
               
               
               Marketplace/Customer Expectations

               
               
               
               
                  
                  
                  Exhibit 4-7 shows how marketplace or customer expectations related to
                     product and delivery requirements differ by environment. Lead times are dependent
                     upon product design requirements, complexity, frequency, and volume. Each
                     environment also must consider the customer delivery expectations related to speed
                     or availability and delivery reliability, which in turn have an impact on
                     scheduling.

                  
                  
                  
                  
                     Exhibit 4-7: Market Customer Expectations[image: A table showing impact on master scheduling vs. market/customer expectations. It compares different types of production strategies (MTO/ETO, ATO, MTS) against various market/customer expectations. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The different environments are chosen due to a
                     combination of marketplace/customer expectations and manufacturing requirements. 

                  
                  

               
               

            
            
            
            
               
               
               Master Scheduling by Manufacturing Environment and
                  Requirements  

               
               
               
               
                  
                  
                  Manufacturers have their own requirements
                     and concerns for balancing production and inventory costs against customer service
                     levels. The choice of the appropriate production process and techniques for managing
                     fluctuations in sales volume influences an organization’s approach to master
                     scheduling. Important manufacturing requirements that influence master scheduling
                     approaches in different manufacturing environments include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Appropriate production process

                        
                        

                     
                     
                     
                     	
                        
                        
                        Methods used to manage sales
                           volume fluctuations

                        
                        

                     
                     
                     
                     	
                        
                        
                        Choice of unit of production.

                        
                        

                     
                     

                  
                  
                  
                  In each manufacturing environment there is a different
                     approach to master scheduling.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Engineer-to-order
                              (ETO). ETO forecasting of capacity requirements: number of workers
                           by type, specialty equipment needed, and very long lead time components that
                           are commonly used, is accomplished through the master production schedule
                           (MPS). The MPS and final assembly schedule (FAS) planned items are the same.
                           Similar to MTS, the MPS is based on forecasts of customer demand. The FAS is
                           based on actual customer orders, and, as a result, it may experience
                           shortages if lead times are not confirmed prior to providing the customer
                           with a promise date.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Make-to-order (MTO). Organizations that use the MTO scheduling
                           approach are process-focused. These products are more customized than MTS or
                           ATO products. Finished units are produced after orders have been received
                           from customers.

                        
                        
                        
                        
                           
                           	
                              
                              
                              The range of finished goods is
                                 much larger than the narrow range of raw materials needed to create
                                 the finished goods.

                              
                              

                           
                           
                           	
                              
                              
                              The MPS supports the planning
                                 of raw materials and components; the FAS supports building of the
                                 final product to match the customer order.

                              
                              

                           
                           
                           	
                              
                              
                              The decoupling point is at raw
                                 materials and components. The FAS awaits receipt of a customer
                                 order.

                              
                              

                           
                           
                           	
                              
                              
                              Examples of products produced
                                 in this environment include print shop outputs, scaffolding from
                                 steel, fabrics made from synthetic fibers, ships, buildings,
                                 industrial tools/machinery, and specialty chemicals.

                              
                              

                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Assemble-to-order (ATO). ATO is customization within standardized
                           limits. This approach is called two-level master scheduling.

                        
                        
                        
                        
                           
                           	
                              
                              
                              The range of finished goods is
                                 larger than the range of raw materials needed to create the finished
                                 goods. However, the range of raw materials is greater than the
                                 components and subassemblies (called standardized options or
                                 modules), which are produced prior to a customer order.

                              
                              

                           
                           
                           	
                              
                              
                              The MPS supports the building
                                 of options from raw materials. The final assembly schedule (FAS)
                                 supports the production of end products from options after the
                                 receipt of orders.

                              
                              

                           
                           
                           	
                              
                              
                              The decoupling point is at
                                 standardized options (subassemblies and components).

                              
                              

                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Make-to-stock (MTS). Standard products from many components.

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              The range of finished
                                 goods is smaller than the range of raw materials needed to create
                                 the finished goods.

                              
                              

                           
                           
                           
                           	
                              
                              
                              The
                                 master production schedule (MPS) supports the building of finished
                                 items to forecast.

                              
                              

                           
                           
                           
                           	
                              
                              
                              The
                                 decoupling point is at finished goods inventory.

                              
                              

                           
                           

                        
                        

                     
                     

                  
                  
                  
                  Exhibit 4-8 summarizes how the manufacturing requirements influence the master
                     scheduling process by type of environment.

                  
                  
                  
                  
                     Exhibit 4-8: Manufacturing Requirements
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Environment

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Process Choice

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Management of Customer Order
                                          Fluctuations

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Choice of Unit Stated in MPS

                                       
                                       
                                    

                                 
                              
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       MTO/ETO

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             Needs: Wide
                                                product variety and design, low unit volumes,
                                                overlapping schedules for different items in the
                                                order, broad range of production capabilities

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Choice:
                                                Intermittent job shop and low-volume batch

                                             
                                             

                                          

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             Fluctuations in sales volume can be expensive to
                                                chase.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Manage
                                                fluctuations by adjusting the backlog.

                                             
                                             

                                          

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             MPS:
                                                Common raw materials

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             FAS: End
                                                items by specific customer order

                                             
                                             

                                          

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       ATO

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             Needs:
                                                Standard and special product designs, medium to
                                                high volumes, configuration of many end items from
                                                many master-scheduled standardized product
                                                options, enabling changes in product mix, short
                                                lead times

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Choice:
                                                Medium- to high-volume batch or cellular
                                                production

                                             
                                             

                                          

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Throughput,
                                          work-in-process, or finished goods inventory levels

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             MPS:
                                                Options or modules

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             FAS: End
                                                items

                                             
                                             

                                          

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       MTS

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             Needs: High
                                                unit volumes with standard designs, narrow product
                                                variety, flow-based manufacturing, schedule
                                                stability

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Choice:
                                                High-volume batch or line/repetitive
                                                manufacturing

                                             
                                             

                                          

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Finished goods
                                          inventory and safety stock

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       MPS: End item

                                       
                                       
                                    

                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            
            
            
               
               
               Aligning Manufacturing with Market/Operations
                  Needs

               
               
               
               
                  
                  
                  
                     Manufacturing strategy is defined in the ASCM Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        A group of decisions around the formulation and deployment of manufacturing resources.
                           To be most effective, the manufacturing strategy should act in support of the overall
                           strategic direction of the business and provide for competitive advantages. See: capacity
                           strategy, manufacturing environment, manufacturing layout strategy, manufacturing
                           volume strategy, production cycle element, production planning and control strategy.
                        

                     

                  
                  
                  
                  The manufacturing strategy is focused on ensuring that the
                     correct product/service is supplied in the correct volume with the required
                     availability and quality. Operations designs processes to do so with speed,
                     dependability, flexibility, quality, and cost efficiency.

                  
                  
                  
                  Optimally, operations processes should be aligned with the
                     organization’s position in the product-process matrix (or volume-variety matrix),
                     shown in Exhibit 4-9. This matrix was
                     developed by Hayes and Wheelwright in 1979 as a tool for organizations to coordinate
                     their marketing and manufacturing functions so they could achieve strategic
                     objectives and make well-considered changes in strategic direction.

                  
                  
                  
                  
                     Exhibit 4-9: Product-Process Matrix and Manufacturing Environments[image: The diagram serves to illustrate the relationship between the variety of products and the volume of production in different manufacturing environments. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  In this matrix, the vertical axis describes the variety
                     among products that operations has the capability to produce (or the distinct
                     services it can perform). At the high end, products are distinctly different from
                     each other. For example, no airport is like any other airport. At the low end is a
                     tire manufacturer. All tires within a model are identical.

                  
                  
                  
                  The horizontal axis refers to the volume that operations
                     has the capability to produce. At the low end (to the left) are operations that
                     produce only a few items in a period. For example, an architectural firm that may
                     do
                     only one major project per year. At the high end (to the right) are operations that
                     produce great quantities of items, such as a petroleum processor.

                  
                  
                  
                  The diagonal line
                     indicates the fit between capabilities to produce variety and volume. Operations
                     that are above or below the diagonal line will probably not be competitive. Those
                     above the line have the capability to produce more than they will
                     ever need to; they will be inefficient and have higher costs. The
                     ones below the line are underusing their capacity and producing
                     less than they can with their technology.

                  
                  
                  
                  Note the three scales
                     on the left of the exhibit. These show how customer requirements
                     and inherent product or service characteristics will help determine which
                     manufacturing environment is needed.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              Customer lead time.
                              
                           When
                              customers request fully engineered or substantially customized products
                              or services, they expect lead times to be long. Customers expect far
                              shorter lead times for assembled or stocked items.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Tasks.
                              
                           The inherent
                              engineering and manufacturing tasks required to make a product or
                              service can be anywhere from diverse and complex to repeated and
                              divided, which will dictate the most efficient manufacturing
                              process.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Frequency.
                              
                           The frequency
                              with which units can be produced will strongly impact their cost, so
                              there will be an optimum manufacturing method for a given type of
                              product.
                           

                        
                        

                     
                     

                  
                  
                  

               
               

            
            
            
            
               
               
               Process
                  Technology and Manufacturing Environments

               
               
               
               
                  
                  
                  The
                     four basic manufacturing environments will use direct process technologies in different
                     ways. 

                  
                  
                  
                  Each environment may be more or less appropriate for different phases in
                     the product life cycle. As part of this life cycle, the environments are often seen
                     as
                     evolutionary: An organization may start with ETO or MTO and then move toward ATO and
                     MTS as its
                     volumes increase. Why might an evolutionary progression be made?

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              Volume pushes standardization:
                              
                           As volume of output grows,
                              efforts to reduce costs and lead times often lead from custom MTO products towards
                              more
                              standardized ones, leading toward ATO or MTS.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Market expectations:
                              
                           As a product’s market
                              matures, customer priorities tend to skew toward wanting shorter lead times, which
                              promotes
                              moving in the direction of MTS.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Technology:
                              
                           As technology improves
                              forecasting reliability and inventory management visibility, ATO or MTS may become
                              more
                              scalable and profitable.
                           

                        
                        

                     
                     

                  
                  
                  
                  Environments are not always evolutionary. An organization may simply
                     position itself where it finds the greatest strategic fit for its plans, and may never
                     move from
                     there. Why might an organization or industry choose to remain in a given environment
                     indefinitely?

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              Strategic fit:
                              
                           The market or market niche
                              places high value on customization (e.g., yachts) and therefore custom items can command
                              higher prices that compensate for ETO or MTO inefficiencies. 
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Stable market:
                              
                           Markets with stable demand
                              patterns call for one type of environment, such as aerospace being ETO. Or if a new
                              product
                              is intended to be a mass seller, it may be designed to be MTS with an efficient manufacturing
                              process from the start. A strategic risk that may be accepted is overcapacity until
                              demand is
                              generated.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Insufficient benefit:
                              
                           If the required capital
                              investments and organizational change costs are deemed too high for the incremental
                              benefits,
                              the change might be avoided.
                           

                        
                        

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Engineer-to-Order

                  
                  
                  
                  
                     
                     
                     In ETO, few items are produced (low volume)
                        and each is unique (great variety). For example, for a construction job, the lead
                        time is very long. The work is complex and requires a variety of skills. It is
                        usually done in stages, perhaps waiting for the completion of other tasks or
                        customer approval before proceeding.

                     
                     
                     
                     In terms of operations performance, projects
                        must meet agreed client deliverables that would require speed (meeting the promised
                        delivery date) and quality (conformance to promised specifications and processes).
                        Cost performance will be important, since payment is specified to a large degree in
                        an up-front contract. Margins will be higher, however, because there are fewer
                        competitors who can provide comparable levels of capabilities. Workers must be able
                        to shift easily based on priorities and customer feedback. Direct process technology
                        will therefore need to be numerous, specialized, and distributed among the multiple
                        subcontractors likely on such a project. Architects will have drafting software, and
                        a painting subcontractor will have lifts, etc.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Make-to-Order

                  
                  
                  
                  
                     
                     
                     In MTO, a greater volume of product is
                        generally produced than with ETO. For example, a software developer who specializes
                        in airport tower control systems. Upon receipt of the contract, this manufacturer
                        uses existing software modules and creates customized bridges between the modules.
                        They sell multiple systems each year that vary in terms of capability and capacity.
                        Work begins only after the order is received, and components are a combination of
                        existing and customized elements. The lead time is not as long as for the airport,
                        the tasks and skills are not quite as diverse, and the work proceeds in an
                        intermittent fashion, testing at each stage before handing the product off to the
                        next layer of development.

                     
                     
                     
                     Customer-facing performance metrics—customer
                        service and dependability—are important in MTO. Margins remain higher in this
                        environment.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Assemble-to-Order

                  
                  
                  
                  
                     
                     
                     ATO is distinctive in that, while it still
                        waits for an order to begin work, it creates product primarily from components in
                        stock. For example, an order for cubicle walls with a specified covering, built from
                        items in stock and stocked fabric pattern to fill the order. The frames are cut to
                        the right size and connected.

                     
                     
                     
                     The ATO business produces more volume each
                        year, and its products are sufficiently varied to meet the types of designs it
                        usually receives. Its lead time is shorter, workers tend to specialize in one task,
                        and the order follows a designated route through the shop to completion and
                        shipping.

                     
                     
                     
                     As volume increases, cost performance becomes
                        important and dependability and quality become more difficult, but critical, to
                        maintain.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Make-to-Stock

                  
                  
                  
                  
                     
                     
                     MTS makes large amounts of the same item.
                        These may be individual units or products produced only in large amounts, such as
                        steel rods, oil, grains, concrete, and so on. In the airport project example, many
                        things are MTS. Light fixture manufacturers sell thousands of light assemblies for
                        installation. Orders are filled from existing stock, and, unless the orders are
                        unexpectedly large, they are filled quickly.

                     
                     
                     
                     Jobs in the MTS environment tend to be
                        repetitive. Workers repeat the same tasks per batch. The process technology should
                        automate as much of this repetitive work as possible, to reduce both labor costs and
                        worker fatigue.

                     
                     
                     
                     Control over costs is especially important in
                        the MTS environment. This includes managing supplier performance closely to avoid
                        interruptions in production, forecasting supplies and production to minimize
                        inventory costs, and investing carefully in the expensive technology needed to
                        produce this level of volume. Competitive forces are likely to keep margins low.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Summary of Operations Strategy by Environment

               
               
               
               
                  
                  
                  Key operations strategy considerations per environment
                     are summarized in Exhibit 4-10.

                  
                  
                  
                  
                     Exhibit 4-10: Operations Strategy Considerations in Each Environment
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                                          Engineer-to-order
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Engineering design and feasibility

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Detailed engineering design and project management

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Adjust capacity to customer needs.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Make-to-order
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Product specifications and costing
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                                       Adjust configurations to customer needs.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Assemble-to-order
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                                       Available options and lead time quotation

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Meet manufacturing schedule and delivery dates.
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                                       Forecast reliability

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Inventory levels

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Ensure customer service levels.

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            

         
         
         
         
            
            
            Hybrids and
               Subtypes

            
            
            
            
               
               
               In addition to the basic
                  manufacturing environments, a number of methods work to achieve the benefits of more
                  than one method or to remove the limitations of a method. Often these methods
                  require more mature supply chain management networks and may involve advanced
                  production methods or flexible equipment and flexible workers. Examples of such
                  environments include configure-to-order, mass customization, postponement, modular
                  design, package-to-order, and remanufacturing.

               
               

            
            
            
            
               
               
               Configure-to-Order

               
               
               
               
                  
                  
                  Configure-to-order (CTO) has the same lead time
                     as assemble-to-order, but it allows customers to configure a product,
                     selecting from various features and options. This results in the potential
                     for entirely unique configurations that have not been produced before. The
                     lack of design time required reduces the lead time to nearly equal that in a
                     make-to-order environment. Unlike assemble-to-order, the components may not
                     be manufactured until the order is received, but typically they are based on
                     existing designs. Components common to all units can be produced in advance
                     so they are available to assemble-to-order once the unique components or
                     assemblies are available.

                  
                  

               
               

            
            
            
            
               
               
               Mass Customization

               
               
               
               
                  
                  
                  Mass customization seeks to serve
                     markets that desire both high volume and high variety. The ASCM Supply Chain Dictionary defines mass
                        customization as:

                  
                  
                  
                  
                     
                     
                        The use of mass production techniques
                           to create large volume of products in a wide variety. This strategy keeps production
                           costs low while enabling customized output primarily by utilizing postponement or
                           delayed differentiation.
                        

                     

                  
                  
                  
                  In mass customization,
                     customers are allowed some degree of customization, while manufacturing
                     produces the products at nearly the same cost as that of a high-volume process.
                     Mass customization is usually considered to be a subset of ATO and
                     CTO because the customer is choosing among previously manufactured
                     or purchased options. Lead times can, however, be longer than for
                     ATO or CTO. Dell uses mass customization to build computers, waiting
                     to order components from its suppliers until orders are received,
                     thus adding purchasing lead time to delivery lead time. Dell keeps
                     lead times short and costs low by getting rapid deliveries of just
                     the needed components from suppliers who bear the cost of holding
                     the inventory.

                  
                  

               
               

            
            
            
            
               
               
               Postponement

               
               
               
               
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines postponement (or feature postponement) as:

                  
                  
                  
                  
                     
                     
                        A product design or supply chain strategy
                           that deliberately delays final differentiation of a product (assembly, production,
                           packaging, tagging, etc.) until the latest possible time in the process. This shifts
                           product differentiation closer to the consumer to reduce the anticipatory risk of
                           producing the wrong product. The practice reduces excess finished goods in the
                           supply chain. Syn.: delayed differentiation.
                        

                     

                  
                  
                  
                  Postponement is an ATO strategy that often performs final
                     assembly in a distribution center because the assembly usually does not require
                     specialized equipment or extensive manufacturing expertise. This might involve
                     putting a country-specific power supply in a unit or labeling boxes for a specific
                     language. It could also involve shipping units by air with no individual packaging
                     and adding packaging at the distribution center, which is what Hewlett Packard does.
                     To the degree that high volumes can be output at a low cost per unit, this can also
                     be considered a type of mass customization.

                  
                  
                  
                  Postponement can reduce manufacturing costs by producing
                     generic versions in high volume and delaying the final configuration much closer to
                     the customer. Household paint is an example. The customer chooses a color at the
                     retail location, where the final manufacturing step is done.

                  
                  
                  
                  Benefits of feature
                     postponement include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Reduction
                           in inventory

                        
                        

                     
                     
                     
                     	
                        
                        
                        Lower
                           cost of production

                        
                        

                     
                     
                     
                     	
                        
                        
                        Improved
                           response time to customer requests.

                        
                        

                     
                     

                  
                  
                  
                  This technique requires a high amount of
                     cooperation and data transfer across the supply chain.

                  
                  

               
               

            
            
            
            
               
               
               Modular Design

               
               
               
               
                  
                  
                  Modular design subdivides a product/process into smaller
                     parts that can be independently created and then assembled for more customer options
                     at an affordable manufacturing cost. The ASCM Supply
                        Chain Dictionary defines these terms:

                  
                  
                  
                  
                     
                     Modular design
                           strategy:
                        The strategy of planning and
                           designing products so that components or subassemblies can be used in current and
                           future products or assembled to produce multiple configurations of a product.
                           Automobiles and personal computers are examples of modular designs.

                     
                     Modularization:
                        In product development, the use of standardized parts for flexibility and variety.
                           This permits product development cost reductions by using the same item(s) to build
                           a variety of finished goods. Modularization is the first step in developing a planning
                           bill of material (BOM).

                     

                  
                  
                  
                  In most instances, modular design is more expensive than
                     nonmodular design but diagnosis and repair are easier. ATO is often more economical
                     using a modular design: it reduces the number of parts at final assembly.

                  
                  
                  
                  The flexible assembly system was developed using modular
                     design and group technology concepts. The ASCM Supply
                        Chain Dictionary defines group technology (GT)
                     as:

                  
                  
                  
                  
                     
                     
                        An engineering and manufacturing
                           philosophy that identifies the physical similarity of parts (common routing) and
                           establishes their effective production. It provides for rapid retrieval of existing
                           designs and facilitates a cellular layout.
                        

                     

                  
                  

               
               

            
            
            
            
               
               
               Package-to-Order

               
               
               
               
                  
                  
                  Package-to-order is a type of
                     assemble-to-order that uses postponement to delay packaging items produced and
                     stored in bulk until orders for specific package sizes are received. The ASCM Supply Chain Dictionary defines package-to-order (PTO) as:

                  
                  
                  
                  
                     
                     
                        A production environment in which the packaging of a good or service is delayed until
                           after the receipt of a customer order. The physical item is typically common across
                           many different customers, and the packaging determines the end product for the order.
                        

                     

                  
                  
                  
                  Pharmaceutical and tobacco products are examples. These products require
                     country-specific packaging, labels, and leaflets, even though the core product is
                     the same for every country.

                  
                  

               
               

            
            
            
            
               
               
               Remanufacturing

               
               
               
               
                  
                  
                  
                     Remanufacturing is defined in the ASCM
                        Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        1) An industrial process in which
                           worn-out products are restored to like-new condition. In contrast, a repaired
                           product normally retains its identity, and only those parts that have failed or are
                           badly worn are replaced or serviced. 2) The manufacturing environment where worn-out
                           products are restored to like-new condition.
                        

                     

                  
                  
                  
                  Remanufacturing is an aspect of reverse logistics.
                     Materials may be reused and recycled from worn-out products. Caterpillar resells
                     bulldozers and other industrial products in this way.

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Product-Process
            Matrix

         
         
         
         
            
            
            Here we look at the product-process matrix, which compares volume versus
               variety and helps determine optimal manufacturing environments, types, and
               layouts.

            
            

         
         
         
         
         
            
            
            Product-Process
               Matrix

            
            
            
            
               
               
               To gain competitive advantage, an organization or business unit
                  chooses a manufacturing philosophy, environment, process, and facility layout that
                  is best suited to the expectations of its targeted customer segments and to the
                  products it will produce. The ASCM Supply Chain
                     Dictionary defines these terms:

               
               
               
               
                  
                  Manufacturing
                        philosophy:
                     The set of guiding principles, driving forces, and expected behaviors that helps communicate
                        goals, plans, and policies to all employees and that is reinforced through conscious
                        and subconscious behavior within the manufacturing organization. See: lean manufacturing,
                        total quality management (TQM).

                  
                  Manufacturing environment:
                     The framework in which manufacturing strategy is developed and implemented. Elements
                        of the manufacturing environment include external environmental forces; corporate
                        strategy; business unit strategy; other functional strategies (marketing, engineering,
                        finance, etc.); product selection; product/process design; product/process technology;
                        and management competencies. The manufacturing environment description often refers
                        to whether a company, plant, product, or service is make-to-stock (MTS), make-to-order
                        (MTO), or assemble-to-order (ATO). Syn.: production environment. See: manufacturing
                        strategy.

                  
                  Manufacturing
                        process:
                     The series of operations performed upon material to convert it from the raw material
                        or a semifinished state to a state of further completion. Manufacturing processes
                        can be arranged in a process layout, product layout, cellular layout, or fixed-position
                        layout. Manufacturing processes can be planned to support make-to-stock (MTS), make-to-order
                        (MTO), assemble-to-order (ATO), and so forth, based on the strategic use and placement
                        of inventories. See: production process, transformation process.

                  
                  Facility layout:
                     A description of where machines and utilities will be located in a facility, as well
                        as the arrangement of processes.

                  

               
               
               
               Organizations with
                  many business units or diverse product families might have different
                  arrangements for different products.

               
               
               
               Effective operations strategy and management requires
                  understanding the key principles of executing activities. These principles are
                  influenced by the manufacturing philosophy policies that determine how the actual
                  work will be done, such as push versus pull environments.

               
               
               
               At the point of execution, it is assumed that the
                  decisions have been made (involving the right people) regarding the type of
                  manufacturing choices the organization will follow. These decisions then translate
                  the strategy into action. It is essential that the execution plan supports the
                  organization’s competitive strategy.

               
               
               
               These philosophy and process
                  choices are translated into critical early design tactics. The key
                  to making good decisions lies in understanding the relationship
                  between the tactics, because each decision cascades down through
                  the operational processes. For example, the choices are framed by
                  customer expectations about order fulfillment lead times. These
                  expected lead times range from very long to very short.

               
               
               
               Exhibit 4-11 reviews
                  the manufacturing environments, process types, and process layouts
                  in the product-process matrix. Note how these environments, process
                  types, and layouts are interrelated to some degree based on the
                  volume of production that is needed versus the variety of items
                  that need to be manufactured. The scale goes from high variety,
                  low volume to low variety, high volume.

               
               
               
               
                  Exhibit 4-11: Manufacturing Environments and Production Process Types[image: A matrix representing the relationship between product variety and volume in different manufacturing environments and processes. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Variety might be described as the degree of customer
                  influence over design. For example, building construction is engineer-to-order (ETO)
                  and the customer has a say in everything from the concept to the details. The
                  environment promotes a likely process type and layout: here, the project process
                  type and fixed position layout (the thing being made generally stays in one
                  place).

               
               
               
               Conversely, the high-volume, low-variety end of the scale
                  has make-to-stock (MTS), which offers no direct customer influence over design
                  (except for future models). This is done in part to enable the product to be
                  mass-produced. Within the MTS category, some products will be mass-produced on a
                  line process type such as at a soda bottling facility, while others will use the
                  continuous process type. For example, a gas refinery is a continuous process type
                  because materials flow without stopping through the refinement process. Both the
                  soda bottling facility and the gas refinery might use a product-based layout, which
                  is one that is designed to work with only a limited range of products. Many hybrid
                  systems might be developed using different combinations of these elements.

               
               
               
               Exhibit 4-11 also
                  shows a few other scales:

               
               
               
               
                  
                  
                  	
                     
                     
                     Lead time becomes shorter as variety is reduced and volume
                        is increased.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Tasks are diverse and complex at the high-variety,
                        low-volume end, due to building unique items or items in small batches.
                        Tasks at the low-variety, high-volume end tend to be repetitive and are
                        divided up into efficient groupings.

                     
                     

                  
                  
                  
                  	
                     
                     There are three general categories of process types
                        related to process frequency: project, intermittent, and flow. 

                     
                     
                     
                     
                        
                        	
                           
                           
                           Projects have project scheduling, which means they proceed on their
                              own custom schedules. 

                           
                           

                        
                        
                        	
                           
                           
                           Intermittent processes include work center and batch process types;
                              items are best made in lots or batches. 

                           
                           

                        
                        
                        	
                           
                           
                           Flow processes include line and continuous manufacturing; the
                              processes ideally never stop.

                           
                           

                        

                     

                  
                  

               
               
               
               External influences,
                  organizational strategy, the operations business plan, and customer
                  and product characteristics will determine which combination of
                  these elements will be the most efficient and effective for a given
                  product or product family. In some cases, however, there may be
                  more than one acceptable way to proceed, in which case senior operations
                  management will need to determine the costs and benefits of each
                  alternative. The ability to use existing plants and equipment may
                  be a factor in the decision, but, in other cases, new capital investments
                  may provide the best long-term return on investment.

               
               

            
            

         
         
         
         
            
            
            Manufacturing
               Environment Strategy

            
            
            
            
               
               
               Exhibit 4-12
                  shows the relationship of product variety to product volume, listing only the basic
                  manufacturing environments and the hybrid method, mass customization. (This method
                  is intended to enable both high variety and high volume.) The interplay of volume
                  and variety strongly impacts production cost. For example, higher volumes can be
                  produced at a low cost per unit because the high volume justifies investments in
                  specialized manufacturing equipment that can operate at a faster rate than
                  generalized equipment.

               
               
               
               
                  Exhibit 4-12: Manufacturing Environments by Volume and Variety[image: The graph represents how different manufacturing strategies align with varying levels of product variety and volume, helping to understand the appropriate strategy for different production scenarios. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               The manufacturing environment must respond to two
                  factors:

               
               
               
               
                  
                  
                  	
                     
                     
                     
                        
                           Variety.
                           
                        How unique
                           is the product? How much say does the customer have over the product
                           design? At the high end of the scale is a product that has a long lead
                           time to the customer, is complex, has a defined end to the work before
                           starting a different project, and is unique to the customer’s needs (the
                           definition of a project). At the low end is a product that is produced
                           quickly and repeatedly or in a continuous production stream. At the high
                           end of variety is a communications satellite—highly technical. At the
                           low end is a type of wood screw (the exact product is always the
                           same).
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Volume.
                           
                        How many
                           units are being produced? The communications satellite is at the low end
                           of the volume range; it may take months to create a single satellite.
                           The wood screws would be at the high end of the volume axis; they are
                           manufactured in lots of thousands.
                        

                     
                     

                  
                  

               
               
               
               The manufacturing environment chosen should reflect the
                  organization’s strategic priorities related to its generic performance objectives
                  (speed, dependability, flexibility, quality, and cost), since these priorities are
                  the key to competing effectively in a market with current resources. Prioritizing
                  generic performance objectives creates tradeoffs. Although all objectives are
                  important to some degree, some will be more critical to the organization’s strategy
                  than others, based on the needs of key customer segments. To achieve one objective,
                  organizations typically must concede some ground on another objective. An operation
                  can reduce cost or increase speed, but at a certain point this may affect its
                  ability to deliver quality. The reverse is true as well. Ultimately, there will be
                  tension between the organization’s objectives and its resources (e.g., time, money,
                  people).

               
               
               
               Needing to make decisions that involve tradeoffs is common
                  in operations and supply chain management. The task of operations strategy and
                  management is to manage the tension between objectives and increase efficiency
                  without decreasing service, perhaps through technology or other structural changes.
                  Methods for managing the various tradeoffs include the integrated measurement model
                  and the balanced scorecard. The idea is to interconnect overall objectives,
                  strategies, and measurements. Decisions involving tradeoffs should be guided by what
                  best aligns with business and supply chain strategy. Decision making can be
                  facilitated by asking the right questions, such as “If we agree to make decision X,
                  will it enhance the business in terms of strategy Y?”

               
               
               
               Let’s use our case study organizations to see how the
                  production environment can affect performance objectives weighting.

               
               
               
               
                  
                  
                  	
                     
                     
                     
                        ETO. The shipbuilder has an ETO
                        environment. Each order takes a significant amount of time to complete and
                        varies significantly in design and specifications from other orders.
                        Performance related to quality and flexibility is important as well as
                        controlling costs on expensive and lengthy projects.

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        MTO. The commercial door manufacturer
                        allows customers to select materials and set custom sizes for various door
                        dimensions. The organization does not begin production until the customer
                        places an order. The manufacturer may emphasize performance that allows it
                        to respond to orders quickly without degrading quality. If they use the same
                        production line for MTO and MTS, the MTO orders will be assigned priority
                        for processing. Production will calculate and allocate capacity for custom
                        orders. The organization may instead create a separate production line and
                        assign their highest skilled workers to MTO orders so they can build quality
                        custom doors with a faster-than-average lead time as their core strategy
                        driver. The MTO line would be measured using order-to-delivery lead time and
                        number of defects/returns. The MTS line: dependability and cost.

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        ATO. The owner of the hotel chains
                        contracts with a single supplier who assembles gift baskets for the
                        different hotel brands. The supplier maintains inventory of all the
                        different products that are included as well as different baskets and
                        branded outer packaging. When the hotel group submits an order, the supplier
                        assembles the designated baskets and ships them. Speed and dependability are
                        critical. The hotel group is the supplier’s largest customer and must be
                        kept happy.

                     
                     

                  
                  
                  
                  	
                     
                     
                     MTS. The motorcycle
                        manufacturer makes-to-stock, determining production schedules by demand
                        forecasts. The manufacturer focuses on cost performance primarily, followed
                        by quality and flexibility (many models in the same facilities). They
                        emphasize developing a multiskilled workforce to address both quality and
                        flexibility while keeping costs low.

                     
                     

                  
                  

               
               
               
               Competitive advantages occur if an organization can
                  move toward both more volume and more variety at the same time. Postponement
                  opportunities could exist to manufacture generic units in bulk and then add variety
                  in a secondary manufacturing process located nearer to the customer, promoting an
                  ATO strategy. Or mass customization could be used to enable both a high degree of
                  variety and high volume. The manufacturer is able to design a moderately unique
                  product by using a platform common to multiple products and to produce those
                  products at a fairly high volume. Dell is an example. Few manufacturers, however,
                  have been able to master this environment profitably.

               
               
               
               Sometimes an organization
                  can gain a competitive advantage by creating a mixed-mode manufacturing
                  environment. In mixed-mode environments, some high-volume products
                  and some high-variety products are made within the same organization
                  but in different manufacturing environments (as is the case in the
                  custom door manufacturer case study).

               
               

            
            
            
            
               
               
               Lead Time

               
               
               
               
                  
                  
                  In addition to the basic product characteristics, lead time is
                     a strong differentiator for the manufacturing environment. The ASCM Supply Chain Dictionary defines delivery
                        lead time as: “The time from the receipt of a
                        customer order to the delivery of the product. Syn.: delivery cycle.” The customer may also take time on their end to prepare the order once the
                     decision to purchase has been made, but the supplier cannot control this component
                     of lead time.

                  
                  
                  
                  Exhibit 4-13
                     shows the basic elements that add to lead time in each of the basic manufacturing
                     environments. Note that raw materials include purchased components, work-in-process
                     (WIP) includes manufactured components, and FG stands for finished goods.

                  
                  
                  
                  
                     Exhibit 4-13: Lead Time per Manufacturing Environment[image: A flowchart illustrating lead times for different manufacturing strategies: Engineer-to-order, Make-to-order/configure-to-order, Assemble-to-order, and Make-to-stock. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The cumulative lead time for the longest sequential set of
                     processes needs to be compared to the customer’s requested or expected delivery date
                     (which could be immediate, as in the case of retail). While customers desire the
                     shortest lead time possible, their expectations can be managed based on the types
                     of
                     activities (e.g., design work) that are necessary to make the product variety they
                     desire. That is, customer expectations for what is an acceptable lead time will be
                     specific to a given competitive strategy, industry, and/or product type. Customer
                     lead time expectations can be measured using customer tolerance
                        time, which the ASCM Supply Chain Dictionary defines as: “The amount of time potential
                        customers are willing to wait for the delivery of a good or a service. Syn.: demand
                        lead time.”

                  
                  
                  
                  Strategic choices related to manufacturing environment,
                     facility locations, and so on need to enable meeting these industry- or
                     product-specific expectations. Or a given competitive strategy might be used to
                     reshape these expectations (i.e., designing an ATO version of an MTS product as a
                     differentiation point might work if lead time expectations can be managed using
                     marketing/customer service).

                  
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines many types of lead times.

                  
                  
                  
                  
                     
                     Supplier lead
                           time: 
                        The amount of time that normally
                           elapses between the time an order is received by a supplier and the time the order
                           is shipped. Syn.: vendor lead time. See: purchasing lead time.

                     
                     Procurement lead
                           time: 
                        The time required to design a
                           product, modify or design equipment, conduct market research, and obtain all
                           necessary materials. Lead time begins when a decision has been made to accept an
                           order to produce a new product and ends when production commences. Syns.:
                           procurement cycle, total procurement lead time. See: time-to-market.

                     
                     Purchasing lead
                           time: 
                        The total lead time required to
                           obtain a purchased item. Included here are order preparation and release time;
                           supplier lead time; transportation time; and receiving, inspection, and put-away
                           time. See: lead time, supplier lead time, time-to-product.

                     
                     Manufacturing
                           lead time: 
                        The total time required to manufacture an item, exclusive of lower-level purchasing
                           lead time. For make-to-order (MTO) products, it is the length of time between the
                           release of an order to the production process and shipment to the final customer.
                           For make-to-stock (MTS) products, it is the length of time between the release of
                           an order to the production process and receipt into inventory. Manufacturing lead
                           time includes order preparation time, queue time, setup time, run time, move time,
                           inspection time, and put-away time. Syns.: manufacturing cycle, production cycle,
                           production lead time. See: lead time.

                     

                  
                  
                  
                  One basic determinant of necessary lead time is the level
                     of involvement the customer requires during design, manufacturing, or assembly, but
                     product volume and variety also play a strong role. Low-volume items are
                     cost-prohibitive to produce in advance and so often require longer lead times.
                     Similarly, customized items or allowing for design flexibility will require longer
                     lead times, while standardized items will shorten lead times.

                  
                  
                  
                  Another influence
                     on lead time is proximity to the customer, which is why some auto parts
                     manufacturers locate their plants right next to the auto plant that
                     uses the parts. A distribution network with a distribution center
                     near customers is another way to provide flexibility in the manufacturing
                     model chosen while still satisfying customer lead time expectations.

                  
                  

               
               

            
            
            
            
               
               
               Summary

               
               
               
               
                  
                  
                  Exhibit 4-14 shows key
                     points on each manufacturing environment.

                  
                  
                  
                  
                     Exhibit 4-14: Common Environment Characteristics
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                                       Customized configuration
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                                          orders in hand
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         Determining
            Process Type and Layout

         
         
         
         
            
            
            Here we discuss
               the process types and layouts in detail, including how different layouts
               may be more appropriate at different points in the product life
               cycle. A discussion of related tradeoffs is included.

            
            

         
         
         
         
         
            
            
            Process Types

            
            
            
            
               
               
               Once the product offerings are determined by sales and
                  marketing based on the firm’s strategic and business planning, then production must
                  identify which processes will be employed to create each product and/or product
                  line. Exhibit 4-15 shows the manufacturing
                  process types.

               
               
               
               
                  Exhibit 4-15: Manufacturing Process Types[image: A graph depicting manufacturing process types arranged by product variety and volume, showing the relationship between project, work center, batch, line, and continuous manufacturing processes.]
               
                  Go to long description.
                  

               
               
               
               
               Each manufacturing
                  system aligns the choice of production process with the product being
                  manufactured. Each process type fits the nature of the product,
                  the complexity of its inputs like the number of parts (on the vertical
                  axis), the rate of production (on the horizontal axis), and the
                  variety and volume of outputs (ranging from high to low) and is
                  associated with certain master planning actions.

               
               
               
               Exhibit 4-16 summarizes
                  key differences between process types.

               
               
               
               
                  Exhibit 4-16: Manufacturing Process Type Comparison
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                                    Dedicated
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                                          Print
                                             on demand
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               Note how in a line (also called repetitive) production
                  process, the flow consists of discrete units on a line such as an assembly line. In
                  continuous production, the typical flow consists of non-discrete products. Material
                  issues and scrap cannot be reported against particular orders but might be reported
                  against different batches if the same equipment is used for different non-discrete
                  end product types (e.g., different varieties of bleach).

               
               

            
            
            
            
               
               
               Project Process Type

               
               
               
               
                  
                  
                  Buildings, ships, aircraft, and other
                     large, complex deliverables are produced using project manufacturing. Whenever the
                     product is primarily made at one site, is unique, and has a deadline for completion,
                     project management techniques are recommended. Project management and a key project
                     management tool for scheduling called a Gantt chart are defined in the ASCM Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     Project
                           management:
                        The use of skills and knowledge in
                           coordinating the organizing, planning, scheduling, directing, controlling,
                           monitoring, and evaluating of prescribed activities to ensure that the stated
                           objectives of a project, manufactured good, or service are achieved. See:
                           project.

                     
                     Gantt chart:
                        A common type of planning and control chart
                           that is designed to depict graphically the relationship between planned performance
                           and actual performance over time. The chart is mainly used for (1) machine loading,
                           in which one horizontal line is used to represent capacity and another to represent
                           load against that capacity; or (2) monitoring job progress, in which one horizontal
                           line represents the production schedule and another parallel line represents the
                           actual progress of the job against the schedule in time. Syns.: job progress chart,
                           milestone chart.

                     

                  
                  
                  
                  
                     Exhibit 4-17: Gantt Chart[image: A Gantt chart displaying a project timeline with tasks, durations, start and finish dates, and predecessors. The chart is divided into two main sections: a table on the left and a timeline on the right.]
                  
                  
                  
                  
                  Project management has key elements that differentiate it
                     from normal operations: It is time-delimited, and it produces unique deliverables.
                     All projects need an end date, and specialized teams form for the express purpose
                     of
                     completing projects. The deliverables are unique, meaning that they require custom
                     designs and, in the case of buildings, need to be adapted to their environment.
                     Project management can efficiently manage costs and schedules by ensuring that the
                     project manager controls the scope (what will and will not be done).

                  
                  

               
               

            
            
            
            
               
               
               Intermittent Process Types

               
               
               
               
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines intermittent
                        production as:

                  
                  
                  
                  
                     
                     
                        A form of manufacturing in which
                           the jobs pass through the functional departments in lots, and each lot may have a
                           different routing. See: job shop.
                        

                     

                  
                  
                  
                  Intermittent process
                     types are useful when there are many product design variants that
                     have different process requirements and therefore have unbalanced
                     workflows between work centers. Both equipment and workers need
                     to be flexible enough to perform this varied type of work. In other
                     words, general purpose equipment is often needed instead of specialized
                     units. Order quantities are also typically variable, meaning that
                     some job runs will be longer than others.

                  
                  
                  
                  The time from when an order starts work
                     to when it is complete is often very long, and this combination
                     of unbalanced workflows, different-sized orders, and long throughput
                     times typically makes scheduling production (called production activity control)
                     and inventory control complex. It is difficult to schedule equipment capacities,
                     and bottlenecks can form in different places. Issues with scheduling
                     or capacity control result in a high amount of work-in-process inventory.
                     These processes typically require longer lead times, in part because
                     of extensive material handling. Benefits include the flexibility
                     to change order quantities or orders quickly and the relative ease
                     of introducing new products.

                  
                  
                  
                  Intermittent processes might use fixed-position,
                     functional, or cellular layouts. Two types of intermittent manufacturing
                     are work center and batch.

                  
                  

               
               
               
               
                  
                  
                  Work Center

                  
                  
                  
                  
                     
                     
                     The work center process type, also called job
                        shop or intermittent manufacturing, is organized around similar processes and
                        usually involves smaller lots or batches. Work centers are production areas that are
                        grouped by function, such as all lathes in one area and all sanding in a different
                        work area. Products are routed between work centers in odd patterns depending on
                        what process needs to be done next. The emphasis in planning is to have fast
                        changeovers with skilled, flexible labor.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Batch

                  
                  
                  
                  
                     
                     
                     The batch process type, also called batch
                        flow or lot manufacturing, is intermittent manufacturing for higher production
                        volume. Lots or batches are larger, and the flow between the chain of activities is
                        optimized to minimize distances traveled between workstations. The emphasis in
                        planning is to have longer production runs and fewer changeovers.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Flow Process Types

               
               
               
               
                  
                  
                  Manufacturing items with relatively high volumes and low
                     variety tends to lend itself to flow manufacturing. The ASCM Supply Chain Dictionary defines
                     flow terminology as:

                  
                  
                  
                  
                     
                     Flow
                           processing:
                        In a process environment, the flow of work from one workstation to another at a nearly
                           constant rate and with no delays. When producing discrete units, the process is called
                           repetitive manufacturing; when producing non-discrete units over time, the process
                           is called continuous manufacturing.

                     
                     Flow shop:
                        A form of manufacturing organization in which machines and operators handle a standard,
                           usually uninterrupted, material flow. The operators generally perform the same operations
                           for each production run. A flow shop is often referred to as a mass production shop.
                           The plant layout is designed to facilitate a product flow, where each product, though
                           variable in specifications, uses the same flowpattern. Production is set at a given
                           rate, and the products are generally manufactured in bulk. Some process industries
                           (chemicals, oil, paint, etc.) are examples of flow shops. Syns.: flow line, flow manufacturing,
                           flow plant. See: continuous manufacturing, job shop.
                        

                     

                  
                  
                  
                  Flow manufacturing has standardized products. Work
                     centers are arranged in the sequence in which they will be used, so the
                     product flows directly from work center to work center. The time it takes to
                     move between work centers is the same by design, so processing is constant.
                     The equipment used is more specialized, allowing higher volumes but less
                     variety to be produced. The equipment is usually designed to make only
                     specific products, and new products typically require new equipment. The
                     capacity of the line is fixed and difficult to alter. The material flow
                     between workstations is often automated, meaning that work-in-process (WIP)
                     inventory is low (and very predictable) as are throughput times. Low WIP
                     inventory means that lead times are short. This makes production activity
                     control and inventory management straightforward.

                  
                  
                  
                  These processes
                     can make only a limited range of products, but the process generates large
                     economies of scale. A family of products that can be produced on
                     a given line or continuous flow needs to be in high enough demand
                     to justify the large capital investment. Often organizations can
                     reduce labor costs to compensate for the much larger capital expense.

                  
                  
                  
                  Flow processes use
                     a product-based layout. Two types of flow processes include line and
                     continuous.

                  
                  

               
               
               
               
                  
                  
                  Line

                  
                  
                  
                  
                     
                     
                     The line process type, also called repetitive
                        flow or line flow, is used when the products being produced are discrete units, like
                        cans of soda or cars. The ASCM Supply Chain
                           Dictionary defines related terms.

                     
                     
                     
                     
                        
                        Discrete manufacturing: 
                           The production of distinct items such as automobiles, appliances, or computers. See:
                              repetitive manufacturing.

                        
                        Repetitive manufacturing: 
                           The repeated production of the same discrete products or families of products. Repetitive
                              methodology minimizes setups, inventory, and manufacturing lead times by using production
                              lines, assembly lines, or cells. Work orders are no longer necessary; production scheduling
                              and control are based on production rates. Products may be standard or assembled from
                              modules. Repetitiveness is not a function of speed or volume. Syns.: repetitive process,
                              repetitive production. See: discrete manufacturing, project manufacturing.

                        
                        Assembly
                              line: 
                           An assembly process in which equipment and work centers are laid out to follow the
                              sequence in which raw materials and parts are assembled. See: line, line manufacturing,
                              linear layout, production line.

                        
                        Production line: 
                           A series of pieces of equipment dedicated
                              to the manufacture of a specific number of products or families.

                        

                     
                     
                     
                     Note that there is also a flow process type
                        called batch flow, which starts out in large batches of material that are
                        transformed into discrete end items, such as a batch of candy that starts in liquid
                        form and ends as distinct items. This differs from the intermittent (batch) process
                        type in that it is a flow process.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Continuous

                  
                  
                  
                  
                     
                     
                     The continuous process type, also called
                        continuous flow, is used when the products being produced are liquids, liquid metals
                        as in a foundry, or bulk solids like flour or pet food. The ASCM Supply Chain Dictionary defines continuous production as:

                     
                     
                     
                     
                        
                        A production system in which the productive equipment is organized and sequenced according
                              to the steps involved to produce a narrow range of standard products. Material flow
                              is continuous during the production process. The routing of the jobs is fixed, and
                              setups are seldom changed. Examples of items produced by continuous production include
                              gasoline, steel, fertilizer, glass, and paper. Syns.: continuous flow production,
                              continuous manufacturing, continuous process. See: mass production, project manufacturing.

                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Process
                  Types Summary

               
               
               
               
                  
                  
                  Here
                     is a summary of the process types:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              Project.
                              
                           Project
                              management works to minimize the lead time and costs for integrating a
                              high number of parts and has a very low production rate/volume and high
                              variety, e.g., in designing and building a stadium.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Work center.
                              
                           Products are
                              made-to-order for customers, resulting in a medium to high number of
                              parts, a low to medium production rate, low volume, and high variety,
                              e.g., in manufacturing tools and dies.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Batch.
                              
                           Products are
                              either made-to-order or assembled-to-order with a medium number of
                              parts, medium to high volume, low to medium variety, and a medium to
                              high production rate, e.g., in manufacturing seasonal fashion
                              clothing.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Line.
                              
                           Discrete
                              parts move through the same sequence of operations at a controlled rate
                              (assembly rate) for a narrow range of standard or highly similar items.
                              Production volumes are high and production and material-handling
                              equipment is specialized, with a low to medium number of parts, a high
                              production rate, high volume, and low variety, e.g., with packaged
                              foods.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Continuous.
                              
                           Continuous
                              processes involve few parts, high volume, low to medium variety, and a
                              high rate of production of non-discrete make-to-stock units (e.g., oil
                              and gas). Production flow rates may be tied to demand forecasts or are
                              fixed to maximize capacity utilization and economies of scale.
                           

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            Process Layouts

            
            
            
            
               
               
               The manufacturing process types are
                  implemented through process layout designs. Aligning processes with the appropriate
                  layouts helps avoid inefficiencies. Process layouts specify the arrangement of the
                  machines, departments, workstations, storage areas, aisles, and common areas in a
                  facility. Exhibit 4-18 shows how layouts
                  fit on the product-process matrix.

               
               
               
               
                  Exhibit 4-18: Manufacturing Process Layouts[image: Matrix chart showing different manufacturing process types (Fixed position, Functional, Cellular, Product-based) along axes of product variety and volume, with examples of each process type. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Although there are hundreds of hybrid
                  design layouts, they are all based on the basic fixed position, functional,
                  cellular, and product-based layouts. One reason for all of the variants is that
                  while layouts primarily correspond with particular process types, there could be
                  times when a process type will switch to a different layout for a portion of the
                  production process.

               
               
               
               The basic objective of the process layout
                  decision is to ensure a smooth flow of work, materials, people, and information
                  through the system. Each type of layout has its own unique set of advantages and
                  disadvantages, and each tends to use its own type of material handling. In fact,
                  material handling is an important part of all four layouts.

               
               
               
               The layout choices shown in Exhibit 4-18 can be
                  characterized as either batch or flow processes. The principles of push systems are
                  different depending on whether the process is batch or flow. In a push or material
                  requirements planning (MRP)-based system, orders are released and pushed through
                  work centers to execute the master production schedule (MPS) for batch processes.
                  For MRP-based flow manufacturing processes, rate-based schedules are released to
                  execute MPS. Pull manufacturing systems are based on lean principles. Pull systems
                  require a pull signal to trigger replenishment. Kanban systems are an example for
                  work center replenishment.

               
               
               
               Organizations put a lot of thought into
                  facility layout. Layouts have far-reaching implications for quality, productivity,
                  and competitiveness. Therefore, strategic process layout selection and design are
                  crucial to maximizing productivity and reducing costs in manufacturing operations.
                  Criteria to select the best process layout for each environment include

               
               
               
               
                  
                  
                  	
                     
                     
                     Volume

                     
                     

                  
                  
                  
                  	
                     
                     
                     Variety

                     
                     

                  
                  
                  
                  	
                     
                     
                     Process
                        resources

                     
                     

                  
                  
                  
                  	
                     
                     
                     Products/services required.

                     
                     

                  
                  

               
               
               
               Exhibit 4-19 provides the
                  definitions of each type of process layout and an example. A discussion of each type
                  of layout follows.

               
               
               
               
                  Exhibit 4-19: Process Layouts
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Process Layout

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Definition (from ASCM Supply
                                          Chain Dictionary)

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Example

                                    
                                    
                                 
                                 

                              
                              
                           
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Fixed-position
                                          layout
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    “A factory layout in which the product is in a specific location and people, machines,
                                          and tools move to and from the product.”

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Crews will come to the site of the
                                       airport construction.

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Functional layout
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    “1) A facility configuration in which
                                          operations of a similar nature or function are grouped together. 2) An
                                          organizational structure based on departmental specialty (e.g., saw, lathe, mill,
                                          heat treat, press). Syns.: job shop layout, process layout.”

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Batches of cubicle walls in progress are moved to different
                                       areas with specialized equipment and materials needed for
                                       that stage of the manufacturing process.

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Cellular
                                          layout
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    “An equipment configuration to support cellular manufacturing. See: work cell.” Cellular manufacturing
                                       is “A manufacturing process that produces families of parts within a single line or cell
                                          of machines controlled by operators who work only within the line or cell. See: work
                                          cell.”

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    A
                                       producer of high-end audio speakers creates small cells for
                                       each product family. All processes (e.g., soldering,
                                       testing) can be completed with less complicated and wasteful
                                       routing.

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Product-based
                                          layout
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    “A type of layout in which resources
                                          are arranged sequentially according to the steps required to make a particular
                                          complex product.” A product layout is “Another name for flow process layout.
                                          Product layout is a system that is set up for a limited range of similar products.
                                          Focused-factory production is also considered to be in this category. See: flow
                                          processing, focused factory.” A focused factory is “A plant established to focus the entire
                                          manufacturing system on a limited, concise, manageable set of products,
                                          technologies, volumes, and markets precisely defined by the company’s competitive
                                          strategy, technology, and economics. See: cellular manufacturing.”

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    A car frame moves continuously on an
                                       assembly line past workers and equipment that perform
                                       assigned tasks.

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               
               
               The fixed-position and functional layouts
                  might be considered process-based layouts. The cellular layout is a hybrid that
                  could be called a product-family layout. For the product-based layout, also called
                  a
                  product layout or an assembly line, the focus is more specialized for a particular
                  product.

               
               

            
            
            
            
               
               
               Fixed Position
                  Layout

               
               
               
               
                  
                  
                  A fixed-position layout is used with project
                     manufacturing to manufacture items that cannot be moved or are uneconomical to move
                     frequently. The product remains in place, and workers, materials, and equipment are
                     moved into place as needed, as shown in Exhibit 4-20. Components might still be made elsewhere and shipped to the
                     production site. The layout thus avoids the cost of moving the product.

                  
                  
                  
                  
                     Exhibit 4-20: Fixed Position Layout[image: A graphic showing a central point with multiple arrows pointing inward, representing a fixed position layout where the product remains stationary, and workers and equipment come to the product.]
                  
                  
                  
                  
                  Ships, houses, and aircraft are examples. Often this
                     layout is used in a project-type environment. Exhibit 4-21 describes benefits and limitations.

                  
                  
                  
                  
                     Exhibit 4-21: Benefits and Limitations of Fixed Position Layout
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Benefits

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Limitations

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             High independence of production
                                                centers.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             High flexibility and
                                                adaptability.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Low capital
                                                investment.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Low amount of material
                                                movement.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             High effort when moving
                                                machines to the product location.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Highly
                                                skilled labor is needed.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Limited storage space for
                                                materials.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            
            
            
               
               
               Functional
                  Layout

               
               
               
               
                  
                  
                  A functional layout (process or job shop layout)
                     organizes work centers by function. This layout can be used with either of the
                     intermittent manufacturing process types (work center or batch). It is an economical
                     choice when there is not enough production volume to justify setting up an assembly
                     line.

                  
                  
                  
                  Various products are routed to a
                     customized sequence of workstations. As seen in Exhibit 4-22, each work
                     center specializes in a given type of activity and will have the specialized
                     skill sets and equipment needed to perform those activities. The numbers in the
                     exhibit could represent specific machinery that is needed such as saw, press,
                     shear, or welder. However, the work centers need to be flexible enough to handle
                     a variety of tasks within their areas of specialization. Note also that the most
                     frequently produced products (product line A in this example) may have the most
                     efficient path through the layout, while others may follow more convoluted
                     paths.

                  
                  
                  
                  
                     Exhibit 4-22: Functional Layout[image: A graphic showing a network of numbered nodes connected by arrows, representing a functional layout where similar processes are grouped together, and products move between these functional areas.]
                  
                  
                  
                  
                  This layout is particularly useful where a low volume of
                     production is normal. If the products are not standardized, this layout is more
                     desirable, because it has greater process flexibility than other types. The ASCM Supply Chain Dictionary defines process
                        flexibility as:

                  
                  
                  
                  
                     
                     
                        The design of the manufacturing
                           system, including operators and machinery, that allows quick changeovers to respond
                           to near-term changes in product volume and mix. It is a necessary tool in lean and
                           just in time.
                        

                     

                  
                  
                  
                  In this type of layout, the same or similar types of
                     operations are grouped together. This layout is suitable for custom jobs. Exhibit 4-23 describes benefits and
                     limitations. 

                  
                  
                  
                  
                     Exhibit 4-23: Benefits and Limitations of Functional Layout
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Benefits

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Limitations

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             High equipment flexibility and
                                                need for fewer machines.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             More specialized
                                                supervision.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Ability to transfer work leads
                                                to low risk for loss of production due to
                                                machinery breakdowns.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Queue time leads to higher
                                                total production time.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Bottleneck
                                                potential is high.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Higher handling costs due to
                                                longer product flow line.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            
            
            
               
               
               Cellular
                  Layout

               
               
               
               
                  
                  
                  A
                     cellular layout, also called work cells or cellular manufacturing, is a hybrid of
                     a
                     functional layout and a product-based layout. It places sequential steps adjacent
                     to
                     one another so one unit or a small batch can be processed from start to finish with
                     no waiting at each station. No work-in-process inventory accumulates and lead times
                     shrink significantly. The ASCM Supply Chain
                        Dictionary defines some related terms.

                  
                  
                  
                  
                     
                     Cell: 
                        A manufacturing or service unit consisting of a
                           number of workstations and the materials transport mechanisms and storage buffers
                           that interconnect them.

                     
                     Work cell: 
                        Dissimilar machines grouped together into a production unit to produce a family of
                           parts having similar routings. See: cellular layout, cellular manufacturing, U-shaped
                           layout.

                     
                     Nesting: 
                        The act of combining several small processes to
                           form one larger process.

                     

                  
                  
                  
                  This layout is used
                     extensively in lean to enable fast, repetitive processing of small batches or
                     single units.

                  
                  
                  
                  Cellular layouts
                     can be used in intermittent environments that need to produce low volume and
                     high variety as long as the products can be grouped into product families. In
                     this case, each family gets its own custom production line, called a work cell.
                     Work centers with multiple identical pieces of equipment might be split up so
                     that each line has some of the equipment, now placed where it is needed to
                     minimize materials-handling distances and factory floor space. In other cases, a
                     large, high-capacity or generalized piece of equipment might be replaced by
                     smaller, lower-capacity equipment or more-specialized equipment.

                  
                  
                  
                  Exhibit 4-24 shows how a
                     functional layout might be rearranged into a cellular layout. Note how each
                     product line uses nesting to produce dedicated work cells.

                  
                  
                  
                  
                     Exhibit 4-24: Cellular Layout[image: Diagram showing a transition from a functional layout to multiple cellular layouts, illustrating the reorganization of workstations for increased efficiency. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Machines are grouped according to the process
                     requirements for a set of similar items (part families) that require similar
                     processing. Notice how some shared work centers (2, 3, 4, and 7) might be kept in
                     close proximity to allow for some of the benefits of a functional layout, such as
                     shared storage of tools and dies. Even in this case, each cell would still likely
                     have dedicated equipment so that no work-in-process inventory accumulates. Since
                     locating similar work centers nearby may not always be possible (1, 2, 3, 4, and 6
                     have all or part of their work centers in more than one place), some work centers
                     may need to be split up or smaller equipment may need to be acquired to prioritize
                     flow. When all equipment is dedicated to a single cell, the equipment in each work
                     cell is effectively one work center to control, which greatly simplifies production
                     activity control and scheduling. Since each part produced is immediately used by the
                     next step in the line, quality issues will be detected before multiple units are
                     produced. Also, cellular layouts are designed to accommodate one-piece flow. This
                     means that only items that are actually ordered are produced, so these layouts tend
                     to reduce finished goods inventories. The work center files might list similar work
                     centers as alternate centers for emergency capacity increases.

                  
                  
                  
                  A final thing to note about
                     Exhibit 4-24 is
                     that the lines are arranged in a U shape. The ASCM
                        Supply Chain Dictionary defines U-lines as follows:

                  
                  
                  
                  
                     
                     
                        Production lines shaped like the letter U.
                           The shape allows workers to easily perform several nonsequential tasks without
                           much walk time. The number of workstations in a U-line is
                           usually determined by line balancing. U-lines promote
                           communication.
                        

                     

                  
                  
                  
                  Shapes such
                     as Us or Ls are considered ideal for cellular layouts, because many things no
                     longer needed at the end of the process, such as empty bins, will be where they
                     need to be to repeat the process. Many U cells can also be located along a
                     single trunk line to allow for a common area for materials handling. The workers
                     at various pieces of equipment will be near enough to communicate with each
                     other or move between stations without wasted motion.

                  
                  
                  
                  Exhibit 4-25 lists cellular layout benefits and limitations.

                  
                  
                  
                  
                     Exhibit 4-25: Benefits and Limitations of Cellular Layout
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Benefits

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Limitations

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Minimizes material-handling
                                                distances and factory floor space
                                                requirements.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Faster processing
                                                time.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             No work-in-process inventory
                                                accumulates.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Lead times shrink.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Reduced finished goods
                                                inventory.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Works only if products can be
                                                grouped into product families.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Locating work centers or cells
                                                near each other.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            
            
            
               
               
               Product-Based
                  Layout

               
               
               
               
                  
                  
                  A product-based layout
                     is a dedicated flow that minimizes materials handling between work centers by
                     placing each workstation in the proper sequence based on the routing of the
                     products. In theory, this sequential layout allows the entire process to be laid
                     out in a straight line, which at times may be totally dedicated to the
                     production of only one product or product version. The flow of the line can then
                     be subdivided so that labor and equipment are used smoothly throughout the
                     operation. The flow is straightforward and customized for a limited range of
                     very similar products.

                  
                  
                  
                  Product-based layouts are used with either type of flow
                     system (repetitive manufacturing such as an assembly line or continuous flow such
                     as
                     a chemical processing facility) to maximize efficiency (lowest cost per unit), but
                     their high degree of specialization requires large capital expenditures that need
                     to
                     be justified by large volumes. If the technology is appropriately aligned with the
                     required volume, product-based layouts are highly cost-effective, even when their
                     higher capital costs are factored in. This is because they require fewer changeovers
                     (less downtime and labor associated with the changeover).

                  
                  
                  
                  As one might expect, movement from one station to the
                     next in a product-based layout needs to be synchronized to avoid bottlenecks.
                     However, work-in-process inventory is lower with this method, and less time is
                     required to move work around and track its progress.

                  
                  
                  
                  Exhibit 4-26 shows how in this type of layout, only one type of product is
                     produced in an operating area. The location of equipment and workers accommodates
                     the flow of product in high-volume operations.

                  
                  
                  
                  
                     Exhibit 4-26: Product-Based Layout[image: A graphic showing a straight line of numbered nodes from input to output, representing a product-based layout where products move through a continuous and linear process, typical in high-volume manufacturing.]
                  
                  
                  
                  
                  The raw material is supplied at one end of the line
                     and goes from one operation to the next quite rapidly, with a minimal amount of work
                     in process, storage, and material handling. The product must be standardized and
                     produced in large quantities to justify the product-based layout. 

                  
                  
                  
                  Exhibit 4-27 describes benefits and limitations of this layout.

                  
                  
                  
                  
                     Exhibit 4-27: Benefits and Limitations of Product-Based Layout
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                                             Lower total material-handling
                                                costs.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Less work in process.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Less floor area occupied by
                                                material in transit and storage.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Simplicity of production
                                                control.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Total production time is
                                                minimized.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             High degree of equipment and
                                                labor utilization.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Limited flexibility.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Manufacturing costs increase
                                                with a decrease in volume.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Single machine breakdown could
                                                shut down whole production line.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Cannot easily respond to system
                                                changes.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            

         
         
         
         
            
            
            Process and
               Layout Tradeoffs

            
            
            
            
               
               
               When evaluating the tradeoffs
                  between manufacturing process types and process layouts and key
                  performance objectives, it is important to recall the characteristics associated
                  with each of the performance objectives.

               
               
               
               
                  
                  
                  	
                     
                     
                     Speed—throughput times,
                        queuing and inventory, processing costs

                     
                     

                  
                  
                  
                  	
                     
                     
                     Dependability—safety stock or buffers needed, processing
                        costs, rescheduling frequency

                     
                     

                  
                  
                  
                  	
                     
                     
                     Flexibility—volume
                        flexibility, mix flexibility, delivery flexibility and time, product and
                        service flexibility

                     
                     

                  
                  
                  
                  	
                     
                     
                     Quality—error-free
                        process, conformance quality of operations

                     
                     

                  
                  
                  
                  	
                     
                     
                     Cost—profit
                        margins, working capital requirements, transfer pricing, inventory turns

                     
                     

                  
                  

               
               
               
               The goal is to align
                  the process layout with the performance objective that ranks very high,
                  as seen in Exhibit 4-28.

               
               
               
               
                  Exhibit 4-28: Process and Layout Choices
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               When using a project, work center, or batch process, products
                  are made to customer specifications with the tacit understanding that production
                  will not start until the order is processed. The tradeoff is that customers expect
                  the process to show dependability rather than speed in its ability to meet promised
                  delivery dates. Customers also expect flexibility in accommodating a high level of
                  product variety, as these often are unique products. Cost is always important, but
                  in this case when products are made to specifications in low volumes, it is not
                  always critical.

               
               
               
               The line or continuous
                  types are high-volume and low-variety processes with flow layouts.
                  Cost and speed are the dominant performance objectives driving these processes.

               
               
               
               Because of increased competition
                  and rapidly changing market conditions, manufacturers in many industries
                  must be flexible. Manufacturing capabilities must evolve to meet
                  changes in the marketplace and customer needs. These types of changes
                  are expensive and therefore should not be taken lightly. They must
                  be approved, scheduled, and monitored for execution as they are
                  put into practice.

               
               
               
               For example, the Ford Motor Company changed an assembly
                  process for tail lamps due to changes in the marketplace and consumer preferences
                  at
                  a plant in Sandusky, Ohio. It began with Ford examining its overall production flow
                  and looking for opportunities to become more efficient in light of increased global
                  competition. They shifted their operation from a worker-paced line flow process to
                  a
                  flexible assembly system that used modular design and group technology concepts new
                  to Ford. This change impacted their entire product development process, but it
                  allowed them to stay flexible and produce the products that were in demand in a
                  cost-effective manner.

               
               
               
               As market conditions
                  change, process adjustments should be made to match the production
                  capabilities to the needs of the market.

               
               
               
               Another example of flexibility as a priority is the frequency
                  of change transactions. These transactions include engineering changes and other
                  changes to the manufacturing planning and control database, including bills of
                  material, routings, and product specifications. Engineering change transactions can
                  be very expensive and are best handled as they arise rather than attempting a
                  complete overhaul after production has begun. Engineering changes to line and
                  continuous process types will be especially expensive to accommodate and likely will
                  require shutting the process down for a period of time.

               
               
               
               Quality is important
                  in all cases but not as important as the other performance objectives
                  in choosing a process or layout. In some instances, however, quality
                  can influence the choice of manufacturing process and layout. Low-throughput
                  and high-value items that require highly skilled labor, for example,
                  might lead to the choice of a jobbing or cell process and layout.

               
               

            
            

         
         
         
         
            
            
            Process
               Technology and Process Types

            
            
            
            
               
               
               There is a natural fit of technology to the
                  processes used in the manufacturing environments. Exhibit 4-29 shows the process technology scales overlaid on the five process
                  types.

               
               
               
               
                  Exhibit 4-29: Process Technology and Manufacturing Process Types[image: A diagram titled “Process Technology” showing the relationship between process technology and different types of production processes. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Operations
                     Strategy differentiates processes by the three characteristics shown in Exhibit 4-29:

               
               
               
               
                  
                  
                  	
                     
                     
                     Scale refers to the number of
                        process technology units required to process the work (recall here that process
                        technology is the manufacturing equipment used, not the product being made). For
                        example, a project may require many small work centers each with specialized technology
                        units (e.g., a drill press work center) needed for specific projects and specialized
                        software systems for various components. At the other end of the spectrum, a large
                        naphtha cracker that continuously produces gasoline, kerosene, and light gas oils
                        is one
                        large process technology unit. It may have a single software system to control it.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Automation
                        refers to the degree to which human intelligence or skill is applied in the process.
                        In
                        a project process, human workers use technology as a tool to transform products. In
                        a
                        line or continuous process, computerized systems with machine learning or robots may
                        perform tasks with human monitoring but little intervention.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Coupling
                        refers to the degree to which technology is integrated into the process. In project
                        processes, there may be little benefit to investing in technology that can connect
                        processes.

                     
                     

                  
                  

               
               
               
               The manufacturing process types are defined
                  and illustrated in Exhibit 4-30.

               
               
               
               
                  Exhibit 4-30: Manufacturing Processes
                  
                  
                  
                  
                     
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    Process

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Definition (from ASCM Supply
                                          Chain Dictionary)

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Comment

                                    
                                    
                                 

                              
                           
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    Project
                                          manufacturing

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    “A type of manufacturing process used for large, often unique, items or structures
                                          that require a custom design capability (engineer-to-order (ETO)). This type of process
                                          is highly flexible and can cope with a broad range of product designs and design changes.
                                          This process usually uses a fixed-position type layout. See: batch (fourth definition),
                                          continuous production, fixed-position manufacturing, job shop (second definition),
                                          process manufacturing, project, repetitive manufacturing.”

                                    
                                 
                                 
                                 	
                                    
                                    
                                    Resources are generally dedicated to
                                       individual tasks, so there is redundancy.

                                    
                                    
                                    
                                    Worker skill requirements are high.

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Work center or job shop

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    “1) An organization in which similar equipment is organized by function. Each job follows
                                          a distinct routing through the shop. 2) A type of manufacturing process used to produce
                                          items to each customer’s specifications. Production operations are designed to handle
                                          a wide range of product designs and are performed at fixed plant locations using general-purpose
                                          equipment. Syn.: jobbing. See: flow shop, intermittent production, project manufacturing.”

                                    
                                 
                                 
                                 	
                                    
                                    
                                    Resources (equipment and labor) tend
                                       to be shared among tasks.

                                    
                                    
                                    
                                    Worker skill requirements are high.

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Batch
                                          manufacturing

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    “A type of manufacturing process in
                                          which sets of items are moved through the different manufacturing steps in a group
                                          or batch.”

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Depending on volume, batch processes may resemble a work
                                       center process (lower volume) or a line process (high volume).

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Line
                                          manufacturing (also referred to as repetitive manufacturing)

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    “Repetitive manufacturing performed by specialized equipment in a fixed sequence. See:
                                          assembly line.”

                                    
                                 
                                 
                                 	
                                    
                                    
                                    Work moves at a high
                                       volume and within predictable times. Work comes to the work center (e.g.,
                                       assembly line).

                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Continuous production

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    “A production system in which the productive equipment is organized and sequenced according
                                          to the steps involved to produce a narrow range of standard products. Material flow
                                          is continuous during the production process. The routing of the jobs is fixed, and
                                          setups are seldom changed. Examples of items produced by continuous production include
                                          gasoline, steel, fertilizer, glass, and paper. Syns.: continuous flow production,
                                          continuous manufacturing, continuous process. See: mass production, project manufacturing.”

                                    
                                 
                                 
                                 	
                                    
                                    
                                    Non-discrete products that are transformed by physical or
                                       chemical reactions flow continuously from one part of the process to the next
                                       and are not separated.

                                    
                                    
                                 

                              
                           

                        

                     
                     

                  
               
               
               
               Note that as technology expands capability and drops in
                  price, projects and work centers may find it feasible, beneficial, and sometimes necessary
                  from a competitive perspective to change their process technology strategy.

               
               
               

            
            

         
         
   
      
         
         
         
         Service Design and Project
            Management for ETO or Improvements

         
         
         
         
            
            
            Here we discuss the nature of services and then introduce two of
               the major elements of the service design matrix. After that, we address the matrix
               itself. Some additional ways to study services are provided, including an adaptation
               of the product-process matrix. Another model is a service gap analysis matrix. A
               final model presented is the process-chain-network (PCN) diagram.

            
            
            
            After that we turn to a different subject, the
               use of project management for ETO or to implement other supply chain improvements.
               CPIMs use project management to produce custom-engineered products for their
               customers, and they also use it for any type of reengineering or continuous
               improvement.

            
            

         
         
         
         
         
            
            
            Designing Services

            
            
            
            
               
               
               When determining how to design services and support, consider
                  the nature of other services and select the appropriate amount of service
                  customization and customer contact.

               
               

            
            
            
            
               
               
               Designing Customer Service and Support

               
               
               
               
                  
                  
                  In addition to metrics for measuring success in
                     fulfilling the right products and quantities at the right price, time, place, and
                     quality, customer service also means talking to customers, such as providing pre-
                     and post-sales service. The ASCM Supply Chain
                        Dictionary defines service as:

                  
                  
                  
                  
                     
                     
                        Sometimes used to describe those activities that
                           support the production or distribution functions in any organization, such as
                           customer service and field service.
                        

                     

                  
                  
                  
                  For
                     consumers, this may require a call center. Dell Computer has designed its
                     returns policy to require customers to call their call center prior to
                     authorizing any returns. This allows customer service to resolve
                     misunderstandings such as how to set up a computer properly, thus preventing
                     many returns in the first place. Organizations with only B2B
                     (business-to-business) customers may not need a call center but could instead
                     authorize sales staff, supply chain managers, or others such as master
                     schedulers to maintain relationships with such customers. These communications
                     could be initiated by either party. For example, a customer could call to
                     resolve design issues, or a production scheduler might call about upcoming
                     production issues. The idea is to communicate soon enough to allow both parties
                     to make their priorities known or find alternatives. True two-way communication
                     can improve customer loyalty while providing the organization with information
                     on customer requirements for continuous improvement.

                  
                  
                  
                  Organizations can improve customer service communications
                     using customer relationship management (CRM), which is a philosophy of putting
                     the customer first, but there is also software of the same name that helps with
                     account and order management in a shared database so anyone who has contact with
                     a customer will be able to get up to speed on the customer’s issues
                     quickly.

                  
                  

               
               

            
            
            
            
               
               
               Nature of Services

               
               
               
               
                  
                  
                  Services are
                     designed to meet the service requirements of targeted customer segments. Note
                     that while the subject of this discussion is service design, many products have
                     associated services. The combination of the product and its services is
                     sometimes called the product-service package to indicate that the two are
                     inseparable, especially in the mind of the customer. The customer may like a
                     product itself, but if it has poor associated services (from poor customer
                     service representatives to missed delivery dates), the customer will likely have
                     low satisfaction. Services may be related to provision of

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Products at a
                           physical location (e.g., retail sales, restaurants), with a person or
                           kiosk providing an associated service

                        
                        

                     
                     
                     
                     	
                        
                        
                        Products via
                           shipment, with the service contact point being a website, an app, phone,
                           or mail as well as the actual shipment and shipment tracking
                           experiences

                        
                        

                     
                     
                     
                     	
                        
                        
                        Basic services
                           with little or no inventory involved (e.g., haircuts)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Complex
                           services with perceived long-term benefits (e.g., doctorate
                           degree)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Information,
                           requests for information, or a conversation

                        
                        

                     
                     
                     
                     	
                        
                        
                        Facility
                           services (security, access, cleaning, etc.).

                        
                        

                     
                     

                  
                  
                  
                  Unlike products, it is difficult to protect services from
                     imitation since they cannot be copyrighted, though any related
                     products might be patented or copyrighted. On the plus side, a
                     service can be easily changed or customized very quickly with very
                     little expense, especially in the case of basic services. When
                     designing services, it is important to determine what services will
                     be considered front room and which will be considered back room
                     services.

                  
                  

               
               
               
               
                  
                  
                  Front Room and Back Room

                  
                  
                  
                  
                     
                     
                     Service production processes (and some manufacturing processes)
                        may have front room and back room functions. Front room functions, also called front
                        of house in many service industries, are those operations or service functions that
                        are highly visible to the customer and feature a high degree of customer contact.
                        Job roles in front room functions require significant customer relationship
                        management skills and so they increase management complexity. Back room functions,
                        also called back of house, are those operations or service functions that are not
                        visible to the customer. These job roles won’t be working directly with customers.
                        Administrative functions are also back room functions.

                     
                     
                     
                     For services, front room includes, for example, a restaurant’s dining area and/or
                        ordering counter. The kitchen may be a back room function but many restaurants
                        deliberately feature a highly visible kitchen area. 

                     
                     
                     
                     Front room and back room can also be present in some forms of
                        product manufacturing. Here, front room functions could be a physical and/or online
                        product design space for ETO, MTO, or ATO designs or selection of available options.
                        The front room will be especially important in ETO and MTO, but less for ATO since
                        the customer can only decide amongst available options. If an organization is using
                        the “service factory” concept, a customer may even have a view (e.g., online webcam)
                        of the final assembly of their custom product. Any form of product finalization at
                        the retail level would also be a front room function. Production of the underlying
                        components would be back room functions. 

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Degree of Customization and Contact

               
               
               
               
                  
                  
                  Organizations have to
                     consider the tradeoff between service
                     customization and service standardization.
                     Whenever variability is introduced, it creates
                     operational issues for an organization, and
                     managers make a choice: Do they want to
                     accommodate the variability or reduce it?
                     Generally, organizations that emphasize the
                     service experience tend toward accommodation or
                     customization, and those that emphasize
                     operational simplicity—usually as a means to keep
                     costs low—tend toward reduction. The two
                     approaches are in constant tension. The
                     organization may provide services to specific
                     customer segments in various regions or countries
                     that won’t align with customer preferences
                     elsewhere.

                  
                  
                  
                  The
                     degree of contact is another service design tradeoff. Services that are promoted
                     or provided with a low degree of contact, like marketing emails, mailings, or
                     vending machines, are very efficient to offer but also have low sales conversion
                     rates or are perceived as low value by customers. Services that have high
                     contact are much more likely to generate sales or customer satisfaction, but
                     they are more expensive to offer.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Service Design Tools

            
            
            
            
               
               
               Service design tools discussed next include the service design
                  matrix, use of the product-process matrix for services, the service gap analysis
                  matrix, and the process-chain-network (PCN) diagram.

               
               

            
            
            
            
               
               
               Service Design Matrix

               
               
               
               
                  
                  
                  The service design matrix explores how to
                     design services based on the degree of service customization that is allowed and
                     the degree of contact that the customer has with the service
                     representative.

                  
                  
                  
                  Exhibit 4-31 shows the service design
                     matrix. At the top left, in-person interactions that the customer and/or the service
                     provider are empowered to customize will increase the likelihood of a sale and the
                     perceived service value but will also entail greater expense. In the middle part of
                     the spectrum are services that neither the customer nor the service provider has
                     much leeway to alter, but these still provide direct interaction. Note how service
                     designs in the bottom right, such as direct mailings or automated interactions, are
                     efficient to operate but also have low sales conversion rates and perceived
                     value.

                  
                  
                  
                  
                     Exhibit 4-31: Service Design Matrix[image: A graph illustrating the relationship between the degree of customer contact and the trade-off between sales opportunity and production efficiency in different service models. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  To understand the value of moving
                     from moderate to high interaction and customization, consider a fast-food
                     restaurant versus a sit-down restaurant, both with food of a similar grade. Each
                     still has some in-person contact, but fast-food employees are not allowed much
                     or any leeway to customize what is offered and the degree of contact is
                     significantly less. The sit-down restaurant has higher interaction and likely
                     higher customization. This raises the cost of the services as well as the
                     perceived value of the service, both enabling and requiring the restaurant to
                     charge higher prices.

                  
                  

               
               

            
            
            
            
               
               
               Product-Process Matrix and Service Industries

               
               
               
               
                  
                  
                  The product-process matrix can be adapted
                     to services if one considers that instead of processing materials, service
                     industries process customers—for example, patients in hospitals, clients in
                     professional firms, guests in the hospitality industries, users in online
                     services, and so on.

                  
                  
                  
                  The relationship between volume and variety that the
                     product-process matrix applies to organizations applies to providing services as
                     well. Refer to Exhibit 4-32 as we
                     contrast the following examples from the field of financial services.

                  
                  
                  
                  
                     Exhibit 4-32: Product-Process Matrix and Service Environments[image: A graph showing the variety of services and volume of customers for accounting firms (high variety, low volume), retail tax preparation offices (moderate variety and volume), and online tax preparation software (low variety, high volume).]
                  
                  
                  
                  
                  In the high-variety, low-volume part of the matrix, we
                     could locate a prestigious accounting firm that offers its clients a variety of
                     services, from commercial accounting and auditing to high-value estate planning and
                     tax consultation. The firm’s varied resources are brought to bear on one point, the
                     client, in each engagement. The firm has many “units of technology”—its advisers.
                     The interaction is highly personal. Services are not automatically integrated;
                     additional resources can be brought in at the client’s request. The firm may, in
                     fact, discourage integration of client data for legal and security reasons.

                  
                  
                  
                  In the middle of the matrix, we might see a business that
                     offers limited services (e.g., tax preparation) to retail customers. The services
                     are less varied and the number of customers is larger than with the financial
                     services firm. Each office may share technology. The service is computer-driven but
                     requires human workers to gather and enter correct and complete information and make
                     judgments about how to handle the client’s situation. The work is repetitive: client
                     needs are similar and involve similar actions. The work is somewhat integrated in
                     that headquarters auditors have access to all filings and can review them
                     individually for quality. Upgrading to live support options in an online tax
                     software system would also fit in this middle category.

                  
                  
                  
                  In the low-variety, high-volume quadrant, we could locate
                     a business that offers online tax preparation. A large number of clients use
                     essentially identical software to calculate and file tax returns. Customers do not
                     interact with human employees, only technology. The system is integrated with a
                     maintenance program, an auditing function, and a cybersecurity system.

                  
                  

               
               

            
            
            
            
               
               
               Service Gap Analysis Matrix

               
               
               
               
                  
                  
                  It is
                     important to determine how well existing services are designed and to determine
                     how to improve them when there are gaps between what the organization thinks key
                     customer segments want and what they actually want. In this type of gap
                     analysis, the idea is to determine the most important areas for redesign based
                     on what is or needs to be a value-added service while also identifying areas
                     that are not perceived to be value-added and could be eliminated to save cost
                     without impacting customer satisfaction much.

                  
                  
                  
                  A gap analysis could take data from customer surveys,
                     complaints, and so on. A service gap analysis matrix compares customer
                     satisfaction perceptions against the customer importance of a given service, and
                     this creates four quadrants, as shown in Exhibit 4-33.

                  
                  
                  
                  
                     Exhibit 4-33: Service Gap Analysis Matrix[image: A matrix diagram showing customer service attributes based on importance to the customer and customer perception of service quality. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  A service that is perceived as having
                     low quality but that is also relatively unimportant results in slight
                     irritations that could be addressed, but only if the response is inexpensive to
                     implement. On the other hand, a service that is perceived as having high quality
                     but that is still unimportant is non-value-added, and it might be eliminated or
                     made more efficient (e.g., less time could be spent on it). For the two
                     quadrants where customers feel that the services are of high importance, if the
                     service is already perceived as high quality, then these are value-added and
                     need to be maintained. The key area for continuous improvement or service
                     redesign is services that are of high importance but that are perceived as
                     having low quality.

                  
                  

               
               

            
            
            
            
               
               
               PCN
                  Diagrams

               
               
               
               
                  
                  
                  A
                     process-chain-network (PCN) diagram is a tool for service design that is like a
                     swimlane flowchart in that the flowchart is divided into zones, as shown in
                     Exhibit 4-34. This exhibit shows an example of a hair salon that sells
                     customizable products for use in the salons.

                  
                  
                  
                  
                     Exhibit 4-34: PCN Diagram for a Hair Salon with Custom Products[image: A diagram showing the amount of control over the process versus the type of interaction in a hair care supply chain. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The innermost zone is for independent
                     processes, which are processes under the direct control of the organization. The
                     degree of process control is highest in this zone. The other zones go toward the
                     supplier on one side and the customer on the other, with decreasing degrees of
                     process control in both directions.

                  
                  
                  
                  The indirect interaction (also called surrogate interaction) zones are for when
                     the organization is acting on the supplier’s or customer’s resources, such as
                     interacting with a resupply website in the supplier case or customizing services
                     or products based on a customer’s needs and promise for payment.

                  
                  
                  
                  The furthest zones out are for direct
                     interactions with suppliers and customers. For suppliers, this includes
                     negotiating contracts and providing product specifications. For customers, this
                     includes service customizations, order taking, and service provision. The model
                     can be extended to include suppliers’ suppliers or customers’ customers.

                  
                  
                  
                  Visualizing services in this way creates
                     the following benefits:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        It makes it
                           clear what entity is responsible for what task (e.g., perhaps the
                           supplier will collaborate on hair care product design; if so, this would
                           be in the direct interaction zone).

                        
                        

                     
                     
                     
                     	
                        
                        
                        It indicates
                           areas where the entity has to work within the constraints created by
                           another party (supplier or customer).

                        
                        

                     
                     
                     
                     	
                        
                        
                        It indicates areas where direct interaction will be
                           required for success (direct interaction with customers are the front room
                           functions).

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            Project Management for ETO or
               Improvements

            
            
            
            
               
               
               Products can be implemented using project management
                  (e.g., ETO products), as can other types of improvements such as technology
                  implementations. Projects have a much higher chance of success when they are guided
                  by standards such as those defined in A Guide to the
                     Project Management Body of Knowledge, or PMBOK® Guide, published by the
                  Project Management Institute.

               
               
               
               Projects are temporary endeavors that have
                  unique deliverables. They have a definite beginning and an end. Regular operations,
                  not projects, are used to produce standard products or products that are customized
                  within a certain range. Projects, on the other hand, are needed when deliverables
                  must be based on unique customer requirements, which is why engineer-to-order uses
                  project management. Technology implementations need one-time deliverables that are
                  customized to the organization’s requirements, so these also use project
                  management.

               
               
               
               Two basic types of project management will be
                  discussed here, but regardless of the type, projects need clear assignment of
                  responsibilities.

               
               
               
               
                  
                  
                  	
                     
                     
                     All projects need
                        to have a formal charter signed by authorized executives that appoints a
                        project manager or equivalent; formally approves the use of funds and
                        resources up to a limit; sets forth high-level time lines, risks, tradeoffs,
                        and assumptions; and has SMART criteria for determining the degree to which
                        the project is a success. This document should be brief, such as one
                        page.

                     
                     

                  
                  
                  
                  	
                     
                     
                     One or more
                        executives should also champion or sponsor the project. This role maintains
                        enthusiasm for the project and champions the project’s importance and the
                        need for the ideal state to be achieved.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Project team members need to
                        have the right skills to be involved, because teams are customized to the
                        specific need. This ensures that teams are lean and effective. Team member
                        selection criteria also include availability during the portion of the
                        project in which the person will be needed. While full-time participation
                        improves results, any part-time participation needs to be specifically
                        allocated to the project and approved by the person’s functional
                        manager.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Other stakeholders
                        also need clear roles, and these can be indicated by using a RACI
                        (responsible, accountable, consult, inform) matrix, as shown in Exhibit 4-35. Only one person can be accountable for a given part
                        of a project (i.e., accountable for success or failure), but multiple people
                        can be assigned responsibility for executing a particular task. Some people,
                        like subject matter experts, will need to be consulted for their feedback.
                        Other people, such as executives, just need to be kept informed.

                     
                     

                  
                  

               
               
               
               
                  Exhibit 4-35: RACI Matrix
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                                    R = Responsible for task completion, A = Accountable
                                       for outcome, C = Consulted (provides input on the
                                       work), I = Informed of progress

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               
               
               As shown in Exhibit 4-36, the project manager is responsible for communicating with the
                  various stakeholders. The dotted line shows how team members allocated from
                  functional areas need to communicate with their supervisors when a portion of their
                  time is devoted to ongoing operations work. A formal kickoff meeting can help
                  formalize these roles, generate enthusiasm, and ensure ongoing communication.

               
               
               
               
                  Exhibit 4-36: Project Manager and Communication[image: Diagram showing a project manager at the center with two-way arrows to management/sponsor, stakeholders, functional managers, and project team members; a dashed arrow also links functional managers to project team members.]
               
               
               
               
               In addition to the right team members being
                  selected for the team, the team as a unit needs to become high-functioning.
                  Psychologist Bruce Tuckman proposed that teams do not begin their group existence
                  as
                  a highly productive unit. Instead, the group evolves in stages toward greater
                  functionality, per Exhibit 4-37, so project managers need to understand this and promote team
                  advancement to higher levels of maturity.

               
               
               
               
                  Exhibit 4-37: Tuckman Ladder of Team Development[image: The image represents the stages of team development as steps moving upward, illustrating the progression of a team’s development over time. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               
                  
                  
                  	
                     
                     
                     During forming, team members are
                        trying to understand their roles.

                     
                     

                  
                  
                  
                  	
                     
                     
                     During storming, the team may begin to
                        question the project’s objectives, and the project manager needs to work
                        hard to enforce ground rules and expectations.

                     
                     

                  
                  
                  
                  	
                     
                     
                     During norming, teams grow in
                        confidence and project managers facilitate collaboration and sustain
                        motivation.

                     
                     

                  
                  
                  
                  	
                     
                     
                     During performing, the team is at peak
                        efficiency and project managers help with long-term skill
                        development.

                     
                     

                  
                  
                  
                  	
                     
                     
                     During adjourning, lessons learned are
                        captured, successes are celebrated, and teams are disbanded.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Traditional Project Management

               
               
               
               
                  
                  
                  For projects with requirements
                     that can be frozen early on, traditional (sometimes called predictive) project
                     management techniques can be used, and this will help control project costs and
                     keep the project on its deadline. Constructing a facility or a ship for a client
                     are good examples of ETO projects that typically use some form of traditional
                     project management. The phases—from initiating, to planning, to execution, to
                     closing—are performed sequentially, somewhat like a stepped waterfall, with
                     monitoring and controlling performed throughout. However, even in traditional
                     projects, the work unfolds through a process the PMBOK Guide describes as progressive elaboration. This means that as a
                     project moves through its phases, there is a continual feedback loop that uses
                     information being gained through project work to make planning and execution
                     more focused, accurate, and efficient.

                  
                  
                  
                  The work done during the planning phase is most critical to a
                     traditional project’s success. Even though, as Exhibit 4-38 shows, the largest cost accumulation occurs during the
                     executing phase, planning represents the largest opportunity to affect project
                     cost. Activities and risks that are poorly planned will contribute to increased
                     costs later—a trend that is very difficult to reverse or correct.

                  
                  
                  
                  
                     Exhibit 4-38: Project Costs by Phase[image: The image shows the relationship between the impact on project costs and project time across four phases: Initiating, Planning, Executing, and Closing. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Included in the project plan are
                     the critical project baselines:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Scope baseline. The
                           scope baseline includes the following:

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Project scope statement—A
                                 clear description of the project’s objectives, a list of
                                 deliverables, and clarification about what the deliverables
                                 include and do not include. Project Management notes that the scope statement is a
                                 key document since it validates the project’s scope plan (the
                                 project manager’s and project team’s perception of deliverables)
                                 against the customer’s statement of work (the customer’s
                                 perception of deliverables).

                              
                              

                           
                           
                           
                           	
                              
                              
                              Work
                                    breakdown structure (WBS)—The primary planning tool for organizing project
                                 work, defined in the ASCM Supply Chain
                                    Dictionary as: “ In project management, a
                                    hierarchical description of a project in which each lower level is more detailed.
                                    See: project summary work breakdown structure.” The WBS is critical, since it provides the basis for planning
                                 project material, resources, cost, and timing and for identifying
                                 project risks. The WBS should include 100 percent of what will be
                                 done on the project. If it is not on the WBS, it is out of
                                 scope.

                              
                              

                           
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Project schedule. The
                           schedule is perhaps subdivided for important deliverables or phases that
                           have go/no-go decision points. If approved, the schedule can be revised
                           during the course of the project. Schedules can be represented using Gantt
                           charts or various types of diagrams that show which activities can be done
                           sequentially versus which can be done in parallel.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Project budget. The
                           budget includes direct and indirect costs, project reserve funds the project
                           manager can use for possible cost overruns, and separate
                           management-allocated reserve funds that may be available to the project on
                           management’s approval. The budget may be allocated to stages reflective of
                           the resources used in each stage.

                        
                        

                     
                     

                  
                  
                  
                  The project manager will monitor and
                     control the project against these baselines. Regular and reliable reports are
                     vital for scope control. The project manager will reject or put off changes to
                     the scope unless formally approved by a change control board and additional
                     funds and schedule are provided. This is to help avoid scope creep (customer
                     requests for extra work) or gold plating (team members do unasked-for work). The
                     change control board reviews formal change requests to assess the changes for
                     budget/schedule feasibility, technical merit, and potential for integration
                     impact. Approved changes result in updated project baselines.

                  
                  
                  
                  As needed and at the close of the project,
                     the project manager will end team member assignments and close contracts with
                     providers. This helps control project costs. The customer will review
                     deliverables and accept or reject them. Additional work requested after formal
                     approval will require new contractual arrangements and cost, so it is vital to
                     carefully inspect deliverables prior to formal acceptance.

                  
                  

               
               

            
            
            
            
               
               
               Agile
                  Project Management

               
               
               
               
                  
                  
                  Projects that involve technologies such
                     as software or new ETO equipment or that require prototypes may have a high
                     degree of variability and may require customer-driven changes at all stages,
                     even late in the project. This way the project can be responsive to competitor
                     actions, to information learned from prototype feedback, and so on. For such
                     projects, an agile project methodology is recommended. Basically, the various
                     agile methods use intense customer participation, regular iteration with
                     planning just for that iteration, and incremental planning to enable rearranging
                     the priority of work on a regular basis. A key benefit of agile methods is that
                     they can turn innovation into results much faster than traditional project
                     management. For software, for example, a first release called a minimum viable
                     product is created to get the product functioning at a basic level quickly, and
                     then future releases add functionality in stages.

                  
                  
                  
                  Scrum is an agile project management technique that can be
                     used for projects with a lot of requirements variability. Scrum is a rugby term
                     that implies that the team needs to move forward as a unit by letting various
                     members take the lead as needed. Scrum can be used to prioritize and
                     reprioritize continuous improvement tasks or mini-projects (i.e., kaizen events)
                     such as to alleviate a new bottleneck area.

                  
                  
                  
                  The basic
                     process is to create a visual board that has cards with all the work to do (a
                     backlog) in the first column, all the work in process, perhaps in various stages
                     in one or more columns, and the work that is done in a final column. This is
                     called a kanban board or scrumboard. (It was inspired by lean kanban
                     boards.)

                  
                  
                  
                  The team meets on a regular
                     basis and plans tasks that can be done before the next regular meeting. Each
                     fixed time period is called a sprint or iteration. In the meeting, the team can
                     reprioritize the items in the backlog (moving the most important cards to the
                     top) and update the status of tasks by moving a card to a new column. A goal is
                     to keep the team focused on current work before starting too many new
                     things.

                  
                  
                  
                  The team also meets briefly
                     on a daily basis (a daily standup) to discuss what they did, what they are
                     doing, and any problems. At the end of the sprint, they review lessons learned
                     and decide on ways to improve the process (a retrospective).

                  
                  
                  
                  Rather than using a formal project
                     manager, a scrum master is used. This person ensures that the scrum methodology
                     is used and works to remove obstacles while letting various team members take
                     the lead as needed. A product owner role represents the needs of the customer.
                     (This could be an internal customer.)

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Section C: Creating the Master Schedule

         
         
         
         
            
            
            
               After
                  completing this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Understand the
                     role of master scheduling in the planning and control hierarchy 

                  
                  

               
               
               
               	
                  
                  
                  Explain the
                     relationships among master scheduling, capacity management, and materials
                     management

                  
                  

               
               
               
               	
                  
                  
                  Describe the
                     linkages between master scheduling and other
                     planning processes

                  
                  

               
               
               
               	
                  
                  
                  Evaluate the sources of demand to be considered in the
                     master scheduling process 

                  
                  

               
               
               
               	
                  
                  
                  Develop the master production schedule (MPS) 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Explain
                           the various elements of the master scheduling
                           grid

                        
                        

                     
                     
                     	
                        
                        
                        Determine the level(s) in the bill of material
                           (BOM) where the MPS should be developed based on production strategies 

                        
                        

                     
                     
                     	
                        
                        
                        Evaluate the sources and timing of dependent
                           demand 

                        
                        

                     
                     
                     	
                        
                        
                        Manage internal and external sources of supply 

                        
                        

                     

                  

               
               
               
               	
                  
                  
                  Evaluate the impact of different business environments
                     and production strategies on the master scheduling process 

                  
                  

               
               
               
               	
                  
                  
                  Differentiate
                     how the various manufacturing environments interact with the master
                     scheduling process and product structures

                  
                  

               
               
               
               	
                  
                  
                  Utilize planning bills of material (BOMs) to perform
                     two-level or multilevel master scheduling 

                  
                  

               
               
               
               	
                  
                  
                  Outline potential supply constraints that may impact the NPI
                     schedule

                  
                  

               
               
               
               	
                  
                  
                  Evaluate and communicate the impact of product end-of-life plans,
                     including 1) evaluating product obsolescence timing and inventory impact; and 2)
                     evaluating lifetime and minimum order quantity (MOQ) requirements from/for suppliers
                     and
                     customers. 

                  
                  

               
               
               
               	
                  
                  
                  Describe product life cycle management

                  
                  

               
               

            
            
            
            This section first shows how master scheduling fits into the
               overall manufacturing planning and control hierarchy, and it next addresses how master
               scheduling differs by manufacturing environment. Planning bills for ATO products are
               then
               covered. After that, the section addresses the level in the bill of materials (BOM)
               where
               the master production schedule (MPS) should be developed as well as sources of independent
               demand to be considered in master scheduling. Product life cycle management, including
               new
               products and product retirements, is covered. The process of creating the MPS is addressed
               in detail. 

            
            

         
         
         
         
   
      
         
         
         
         Master
            Scheduling Overview

         
         
         
         
            
            
            Here we show where master scheduling fits within the
               manufacturing planning and control (MPC) hierarchy, how MPC elements relate to the
               business hierarchy, and how master scheduling differs by manufacturing environment.
               Regardless of how simple or complex the manufacturing environment, the basic
               principles of master scheduling apply and are the foundation for successful master
               scheduling. We address the purpose and objectives of master scheduling.

            
            

         
         
         
         
         
            
            
            Master Scheduling in MPC

            
            
            
            
               
               
               The ASCM Supply Chain
                     Dictionary defines master scheduling, its key output, the master production
                  schedule (MPS), and the master scheduler as follows:

               
               
               
               
                  
                  Master scheduling: 
                     The process in which the master
                        schedule is generated and reviewed and adjustments are made to the master production
                        schedule (MPS) to ensure consistency with the production plan. The MPS (the line on
                        the grid) is the primary input to the material requirements plan. The sum of the
                        MPSs for the items within the product family must equal the production plan for that
                        family.

                  
                  Master production schedule (MPS): 
                     A line on the master schedule grid that reflects the anticipated build schedule for
                        those items assigned to the master scheduler. The master scheduler maintains this
                        schedule, and in turn, it becomes a set of planning numbers that drives material requirements
                        planning (MRP). It represents what the company plans to produce, expressed in specific
                        configurations, quantities, and dates. The MPS is not a sales item forecast that represents
                        a statement of demand. It must take into account the forecast, the production plan,
                        and other important considerations such as backlog, availability of material, availability
                        of capacity, and management policies and goals. See: master schedule.

                  
                  Master scheduler: 
                     Often the job title of the person
                        charged with the responsibility of managing, establishing, reviewing, and
                        maintaining a master schedule for select items. Ideally, the person should have
                        substantial product, plant, process, and market knowledge because the consequences
                        of this individual’s actions often have a great impact on customer service,
                        material, and capacity planning. See: master production schedule
                        (MPS).

                  

               
               
               
               Master scheduling is a process that a master
                  scheduler uses to produce a master schedule based on the production plan and other
                  inputs, and the key line or output of this schedule or grid is a master production
                  schedule (MPS), also called the build schedule.

               
               
               
               One of the key operational concerns in
                  master scheduling is making sure that the master schedule is kept up-to-date. Master
                  scheduling is a dynamic process. It requires continual changes to the master
                  scheduling grid as customer orders are received, the current planning period
                  elapses, and a subsequent period rolls into the current planning period position.
                  For this reason, maintaining the schedule requires

               
               
               
               
                  
                  
                  	
                     
                     
                     A consistent
                        periodic review and update cycle

                     
                     

                  
                  
                  
                  	
                     
                     
                     Timely
                        transaction processing, as in the recording and reporting of data.

                     
                     

                  
                  

               
               
               
               Master scheduling can be supported by applications software or
                  integrated enterprise resources planning systems. These usually employ weekly or
                  daily planning periods and update cycles. They also provide timely transaction
                  processing and reporting. This provides a high level of assurance that the MPS input
                  to material requirements planning will keep manufacturing resources and output
                  aligned with the sales and operations plan. It can also help ensure inventory
                  balances will support reliable order promising.

               
               
               
               Similar to S&OP, the four fundamentals of master
                  scheduling are demand, supply, volume, and mix. Master scheduling is driven by
                  S&OP and demand management. The outputs of master scheduling drive material
                  planning, demand management, and rough-cut capacity planning. A smooth transition
                  from S&OP to master scheduling is an important step in manufacturing planning
                  and control.

               
               
               
               Exhibit 4-39 shows
                  where master scheduling fits in the manufacturing planning and control
                  hierarchy.

               
               
               
               
                  Exhibit 4-39: Manufacturing Planning and Control[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               The key planning input is the production plan generated in
                  S&OP. Note how the key input from demand management is now demand in individual
                  end items rather than in aggregated product families. Also, replenishment orders
                  from distribution centers as part of distribution requirements planning provide
                  additional actual demand input. On the capacity planning side, note how rough-cut
                  capacity planning (RCCP) helps validate that critical or bottleneck resources have
                  sufficient capacity for the MPS, which is a key output of the master scheduling
                  process.

               
               
               
               Preparing the master schedule represents a
                  significant change in the scope and objectives of planning in the MPC process. The
                  tactical planning at the S&OP level is refined in master scheduling by shifting
                  focus from S&OP’s product family volumes to the mix of products comprising a
                  product family. The master schedule is the translation of the sales and operations
                  plan into specific products, with both their quantities and timing determined. This
                  is really where we start getting down into what has traditionally been called
                  materials management. Materials management is defined in the ASCM
                     Supply Chain Dictionary as: “The grouping of management functions supporting the complete cycle of material flow,
                     from the purchase and internal control of production materials to the planning and
                     control of work in process (WIP) to the warehousing, shipping, and distribution of
                     the finished product.”

               
               
               
               
                  Exhibit 4-40 details the differences
                  between what is handled in S&OP versus master scheduling.

               
               
               
               
                  Exhibit 4-40: Master Scheduling vs. S&OP
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Master Scheduling

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    S&OP

                                    
                                    
                                 
                                 

                              
                              
                           
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Purpose
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Build schedule

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    S&OP production plan

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Planning
                                          level
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    End item

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Product family

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Planning
                                          horizon
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Longest cumulative lead time

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Longest resource lead time (e.g., 15 to
                                       24 months)

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Planning
                                          frequency
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Daily/weekly

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Monthly

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Planning
                                          focus
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Product mix

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Volume

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Output
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    Master production schedule

                                    
                                    
                                    
                                    
                                       
                                       	
                                          
                                          
                                          What: Specific SKUs

                                          
                                          

                                       
                                       
                                       	
                                          
                                          
                                          How much: Quantities of each SKU required to meet
                                             demand that sums to aggregate production
                                             volume

                                          
                                          

                                       
                                       
                                       	
                                          
                                          
                                          When: Production timing by period (e.g., daily,
                                             weekly)

                                          
                                          

                                       

                                    
                                 
                                 
                                 
                                 	
                                    
                                    S&OP production plan

                                    
                                    
                                    
                                    
                                       
                                       	
                                          
                                          
                                          What: Aggregate level (product families)

                                          
                                          

                                       
                                       
                                       	
                                          
                                          
                                          How much: Aggregate production volumes to meet
                                             demand forecast, constrained to meet inventory
                                             targets and strategic goals

                                          
                                          

                                       
                                       
                                       	
                                          
                                          
                                          When: Production targets across broader time
                                             period than MPS

                                          
                                          

                                       

                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               
               
               The master schedule is therefore the disaggregated
                  version of the sales and operations planning production plan. The master schedule
                  must be tightly linked to the other manufacturing planning and control (MPC)
                  processes. The flow of demand and planning information between master scheduling and
                  the other MPC processes is critical for successful master scheduling execution.

               
               

            
            
            
            
               
               
               How
                  MPC Components Fit into Business Hierarchy

               
               
               
               
                  
                  
                  Exhibit 4-41
                     interrelates the manufacturing environments to the MPC components and the strategic,
                     tactical, and operational planning elements of the business hierarchy. Note how
                     master scheduling is a tactical-level operation.

                  
                  
                  
                  
                     Exhibit 4-41: MPC Components and Business Hierarchy
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Level

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Horizon

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Frequency

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Detail Level

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Process

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Validation

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Strategic
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       >2 years

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Annually

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Summary

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Business planning

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Financing

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Tactical
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       ~18 months

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Monthly

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Aggregate

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       S&OP

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Resource planning

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       ~3 months

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Weekly

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             MTS = end item

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             ATO = subassembly

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             MTO = raw materials

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Master
                                             scheduling
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       RCCP

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Operational
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       ~10 weeks

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Daily

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Intense

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       MRP

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Capacity requirements planning

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       ~6 weeks

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Shift

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Most intense

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Work orders

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Purchase orders

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Scheduling

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  This exhibit shows how
                     business planning horizons shrink as planning becomes more detailed and intense.
                     Note that the horizons shown are for illustrative purposes and could differ
                     depending on the industry. Note also how the level of detail at the master
                     scheduling tactical level will depend on the manufacturing environment. For the
                     “Validation” column, note the addition of financing as a validation step. This
                     is where the financial merits of the overall strategy are assessed and approved
                     or rejected and where investment financing is determined. Note that the lowest
                     operational level encompasses production activity control as well as
                     purchasing.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Master Scheduling
               Objectives, Process, and Variants

            
            
            
            
               
               
               Here we
                  address the purpose and objectives of master scheduling and the
                  inputs, process, and outputs of master scheduling. We also address
                  how master scheduling needs to differ by manufacturing environment.

               
               

            
            
            
            
               
               
               Purpose and Objectives of Master Scheduling

               
               
               
               
                  
                  
                  The ultimate measure of successful master scheduling is
                     its contribution to the organizational goals of higher customer service levels,
                     quicker response, lower inventories, reduced costs, enhanced control, and superior
                     financial performance. Master scheduling by itself cannot accomplish these results.
                     However, it is an important contributor, so the fundamental measure of the success
                     of master scheduling is how many of these improvements the organization
                     realizes.

                  
                  
                  
                  Let’s start with the end in mind and see
                     what master scheduling needs to accomplish to be considered successful:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Aligns production with demand by adhering to the
                           agreed-upon S&OP production plan and its priorities.

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Create a build schedule for specific products:
                                 end items, quantities, and due dates.

                              
                              

                           
                           
                           
                           	
                              
                              
                              Ensures feasibility.

                              
                              

                           
                           
                           
                           	
                              
                              
                              Resolve
                                 tradeoffs between sales and operations.

                              
                              

                           
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Maintains customer service at the targeted level by
                           meeting delivery deadlines and customer service targets.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Keeps inventories and/or backlogs at the desired
                           levels.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Enables valid order promises in part by managing due
                           dates for end item availability.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Minimizes costs.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Maintains flexibility (e.g., master scheduling is the basis for tradeoffs
                           when not all orders can be fulfilled).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Improves communication.

                        
                        

                     
                     

                  
                  
                  
                  An objective of master scheduling is to make the
                     master production schedule (MPS) into a contract between the demand side of the
                     organization (sales and marketing) and the supply side (purchasing and
                     manufacturing). The MPS is a priority plan for manufacturing to use. It will show
                     the impact of proposed changes on those priorities. However, the master schedule and
                     the MPS are not meant to be unchangeable. Rather, these are communication tools that
                     provide baselines against which any proposed changes can be evaluated. In this way,
                     the master schedule and the MPS represent both the needs of the market and
                     manufacturing capacity.

                  
                  
                  
                  Master scheduling is primarily a decision-making process
                     performed by the master scheduler. The primary responsibility of the master
                     scheduler is to align aggregate-level demand and supply with that at the detail mix
                     level. While the major purpose of S&OP is to make sure that capacity and
                     resources (materials, persons, machinery, capacity, storage space, time, money, and
                     so on) are available in advance of when they are needed for the actual production
                     of
                     the end product, the major purpose of master scheduling is disaggregating product
                     demand to the product mix or end-item level in weekly (or even daily or hourly) time
                     intervals. The output of this process is the master production schedule.

                  
                  
                  
                  The objectives of maintaining customer service, making
                     efficient and effective use of resources, and keeping inventories or backlogs at
                     desired levels all reinforce this contract between the demand and supply sides of
                     the organization. Master scheduling impacts customer service by producing to
                     priorities, as measured by maintaining backlogs or inventories at desired levels and
                     meeting promised due dates. 

                  
                  
                  
                  Efficient and effective use of resources is the supply side of
                     this contract between sales and manufacturing. This best use of resources includes
                     not only ensuring that capacity is available but also that the resources are used
                     as
                     fully as intended. Since inventory is a major investment, maintaining inventories
                     at
                     the desired levels can directly impact organizational profit levels.

                  
                  

               
               

            
            
            
            
               
               
               Master Scheduling Inputs, Process,
                  and Outputs

               
               
               
               
                  
                  
                  Exhibit 4-42
                     shows the inputs, process, and outputs of master scheduling from a manufacturing
                     planning and control perspective.

                  
                  
                  
                  
                     Exhibit 4-42: Inputs and Outputs of Master Scheduling[image: Flowchart showing inputs and outputs of master scheduling. S&OP, DRP, customer orders, item forecasts, and master data act as inputs; RCCP supports capacity checks; outputs include PAB, MPS, ATP, and staffing. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  As you can see, the inputs are the result of
                     tactical-level decisions within the organization (which were in turn based on
                     strategic decisions) and the outputs are at the level of tactical execution. (Note
                     that staffing levels are not a direct output but the load represented by the MPS can
                     be used to determine staffing requirements.)

                  
                  

               
               
               
               
                  
                  
                  Inputs

                  
                  
                  
                  
                     
                     
                     Inputs to master scheduling include detailed
                        item-level forecasts that forecast at the SKU level and are for shorter time
                        horizons. They provide information on the sales mix produced within the total volume
                        constraints set by another key input, the S&OP production plan. Another input
                        are the actual orders from customers or supply chain partners such as distribution
                        centers or other sources of independent demand. Thus the master schedule is the
                        primary point of contact between the market (in the form of orders) and the
                        production facility. Actual orders will displace forecasts for the most immediate
                        periods.

                     
                     
                     
                     Some additional inputs to master scheduling
                        include capacity constraints from rough-cut capacity planning, lot sizes (minimum
                        production quantities for the item), opening inventory or backlog data from
                        production and inventory databases, and desired ending inventories or ending
                        backlogs from the S&OP production plan.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Process

                  
                  
                  
                  
                     
                     
                     The master scheduling process performs two types of
                        disaggregation. 

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           The first type is disaggregating from product families to items (or options
                              or raw materials). Since different product families or different products
                              may share some of these end items or other materials, these sources of
                              demand need to be combined so total demand for that end item can be planned
                              together. 

                           
                           

                        
                        
                        
                        	
                           
                           
                           Another important type of disaggregation is to break larger time buckets into
                              smaller ones—typically moving from months to weeks. 

                           
                           

                        
                        

                     
                     
                     
                     Thus, the S&OP production plan that provides aggregate volume
                        for the given product family is transformed into discrete items to be produced is
                        an
                        output. Moreover, the process of producing a master production schedule transforms
                        a
                        general plan into a priority plan, because it assigns due dates for specific
                        quantities of end items to be manufactured. These due dates and quantities are
                        directly used in rough-cut capacity planning to evaluate the availability of
                        critical materials, labor, and bottleneck work centers.

                     
                     
                     
                     The quantities of individual items in the
                        master production schedule must be equal to the aggregate quantities from the
                        production plan. Schedules generated by master scheduling serve as inputs to other
                        manufacturing planning and control functions, such as material requirements
                        planning, distribution requirements planning, and rough-cut capacity planning.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Outputs

                  
                  
                  
                  
                     
                     
                     The MPS is a key output of master scheduling,
                        and it becomes a direct input to material requirements planning (MRP). The MRP
                        system will use this input, along with other inputs such as inventory records and
                        bills of material, to calculate the components needed for purchase or manufacture,
                        thus bringing the priority plan in terms of due dates and quantities down to the
                        component level.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Master Scheduling and Manufacturing
                  Environment

               
               
               
               
                  
                  
                  A primary purpose of master scheduling is to disaggregate, or
                     split up, the S&OP production plan from product families into individual end items.
                     These end items often differ by manufacturing environment:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Make- and engineer-to-order may plan raw
                           materials.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Assemble-to-order will plan components, modules, or
                           options (work-in-process).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Make-to-stock
                           with standardized product offerings will plan finished goods.

                        
                        

                     
                     

                  
                  
                  
                  There may be differences in what an organization
                     defines as end items for master scheduling, depending on the amount of input customers
                     have
                     on design (e.g., less-standardized products) or if the organization uses hybrids or
                     subtypes
                     such as package-to-order or postponement.

                  
                  
                  
                  Exhibit 4-43 details the differences in master scheduling approaches based on manufacturing
                     environment and identified customer requirements.

                  
                  
                  
                  
                     Exhibit 4-43: Master Scheduling Approach Differences by Environment
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                  In MTS and some MTO environments, the master
                     production schedule shows when specific quantities of end items will be available.
                     The
                     precision of the MPS is impacted by the accuracy of lead time, yield estimates, and
                     the bill
                     of material.

                  
                  
                  
                  In ATO environments, the MPS consists of components
                     and subassemblies. With ATO, the organization may use planning bills instead of MPS-specific
                     products. Once customer orders are received, these are configured into end items using
                     a
                     final assembly schedule (FAS).

                  
                  

               
               

            
            

         
         
         
         
            
            
            Master Scheduling
               Terminology and Grid

            
            
            
            
               
               
               Here we differentiate the terms master schedule and the
                  master production schedule (MPS). Although these terms are related, there are clear
                  differences between them. The master scheduling grid is also introduced.

               
               

            
            
            
            
               
               
               Master
                  Schedule

               
               
               
               
                  
                  
                  The ASCM Supply Chain Dictionary defines
                     a master schedule as follows:

                  
                  
                  
                  
                     
                     
                        A format that includes time periods (dates), the forecast, customer orders, projected
                           available balance, available-to-promise (ATP), and the master production schedule
                           (MPS). It takes into account the forecast; the production plan; and other important
                           considerations such as backlog, availability of material, availability of capacity,
                           and management policies and goals. See: master production schedule (MPS).
                        

                     

                  
                  
                  
                  Basic elements of the master scheduling grid, as shown in
                     Exhibit 4-44, are

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The forecast for production for the periods in the
                           planning horizon. Note that the forecast listed here represents the
                           constrained demand from the S&OP production plan, disaggregated into
                           specific unit requirements using the item-level forecast and other
                           inputs.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Customer orders.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The projected available inventory balance. (Beginning
                           inventory is also shown.)

                        
                        

                     
                     
                     
                     	
                        
                        
                        The MPS.

                        
                        

                     
                     

                  
                  
                  
                  
                     Exhibit 4-44: Master Scheduling Grid[image: Make-to-stock chase production table showing beginning inventory of 70, zero safety stock, lot size 100, weekly demand for weeks 1–6, projected available balances, and scheduled production of three 100-unit lots. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The master scheduling grid usually includes information
                     on the lot size and safety stock used in master scheduling. 

                  
                  

               
               

            
            
            
            
               
               
               Master
                  Production Schedule

               
               
               
               
                  
                  
                  The master production schedule is the
                     key output of master scheduling. It specifies how the product will be supplied to
                     meet the future demand. The MPS takes into account

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The S&OP production plan

                        
                        

                     
                     
                     
                     	
                        
                        
                        Bottleneck or critical capacity limitations

                        
                        

                     
                     
                     
                     	
                        
                        
                        Production costs

                        
                        

                     
                     
                     
                     	
                        
                        
                        Resource considerations.

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Product Structure Impact on Master Scheduling

         
         
         
         
            
            
            The master schedule requires a detailed understanding
               of the influence of factors such as the manufacturing environment (discussed
               elsewhere), the production strategy, and the product structure. In terms of the
               product structure, all products require a bill of material (BOM), but
               assemble-to-order products require a planning BOM such as a modular planning
               BOM.

            
            

         
         
         
         
         
            
            
            Impact of Environments and Production
               Strategies on Master Scheduling

            
            
            
            
               
               
               Master scheduling is influenced by the choice of
                  manufacturing environment. The choice of production strategy can also influence
                  master scheduling.

               
               

            
            
            
            
               
               
               Impact
                  of Production Strategy on Master Scheduling

               
               
               
               
                  
                  
                  Different organizations plan and schedule production using
                     different strategies: level, chase, or hybrid. An organization that uses the level
                     production strategy continuously produces goods equal to the average demand for the
                     goods. Scheduling consistently arranges the same quantity for production based on
                     the total demand. An organization that uses the chase or demand matching production
                     strategy produces only enough to meet or exactly match the constrained demand. The
                     chase strategy keeps inventories low, which frees up cash flow that can be used to
                     buy additional materials and reduces carrying costs that are related to holding
                     inventory in stock. An organization that uses the mixed or hybrid production
                     strategy blends the best of the two other strategies to create a new strategy based
                     on lot sizing. As a result, there is inventory available for future periods, called
                     cycle stock.

                  
                  
                  
                  In summary, preparing
                     the production schedule according to strategy leads to the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        For leveling: The MPS is constant. There is excess
                           inventory available to meet future constrained demand.

                        
                        

                     
                     
                     
                     	
                        
                        
                        For chase: The MPS matches the constrained demand.
                           There is no inventory except safety stock.

                        
                        

                     
                     
                     
                     	
                        
                        
                        For hybrid (mixed): This is a lot-sizing
                           approach that falls between the two strategies.

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            Impact of Product Structure and Product Changes on Master
               Scheduling

            
            
            
            
               
               
               Another key influence on the approach to master
                  scheduling is the manufacturer’s decision on how it will schedule production to
                  fulfill customer orders. Will design and production start before or after customer
                  orders are in hand? In other words, where is the decoupling point of demand from
                  supply?

               
               
               
               The answer to these questions can be explained by
                  how the manufacturer envisions the structure of its products. Product
                     structure is defined in the ASCM Supply
                     Chain Dictionary as:

               
               
               
               
                  
                  
                     The sequence of operations that
                        components follow during their manufacture into a product. A typical product
                        structure shows raw material converted into fabricated components, components put
                        together to make subassemblies, subassemblies going into assemblies, and so
                        forth.
                     

                  

               
               
               
               It is also impacted by the priority given to the order.
                  Priority is defined by the ASCM Supply
                     Chain Dictionary as:

               
               
               
               
                  
                  
                     In a general sense, the relative importance of
                        jobs (i.e., the sequence in which jobs should be worked on). It is a separate
                        concept from capacity.
                     

                  

               
               
               
               Product structure is not independent of
                  the expectations of the marketplace or customers or of manufacturing requirements,
                  because it takes into account tradeoffs among

               
               
               
               
                  
                  
                  	
                     
                     
                     Customer
                        service levels

                     
                     

                  
                  
                  
                  	
                     
                     
                     Production
                        efficiency

                     
                     

                  
                  
                  
                  	
                     
                     
                     Inventory
                        costs.

                     
                     

                  
                  

               
               
               
               For example, a manufacturer might want to
                  make motorcycles to stock in order to achieve production efficiencies and improve
                  customer service. However, it would do so at the risk of higher inventory costs and
                  lower profits. The assemble-to-order choice, like all manufacturing environment
                  choices, also represents rational tradeoffs between customer service, production
                  efficiency, and inventory costs.

               
               

            
            
            
            
               
               
               Planning Bills of Material Used in Master Scheduling

               
               
               
               
                  
                  
                  If the MPS describes output as a number of units of an
                     average final product, then it requires a special bill of material called a planning
                     bill of material (BOM) or planning bill.

                  
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines the following related terms:

                  
                  
                  
                  
                     
                     Planning
                           bill of material:
                        An artificial grouping of items or events in bill-of-material format used to facilitate
                           master scheduling and material planning. It may include the historical average of
                           demand expressed as a percentage of total demand for all options within a feature
                           or for a specific end-item within a product family. It is used as the quantity per
                           in the planning BOM. Syn.: planning bill. See: hedge, option overplanning, production
                           forecast, pseudo bill of material (BOM).

                     
                     Two-level master
                           schedule:
                        A master-scheduling approach in which a planning bill of material (BOM) is used to
                           master schedule an end product or family, along with selected key features (options
                           and accessories). See: hedge, multilevel master schedule, production forecast.

                     

                  
                  
                  
                  Planning BOMs are used at the master scheduling level because they serve as a bridge
                     between the MPS and the actual bills for specific modules, components, and raw
                     materials for ATO/MTO products. Once the actual orders are received, specific BOMs
                     will be substituted at the material requirements planning level (this is where the
                     remaining types of BOMs are discussed). 

                  
                  
                  
                  Planning bills are not complete end-item
                     BOMs. Rather, the purpose of planning bills is to simplify planning. Since
                     planning bills are not specific lists for specific products, they are used when
                     it cannot be known what will need to be assembled-to-order (or made-to-order
                     such as for large capital equipment with options) until the available lead time
                     would be too short to make or order all the components and also assemble the
                     product. The planning bill will then serve as a bridge between the master
                     production schedule and the actual bills for specific modules, components, and
                     raw materials.

                  
                  
                  
                  It is neither feasible nor efficient to make a
                     constrained demand plan or master-schedule assemble-to-order (ATO) products at the
                     end-item level. Too many end items would have to be configured from a relatively
                     small number of modules. Planning bills facilitate the planning of subassemblies and
                     capacity that need to be available when a customer order for the end item is
                     received.

                  
                  
                  
                  The planning BOM is
                     constructed at the feature level as opposed to the end-item level like a single-
                     or multi-level BOM. The ASCM Supply Chain
                        Dictionary defines a feature as
                     follows:

                  
                  
                  
                  
                     
                     
                        A distinctive characteristic of a good or service that may be part of the standard
                           product or an additional attribute that can be included as an upgrade. For example,
                           in ordering a new car, the customer must specify an engine type and size (option)
                           but need not necessarily select an air conditioner (feature). See: accessory, option.
                        

                     

                  
                  
                  
                  Each leg of the planning BOM represents a feature that
                     is required in order to assemble the final product. Exhibit 4-45 shows a planning bill for our
                     door manufacturer’s make-to-order product family B.

                  
                  
                  
                  
                     Exhibit 4-45: Planning Bill of Material for Product Family B[image: Hierarchy for Family B custom all-glass vandalproof doors showing options: common parts, frame choices with percentages, door finish options, and exit handle options including crashbar and handle variations. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The first column is for common parts, or parts that all
                     products in the family share in common, such as two panes of vandalproof glass that
                     might be cut to a custom size. The rest of the planning bill shows historical demand
                     percentages for the various options. If each of these options were combined into
                     individual products, it would be 2 frames times 2 finishes times 4 handles equals
                     32
                     bills. This would needlessly complicate forecasting, master scheduling, and material
                     requirements planning because it increases planning cost without increasing planning
                     accuracy. Instead the total product family constrained demand is planned in the
                     master production schedule, and then material requirements planning uses these
                     planning bill percentages for ordering and/or manufacturing the various
                     components.

                  
                  
                  
                  So,
                     how are the percentages determined? The aggregated demand for a particular option
                     can be provided in the form of a production forecast. The ASCM Supply Chain Dictionary defines production forecast as:

                  
                  
                  
                  
                     
                     
                        A projected level of customer demand for a feature (option, accessory, etc.) of a
                           make-to-order (MTO) or an assemble-to-order (ATO) product. Used in two-level master
                           scheduling, it is calculated by netting customer backlog against an overall family
                           or product line master production schedule (MPS) and then factoring this product’s
                           available-to-promise (ATP) by the option percentage in a planning bill of material
                           (BOM). See: assemble-to-order (ATO), planning bill of material (BOM), two-level master
                           schedule.
                        

                     

                  
                  
                  
                  Note
                     that, in some cases, the percentages in planning bills will sum to more than 100.
                     This is a type of overplanning or hedge to allow final product mixes to differ to
                     some degree. Since overplanning serves the same basic purpose as safety stock, the
                     extra amount planned can be based on the expected volatility of demand. Option
                        overplanning is defined by the ASCM Supply
                        Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        Scheduling extra quantities of a master schedule option greater than the expected
                           sales for that option to protect against unanticipated demand. This schedule quantity
                           may be planned only in the period when new customer orders are currently being accepted,
                           typically just after the demand time fence (DTF). This technique is usually used on
                           the second level of a two-level master scheduling approach to create a situation in
                           which more of the individual options than of the overall family are available. See:
                           demand time fence (DTF), hedge, planning bill of material (BOM).
                        

                     

                  
                  
                  
                  So how are the individual options master
                     scheduled? This can use a multilevel master
                        schedule, defined in the ASCM Supply Chain Dictionary as: “
                     A master scheduling technique that allows any level in an end-item’s bill of material
                        (BOM) to be master scheduled. To accomplish this, master production schedule (MPS)
                        items must receive requirements from independent and dependent demand sources. See:
                        two-level master schedule.”

                  
                  
                  
                  One type of planning bill of material is a modular planning
                     BOM.

                  
                  

               
               
               
               
                  
                  
                  Modular BOMs

                  
                  
                  
                  
                     
                     
                     ATO environments often use a modular BOM
                        because the various options or features are grouped into modules that can be
                        assembled in different configurations. The ASCM Supply
                           Chain Dictionary defines a modular bill of
                           material as:

                     
                     
                     
                     
                        
                        A type of planning bill that is arranged in product modules or options. It is often
                              used in companies where the product has many optional features (e.g., assemble-to-order
                              (ATO) companies, such as automobile manufacturers). See: dynamic bill of material
                              (BOM), pseudo bill of material (BOM).

                        

                     
                     
                     
                     Exhibit 4-46 shows a modular planning bill for our motorcycle
                        manufacturer case study, structured in product modules or options. This is a very
                        simplified modular bill that consists of five modules and one common parts bill.
                        Each module is offered in multiple options.

                     
                     
                     
                     
                        Exhibit 4-46: Modular Planning Bill[image: Diagram showing a motorcycle at Level 0 and six Level-1 modules: base chassis, engine options, emission kits, paint/finish, clutch options, and transmission, each with listed option counts. Go to long description for details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     Key concepts that are important to know
                        about modular bills include the following:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Modules and the common parts bill
                              are standard units that may be prepared in advance of receiving a customer
                              order; modules can be manufactured or purchased subassemblies or individual
                              components.

                           
                           

                        
                        
                        
                        	
                           
                           
                           The total number of modules is
                              based on an end-item forecast.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Modules and the common parts BOM
                              are defined at level 1 of the BOM.

                           
                           

                        
                        
                        
                        	
                           
                           
                           The options for each module can be
                              selected by the customer.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Each option is defined as a
                              single-level or multilevel BOM (not shown).

                           
                           

                        
                        
                        
                        	
                           
                           
                           The BOM for each option links the
                              option’s components to the option’s parent.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Unlike a multilevel bill, a
                              modular BOM does not show the ultimate use of the module in an end item.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Modular bills simplify the master
                              scheduling of ATO products.

                           
                           

                        
                        

                     
                     
                     
                     Other things discussed above such as “level 1”
                        of a BOM are discussed where material requirements planning is discussed.

                     
                     

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Creating
            the MPS

         
         
         
         
            
            
            Here we address
               the roles of the master scheduler and management in the master scheduling
               process. After that we get into the details of how to create a time-phased master
               scheduling grid. Then we address the first step in the master scheduling process,
               disaggregating the production plan into master schedules per end
               item.

            
            

         
         
         
         
         
            
            
            Creators of the Master Schedule

            
            
            
            
               
               
               Many would say that master scheduling is more art than
                  science. Although the master schedule itself may be made up of automatically
                  calculated data upon which management decisions are made every day, the job of
                  master scheduler goes well beyond just creating the master production schedule (MPS)
                  numbers. For instance, the numbers may indicate that the organization is in an
                  overloaded condition. Now what? How does the master scheduler get out of this
                  overloaded condition? Or the numbers may indicate that customer orders are not
                  coming in as the constrained demand from S&OP predicted. What does the master
                  scheduler do about it? These are some of the questions that need to be answered by
                  the master scheduler. Correctly handling situations like this is the real job master
                  schedulers face every day. They make business-critical decisions using the
                  information provided.

               
               
               
               Next we review
                  the master scheduler’s role and how management can support the master
                  scheduler throughout the master scheduling process.

               
               

            
            
            
            
               
               
               Master
                  Scheduler’s Role

               
               
               
               
                  
                  
                  The master scheduler plays a critical role in sales and
                     operations planning (S&OP) by helping bridge the gap between demand planning and
                     production capabilities and helping align supply with demand. This helps ensure
                     alignment between sales forecasts and operational execution. The master scheduler
                     helps negotiate a feasible S&OP production plan. The master scheduler then
                     translates the S&OP production plan’s product family volume requirements into
                     item-level MPS plans by disaggregating product families to items (or options or raw
                     materials) and breaking larger time buckets into smaller ones. They then aggregate
                     various sources of demand for the product (e.g., independent and dependent demand),
                     which we call constrained demand in this course. 

                  
                  
                  
                  The master scheduler needs to ensure production volume adheres to
                     the production plan produced in S&OP. The master scheduler ensures that the sum
                     of the individual items in the master schedule equals the aggregate sum of items in
                     the S&OP production plan. This closes the loop between the business plan and the
                     daily and weekly activities within the organization. Note that due to lot sizing
                     constraints or other issues, such as the need to replenish safety stocks or to draw
                     down excess inventories, it may be very difficult or impossible to exactly match the
                     sum of individual items to the aggregate sum in the production plan. Therefore, many
                     organizations include a degree of tolerance for what is considered a reasonable
                     match between the levels.

                  
                  
                  
                  The master scheduler is responsible for
                     the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Disaggregating the production plan to create
                           the MPS or reconciling the MPS with the product family plan

                        
                        

                     
                     
                     
                     	
                        
                        
                        Maintaining and making changes to the MPS
                           records

                        
                        

                     
                     
                     
                     	
                        
                        
                        Resolving tradeoffs, working with top management to
                           reach solutions that are consistent with the organization’s customer
                           service, inventory management, and strategic objectives

                        
                        

                     
                     
                     
                     	
                        
                        
                        Monitoring execution of the production
                           schedule against the MPS and the production plan

                        
                        

                     
                     
                     
                     	
                        
                        
                        Ensuring the overall production volume adheres to the S&OP production
                           plan by summing the MPS for each SKU in the product family to ensure they
                           align with capacity planning objectives

                        
                        

                     
                     
                     
                     	
                        
                        
                        Launching the final assembly schedule

                        
                        

                     
                     
                     
                     	
                        
                        
                        Engaging in cross-functional collaboration including by
                           reviewing and managing change requests from customers, plants, and suppliers
                           and rescheduling in accordance with the master schedule policy

                        
                        

                     
                     
                     
                     	
                        
                        
                        Providing production insights, performing scenario analysis, and making
                           actionable recommendations

                        
                        

                     
                     

                  
                  
                  
                  Much of a master scheduler’s time and value is invested
                     in resolving conflicts and competing demands for capacity, which requires knowing
                     when to get top management involved in making strategic decisions. Therefore, it is
                     important for the master scheduler to have a strong sense of the overall business
                     and its customers, its products and production processes, and the reliability of its
                     suppliers.

                  
                  
                  
                  The master scheduler works with top management
                     to reduce the impact of any changes to either supply or demand inside
                     the demand time fence, such as

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Expedited requests for customers

                        
                        

                     
                     
                     
                     	
                        
                        
                        New orders from customers

                        
                        

                     
                     
                     
                     	
                        
                        
                        Last-minute revisions to an order

                        
                        

                     
                     
                     
                     	
                        
                        
                        Serious supply disruptions requiring top
                           management involvement in handling both suppliers and key customers.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Management’s
                  Role

               
               
               
               
                  
                  
                  Elsewhere we discussed the role of management in the
                     monthly S&OP process. The rules of the process call for resolving most issues at
                     the pre-S&OP meeting and consolidating issues such as the following for review
                     by senior executives at the monthly executive meeting that concludes the monthly
                     S&OP process:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Authorization
                           of changes in production and procurement rates when significant costs
                           or other consequences, such as customer service or revenues, are
                           involved

                        
                        

                     
                     
                     
                     	
                        
                        
                        Adjustments that are needed to keep the S&OP
                           production plan and the financial goals of the business plan on target

                        
                        

                     
                     
                     
                     	
                        
                        
                        Issues relating to customer service performance,
                           new product introduction, and special projects

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            Creating the Master Schedule

            
            
            
            
               
               
               The master schedule shows when products will be available
                  and serves as the basis for promising orders to customers. Here we address how to
                  create a time-phased master scheduling grid (determining supply and demand
                  relationships over time), including how to calculate the projected available balance
                  and MPS under simple conditions.

               
               

            
            
            
            
               
               
               Time-Phased
                  Master Scheduling Grid

               
               
               
               
                  
                  
                  The master scheduling process begins with the creation of the master
                     scheduling grid, or time-phased master scheduling grid. The master schedule format
                     is a
                     time-phased grid format that looks similar to a spreadsheet. As time progresses, the
                     master
                     production schedule is regularly recalculated and revised to align with any modifications.
                     The master production schedule requires a rolling schedule that continually updates.
                     As a
                     result, it reflects both current conditions and actual customer orders during each
                     period.

                  
                  
                  
                  Exhibit 4-47 displays a
                     master scheduling grid that was created using an 13-week rolling planning horizon
                     (only the
                     first 6 weeks are shown in this simplified version). 

                  
                  
                  
                  
                     Exhibit 4-47: Sample Master Scheduling Grid[image: Make-to-stock chase production table showing beginning inventory of 70, zero safety stock, lot size 100, weekly demand for weeks 1–6, projected available balances, and scheduled production of three 100-unit lots. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Below is an overview the items contained in this MPS
                     grid.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Beginning inventory.
                           The number of the item that the organization currently has available, less any
                           allocations.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Safety stock. The minimum inventory level.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Lot size. The rules
                           that are in place for the volume/size of a production run.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Constrained demand.
                           The constrained demand is demand derived from the S&OP production plan that was
                           disaggregated from total family demand to item-level demand using the item-level
                           forecast (sales mix) and other inputs and processes discussed elsewhere.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Customer
                              orders. The real customer orders from sales.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Projected available
                              balance (PAB). The forecasted inventory on hand. 

                        
                        

                     
                     
                     
                     	
                        
                        
                        Master production
                              schedule. The output of actual production, not when production begins. If the
                           organization has positive inventory above the safety stock level, the MPS production
                           quantity is zero. The MPS quantity is based on the lot size.

                        
                        

                     
                     

                  
                  
                  
                  The inputs into the master schedule are the
                     constrained demand, the actual customer orders, and the planning data. The outputs
                     from the
                     master schedule include the MPS, which is the anticipated build schedule for end items
                     in
                     the appropriate lot-size quantities.

                  
                  

               
               

            
            
            
            
               
               
               PAB
                  and MPS Calculations

               
               
               
               
                  
                  
                  Assume that the door manufacturer uses a make-to-stock chase
                     production strategy for a set of items and produces these items in lots of 100, an
                     amount
                     that can be produced in an average week. (Assume a uniform week length for simplicity.)
                     The
                     beginning inventory is 70 units, which is also shown in Exhibit 4-48 in week 0 in the “Projected Available Balance” line. Since this is a
                     chase schedule, production does not need to be uniform in each week. Organizations
                     might
                     achieve more-level production by scheduling production for other items in the weeks
                     when
                     these items are not being produced.

                  
                  
                  
                  
                     Exhibit 4-48: Partially Completed Master Schedule[image: Make-to-stock chase production table showing beginning inventory of 70, zero safety stock, lot size 100, constrained demand for weeks 1–6, and projected available balances falling from 70 to −40. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines projected available balance
                        (PAB) as:

                  
                  
                  
                  
                     
                     
                        An inventory balance projected into the future. It is the running sum of on-hand inventory
                           minus requirements plus scheduled receipts and planned orders. Syn.: projected available
                           inventory. See: balance.
                        

                     

                  
                  
                  
                  Use the following calculation to determine the PAB for
                     each week. (The beginning PAB in the first week is the beginning or opening inventory,
                     as
                     shown in the calculation.)

                  
                  
                  
                  [image: ../images/mathml_id209DM0T055Z.png]
                  
                  
                  
                  [image: ../images/mathml_id209DM0T05Y4.png]
                  
                  
                  
                  [image: ../images/mathml_id209DM0T05HS.png]
                  
                  
                  
                  If inventory can be used to cover the entire planning
                     horizon, then no production will be scheduled for this item. At any point where the
                     PAB
                     would be negative, such as for week 2 above, the master production schedule line is
                     used to
                     schedule supply. The formula calls the MPS line a scheduled MPS receipt because production
                     may need to be started earlier; this is the due date when it should be ready. Exhibit 4-49 shows how this master schedule would be
                     completed.

                  
                  
                  
                  
                     Exhibit 4-49: Completed Master Schedule[image: Make-to-stock chase production table showing beginning inventory of 70, zero safety stock, lot size 100, weekly demand for weeks 1–6, projected available balances, and scheduled production of three 100-unit lots. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Note
                     that there are no negative PABs in the completed schedule. The PAB
                     for week 2 is now calculated to include the MPS of 100 units:

                  
                  
                  
                  [image: ../images/mathml_id2289EM00RPF.png]
                  
                  
                  
                  In week 3, the PAB
                     is

                  
                  
                  
                  [image: ../images/mathml_id2289F000TPN.png]
                  
                  
                  
                  (A scheduled MPS receipt
                     is again needed to keep the PAB from being negative.)

                  
                  
                  
                  Week 4, however, can be fulfilled using existing inventory,
                     so it doesn’t need any MPS production, even though it reduces the inventory to zero.
                     This
                     example uses a safety stock level of 0. When organizations use safety stock, the MPS
                     would
                     instead be triggered whenever the PAB would go below the safety stock level.

                  
                  
                  
                  At this point, the master schedule is still
                     considered preliminary, as it has yet to be checked against capacity.
                     Prior to this capacity check, the master schedules for related end
                     items need to be aggregated.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Disaggregating the Production Plan

            
            
            
            
               
               
               
                Exhibit 4-50 is
                  the annual production plan for product family A for our commercial door
                  manufacturer case study.

               
               
               
               
                  Exhibit 4-50: Product Family A Make-to-Stock Level Production Plan[image: A table labeled “Product Family A Make-to-Stock Level Production Plan.” Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Let’s gather the
                  item-level forecast input (a weekly forecast for 13 weeks, i.e.,
                  the first quarter), which is the planning horizon required for this
                  product family. Exhibit 4-51 shows
                  this forecast for single and double doors.

               
               
               
               
                  Exhibit 4-51: Product Family A 13-Week Forecast by End Item[image: A table labeled “Product Family A 13-Week Forecast by End Item.” Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Note that the sum
                  of the forecasts for product family A for the first three months
                  in Exhibit 4-50 is
                  1,320 units (460 plus 450 plus 410), which directly compares to
                  this 13-week forecast of 1,320 units (sum in bottom right corner
                  of Exhibit 4-51)
                  because there are exactly 13 weeks in the first three months of
                  the year. Some monthly sums are also calculated, but since the months
                  break across the weeks, these are not as precise.

               
               
               
               The
                  definition of master scheduling states that “the sum of the master
                  production schedules for the items within the product family must
                  equal the production plan for that family.” This means that the
                  production plan for the product family imposes a constraint on the
                  production for units of that family in that time period. While there
                  is leeway for planning individual units, the totals must be made
                  to match the production plan numbers.

               
               
               
               Exhibit 4-52 shows
                  one possible way that master schedules can be devised to be consistent
                  with the production plan. Note that this is not the format one would
                  expect to see in a master schedule, as it is actually two master
                  schedules put together to show how they sum up. (The projected available
                  is the projected inventory balance by period, assuming that the
                  assumptions in the plan hold true.)

               
               
               
               
                  Exhibit 4-52: Master Schedules for Two Items in Family A[image: Master schedule table for Family A in-stock all-glass doors showing weekly leveled production, forecasts, projected available balances, and MPS quantities for single and double doors across weeks 0–13. Go to long description for details.]
               
                  Go to long description.
                  

               
               
               
               
               To translate the
                  level production of 300 units per month to weekly leveled production, we
                  need to know the number of workdays per week after holidays or plant shutdowns,
                  so the number of days in each week of the first part of the year
                  is listed at the top of the exhibit. The number of days is then
                  multiplied by the leveled daily production rate of about 14.34 units
                  per day (3,600 unit production plan divided by 251 manufacturing
                  calendar days) for this product family to determine the weekly leveled
                  production on the next line.

               
               
               
               The master production schedule (MPS) lines for
                  each product show that production is in batches of 100. (Each batch
                  spans several weeks and is divided into smaller weekly lots as needed.)
                  Here, the weekly lots that sum to 100 units are shaded together
                  for ease of viewing. Changeovers are minimized by switching between
                  products as little as possible.

               
               
               
               Note how the “Production SUM” equals the “Weekly Leveled
                  Production” each week (two weeks have one unit less to compensate for rounding,
                  since the weekly rates are actually 57.4 and 71.7 units per week) and the total of
                  889 units matches the leveled production target of 889 units. The “A-SD Projected
                  Available” and “A-DD Projected Available” lines show projected inventory levels at
                  the end of each week for each product, and none go below zero. Also the “Projected
                  Available SUM” of 89 units in week 13 is close to the ending inventory of 100 units
                  for month 3 shown earlier in Exhibit 4-50.
                  (The difference is due to fewer workdays in the quarter than the average.)

               
               
               
               A workable preliminary
                  master schedule satisfies the following conditions:

               
               
               
               
                  
                  
                  	
                     
                     
                     
                        
                           Valid schedule.
                           
                        Workers
                           should know when to begin and end production of individual units.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Valid capacity.
                           
                        Production
                           per period and in total should stay within any production limits set in
                           the production plan.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Valid inventory or backlog.
                           
                        There should
                           be no negative inventory balances or strong imbalances among individual
                           products. Backlogs per period should be managed within tolerances.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Valid changeovers.
                           
                        The number of
                           changeovers should be cost-effective.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Valid batches and lots.
                           
                        Production
                           batch and lot size policies (if any) should be honored.
                        

                     
                     

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Section D: Rough-Cut Capacity Planning and MPS
            Validation

         
         
         
         
            
            
            
               After completing this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Develop a rough-cut capacity plan
                     (RCCP) 

                  
                  

               
               
               
               	
                  
                  
                  Describe the RCCP process

                  
                  

               
               
               
               	
                  
                  
                  Review bill of resources to determine capacity requirements and the impact of
                     the RCCP on supply 

                  
                  

               
               
               
               	
                  
                  
                  Understand the capacity planning using overall factors (CPOF), capacity bill
                     procedure, and resource profile approaches

                  
                  

               
               
               
               	
                  
                  
                  Identify and manage key resources such
                     as critical work centers to support the master production schedule 

                  
                  

               
               
               
               	
                  
                  
                  Monitor work center efficiency and
                     utilization performance to goals 

                  
                  

               
               
               
               	
                  
                  
                  Incorporate maintenance schedules and
                     other planned downtime in capacity planning 

                  
                  

               
               
               
               	
                  
                  
                  Describe ways to resolve capacity
                     imbalances discovered in RCCP and complications that can get in the way of
                     the balancing process.

                  
                  

               
               

            
            
            
            Here we address the preparation for and process of capacity
               planning in the master scheduling process. Preparation includes combining schedules
               for products that share the same resources over a given time horizon. This helps
               ensure that sufficient capacity exists for all planned products prior to performing
               rough-cut capacity planning (RCCP).

            
            
            
            We then look at RCCP, including how it fits
               into the manufacturing planning and control hierarchy, its various purposes, and its
               different approaches: capacity planning using overall factors (CPOF), capacity bill
               procedure, and resource profile. We also discuss resolving capacity imbalances, how
               to identify and manage critical work centers, and how to develop work center
               efficiency and utilization goals. The master scheduling process concludes with
               resolving differences and publishing the master production schedule. Finally we
               discuss the importance of incorporating work center maintenance schedules into
               capacity planning.

            
            

         
         
         
         
   
      
         
         
         
         Rough-Cut Capacity Planning

         
         
         
         

         
         
         
         
         
            
            
            Aggregating Master Schedules to Prepare for RCCP

            
            
            
            
               
               
               Whenever multiple products use the same resources over
                  the same time horizon, their master schedules need to be aggregated, or grouped back
                  together, prior to checking to see if there is sufficient capacity. Typically this
                  will be aggregation of individual units back into their product families or
                  aggregating families with similar critical resources. The idea is to determine the
                  total load on the critical resources.

               
               

            
            
            
            
               
               
               Aggregating Products or Product Families that Share
                  Critical Resources

               
               
               
               
                  
                  
                  Exhibit 4-53 revisits the commercial door manufacturer case study. Assume that the
                     manufacturer has three product families that all use the same critical resources.
                     The exhibit aggregates just the master production schedule (MPS) lines of these
                     master schedules. It also sums the lines to determine total load on these
                     resources.

                  
                  
                  
                  
                     Exhibit 4-53: Aggregated MPS Lines for Related End Items[image: A table labeled “Aggregated MPS Lines for Related End Items.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  This organization uses make-to-order for
                     families B and C but controls the backlog of these items to result in a fairly level
                     schedule.

                  
                  

               
               

            
            
            
            
               
               
               Aggregating Alternate Independent Demand Sources

               
               
               
               
                  
                  
                  Independent demand for a master-scheduled item could come
                     from intracompany requirements, spare parts, field service requirements, quality
                     testing, R&D, rework, distribution requirements, and so on. The details of these
                     demand sources also need to be addressed at the master scheduling level. In fact,
                     it
                     may be even more important at this level because the details on demand for specific
                     end units are now available.

                  
                  
                  
                  For example, in addition to customer orders and
                     the forecast, some end items that are typically used only as dependent demand items
                     also have independent demand sources, such as a computer chip that is primarily a
                     component in a motherboard made by a different division but is also sold
                     independently. In another example, the same item could be produced in two different
                     plants. If the other plant has insufficient capacity for some of its independent
                     demand, it could forward some of the demand to this plant. This is intracompany
                     demand.

                  
                  
                  
                  The master scheduler ensures that all
                     alternative independent demand sources are included in the master scheduling grid
                     and verifies that the lead times in the system will work for the higher-level item.
                     The master scheduling grid could have another line item for this type of demand, or
                     it could be aggregated into the customer orders line or require a manual entry if
                     it
                     is a source of demand that is not typically encountered.

                  
                  
                  
                  The timing requirements of independent demand items can be
                     determined through pegging, which
                     the ASCM Supply Chain Dictionary defines as:

                  
                  
                  
                  
                     
                     In material requirements planning (MRP) and master production scheduling, the ability
                           to identify for a given item the sources of its gross requirements and/or allocations.
                           Pegging can be thought of as active where-used information. See: capacity pegging,
                           requirements traceability, where-used list.

                     

                  
                  
                  
                  Pegging is primarily a material requirements
                     planning (MRP) process and is addressed in detail elsewhere.

                  
                  
                  
                  The RCCP process is performed once the
                     total load on critical resources is known.

                  
                  

               
               

            
            

         
         
         
         
            
            
            RCCP Overview

            
            
            
            
               
               
               The ASCM Supply Chain Dictionary defines rough-cut capacity planning (RCCP) as:

               
               
               
               
                  
                  The process of converting the master production schedule (MPS) into requirements for
                        key resources, often including labor; machinery; warehouse space; suppliers’ capabilities;
                        and, in some cases, money. Comparison with available or demonstrated capacity is usually
                        done for each key resource. This comparison assists the master scheduler in establishing
                        a feasible MPS. Three approaches to performing RCCP are the bill of labor (resources
                        and capacity) approach, the capacity planning using overall factors approach, and
                        the resource profile approach. See: bill of resources, capacity planning, capacity
                        planning using overall factors (CPOF), product load profile, resource profile.

                  

               
               
               
               Planning and control of capacities is one
                  of the key manufacturing planning and control (MPC) activities. There are five
                  levels of capacity planning within MPC: resource planning, rough-cut capacity
                  planning, capacity requirements planning (CRP), scheduling (e.g., finite
                  scheduling), and capacity control (e.g., input/output control). Exhibit 4-54
                  shows how RCCP is the level of capacity planning used for master scheduling. Note
                  how this is a back-and-forth process that iterates as needed until the master
                  production schedule (MPS) appears to be feasible from a capacity standpoint.

               
               
               
               
                  Exhibit 4-54: Manufacturing Planning and Control[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               No matter the level, insufficient capacity in
                  the form of an overstated master production schedule can lead to declining delivery
                  performance, missed due dates, increasing inventories, and exhausted employees.
                  Excess capacity, on the other hand, can lead to unnecessary expenses that need to
                  be
                  reduced.

               
               

            
            
            
            
               
               
               Purposes of RCCP

               
               
               
               
                  
                  
                  Rough-cut capacity planning checks whether
                     critical resources are available to support the preliminary master production
                     schedules. While the capacity check in resource planning was at the product
                     family level, using an average product of that family to validate resource
                     availability for the production plan and manufacturing business plan, now in
                     RCCP we need to drill down to the individual product capacity requirements by
                     validating critical resource availability for the master production schedule.
                     Despite the fact that we are using individual unit requirements rather than an
                     average unit of a product family, this is considered a rough check, because the
                     individual items might still have some variants, and so this will be
                     requirements for the average unit of that end item.

                  
                  
                  
                  RCCP validates the MPS by assessing
                     critical resource availability. This includes bottleneck operations, labor, and
                     critical materials (supply bottleneck). While RCCP highlights these bottlenecks due
                     to their strong impact on production, the focus of RCCP is broader. It helps make
                     sure all key resources have sufficient capacity to support the MPS. 

                  
                  
                  
                  The RCCP process is time-phased just
                     like master scheduling. RCCP takes into account the master schedule and the bill
                     of resources for each product family.

                  
                  
                  
                  The master scheduler validates that
                     the MPS is feasible by:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Meeting required delivery
                           timelines based on demand and lead times

                        
                        

                     
                     
                     
                     	
                        
                        
                        Optimizing resource
                           utilization to support cost-effective production (in collaboration with
                           other S&OP teams, especially finance)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Aligning with operational
                           constraints, such as capacity, critical resources, and production
                           parameters.

                        
                        

                     
                     

                  
                  
                  
                  There are many reasons the MPS might
                     not be in balance with capacity. RCCP provides an iterative capacity planning
                     tool to solve load and capacity imbalances.

                  
                  
                  
                  The purposes of RCCP planning
                     include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Converting the schedule for
                           MPS end items into a schedule (usually weekly) of requirements for critical
                           resources

                        
                        

                     
                     
                     
                     	
                        
                        
                        Comparing load requirements
                           for key resources to available capacity

                        
                        

                     
                     
                     
                     	
                        
                        
                        Providing early warning of
                           bottleneck work centers

                        
                        

                     
                     
                     
                     	
                        
                        
                        Resolving differences to
                           create a workable MPS

                        
                        

                     
                     
                     
                     	
                        
                        
                        Ensuring that work centers that are
                           critical resources are properly utilized and are efficient.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               RCCP Process

               
               
               
               
                  
                  
                  The RCCP process can be organized into the steps shown in
                     Exhibit 4-55. The first four steps
                     of the process are primarily based on data collection and analysis; the fifth step
                     requires the management, operations, and customer management skills of the master
                     scheduler, manufacturing, and sales. 

                  
                  
                  
                  Note that the product load profile discussed in the process below.
                     This is defined later but it is basically a report that defines resource
                     requirements by time phase so the load from period to period can be known.

                  
                  
                  
                  
                     Exhibit 4-55: Rough-Cut Capacity Planning Process
                     
                     
                     
                     
                        
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Step

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Question
                                          Asked

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Key Points

                                       
                                       
                                    

                                 
                              
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       1

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Identify
                                          critical resources and their capacity.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       What critical
                                          resources are involved in making or assembly of the MPS
                                          end item?

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Only critical
                                          resources are included. More detailed information on all
                                          the other resources is considered at the material
                                          requirements planning level, when capacity requirements
                                          planning takes place.

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       2

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Develop resource profiles for
                                          critical resource for items being master-scheduled.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       What is the
                                          critical load placed by each MPS item by week at the
                                          critical resource?

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       The key inputs to the product load
                                          profile are the MPS item quantities and the bill of
                                          resources for each item. This contains information on
                                          the standard hours (machine or labor) needed to produce
                                          one unit of an item. The product load profile is
                                          developed using this information (one way is to multiply
                                          end item quantity by standard hours required per unit to
                                          get weekly and total load on the critical resource in
                                          standard hours).

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       3

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Calculate the
                                          total load on the critical resource.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       What is the
                                          aggregate critical load placed on capacity by all MPS
                                          items by week at the critical resource?

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Aggregate the
                                          adjusted loads on critical resource capacity for end
                                          items that share the same resource to determine the
                                          total required capacity each week at the critical
                                          resource.

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       4

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Compare load
                                          to available capacity.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       In what weeks
                                          are there overloads or underloads?

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       The total
                                          capacity required at the critical resource per week is
                                          compared to the planned availability of the critical
                                          resource to find underloads or overloads.

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       5

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Balance
                                          required capacity and planned available capacity.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       How can orders
                                          be rescheduled or other steps taken to eliminate over-
                                          or underloads?

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Take steps to
                                          eliminate over- and underloads, such as rescheduling
                                          orders inside the planning time fence, increasing or
                                          decreasing labor inputs, increasing sales through
                                          promotions, or modifying the MPS.

                                       
                                       
                                    

                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Master Production Schedule Validation

         
         
         
         
            
            
            MPS validation processes include maximizing utilization and efficiency of critical
               work centers. This requires identifying which work centers are critical or
               bottlenecks. A bill of resources can help. Critical work centers can be identified
               for purposes of rough-cut capacity planning (RCCP) utilizing capacity planning using
               overall factors, the capacity bill procedure, and the resource profile approach.
               Resolving capacity imbalances involves increasing capacity in some way or shifting
               demand in some way. Keeping critical work centers as efficient and effective as
               possible is also vital.

            
            

         
         
         
         
         
            
            
            Bill of Resources

            
            
            
            
               
               
               A bill of resources was introduced when
                  S&OP was introduced because its high-level version is useful for the longer-term
                  resource planning process. Its more detailed version is used at the RCCP level. The
                  ASCM Supply Chain Dictionary defines a bill of resources as: 

               
               
               
               
                  
                  A listing of the required capacity and key resources needed to manufacture one unit
                        of a selected item or family. Rough-cut capacity planning (RCCP) uses these bills
                        to calculate the approximate capacity requirements of the master production schedule
                        (MPS). Resource planning may use a form of this bill. Syn.: bill of capacity. See:
                        bill of labor, capacity bill procedure, capacity planning using overall factors (CPOF),
                        product load profile, resource profile, rough-cut capacity planning (RCCP), routing.

                  

               
               
               
               A bill of resources is a report that indicates what and how much load is placed on
                  each critical resource per unit. It is not time-phased. It is a report or output,
                  not a process, while the methods discussed next are all processes. The report may
                  include the following data fields:

               
               
               
               
                  
                  
                  	
                     
                     
                     Materials: resource description, quantity per unit, total quantity, and
                        source lead time.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Labor: role, tasks, capacity usage time per unit, total usage time, and
                        availability.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Equipment: equipment description, task, capacity usage time per unit, total
                        usage time, and availability.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Facilities: facility description, purpose, space, required duration, and
                        notes.

                     
                     

                  
                  

               
               
               
               Examples of this report are provided as part of the next subtopic.

               
               

            
            

         
         
         
         
            
            
            Identifying Critical Resources

            
            
            
            
               
               
               Critical resources can be
                  identified for purposes of rough-cut capacity planning (RCCP) in several ways:
                  capacity planning using overall factors, capacity bill procedure, and resource
                  profile approach. The bill of resources is not used in the capacity planning using
                  overall factors (CPOF) approach, but it is used in the capacity bill procedure and
                  the resource profile approach. 

               
               

            
            
            
            
               
               
               Capacity Planning Using Overall Factors

               
               
               
               
                  
                  
                  Capacity planning using overall factors (CPOF) is defined by the ASCM Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     A rough-cut capacity planning (RCCP) technique. The master schedule items and quantities
                           are multiplied by the total time required to build each item to provide the total
                           number of hours to produce the schedule. Historical work center percentages are then
                           applied to the total number of hours to provide an estimate of the hours per work
                           center to support the master schedule. This technique eliminates the need for engineered
                           time standards. Syn.: overall factors. See: bill of resources, capacity planning,
                           resource profile, rough-cut capacity planning (RCCP).

                     

                  
                  
                  
                  Capacity planning using overall factors is
                     the least detailed of the three RCCP approaches. It is quick to calculate but not
                     as
                     sensitive to shifts in product mix as some of the others.

                  
                  
                  
                  The capacity planning using overall factors
                     process may be manual. It will involve reviewing accounting data related to the
                     historical usage of each work center. The direct labor hours of a given work center
                     divided by the total direct labor hours of all work centers will result in a
                     historical percentage of usage for each work center, such as work center 234 taking
                     up 40 percent of all direct labor hours. The total of all percentages will equal 100
                     percent. When calculating capacity requirements per period, this historical
                     percentage is multiplied by the required capacity for a given period to determine
                     the work center’s load. Work centers that consistently have a load that is near or
                     exceeds capacity requirements will be the critical work centers. If the product
                     mixes and load remain relatively constant at each work center, this method can be
                     reliable.

                  
                  

               
               

            
            
            
            
               
               
               Capacity Bill Procedure

               
               
               
               
                  
                  
                  The ASCM
                        Supply Chain Dictionary defines the capacity bill procedure as: “A rough-cut capacity planning (RCCP) method that takes into account any shifts in
                        product mix. Bill of material (BOM) and routing information are required with direct
                        labor-hour or machine-hour data available for each operation. See: bill of labor,
                        bill of resources.” The capacity bill procedure can be used just for critical resources or it can be
                     used for all resources such as all work centers involved. 

                  
                  
                  
                  The capacity bill procedure uses more data and is more detailed than the CPOF
                     approach. This detail provides a better link between end items in the MPS and the
                     capacity required at the critical resources. Here are the inputs needed:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Bill of materials

                        
                        

                     
                     
                     
                     	
                        
                        
                        Routing

                        
                        

                     
                     
                     
                     	
                        
                        
                        Operation-specific direct labor-hours or direct machine-hours

                        
                        

                     
                     

                  
                  
                  
                  Exhibit 4-56 shows a bill of material for our
                     commercial door case study organization. Here we will focus on just one critical
                     resource for this example, the skilled labor hours needed for producing the doors
                     for three product families. This bill is for Family A double door (A-DD). Note the
                     quantity listed per part. This is the information needed for each component listed.
                     This is one of six end products (part numbers 99 through 105) that are very similar
                     for families A, B, and C (a single door (SD) and double door (DD) option for each).
                     Assume the parts are the same for each type except that the quantity for single door
                     types is 1 for each component and that there are different part numbers for doors
                     and for door frames.

                  
                  
                  
                  
                     Exhibit 4-56: Bill of Material for Family A Double Door[image: Bill of materials for Family A all-glass vandalproof double door listing part numbers, descriptions, quantities, and units for doors, handles, lockset, frame, hydraulic closers, and hardware kit. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Exhibit 4-57 shows the routing for these end
                     products and their top-level bill of material components. While a more realistic
                     routing would likely have different work centers for many of these components, the
                     number of work centers is kept small for simplicity. Similarly, only one component
                     has more than one operation (component 203).

                  
                  
                  
                  
                     Exhibit 4-57: Routing for Family A, B, and C End Items and Level 1 Components[image: Table listing lot sizes, operations, work centers, setup hours, setup per unit, run time per unit, and total hours per unit for finished items and component parts, frames, doors, locksets, and hardware. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Here is how the information on this routing is calculated:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Standard setup per unit: standard setup (hours) divided by lot size.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Total per unit (hours): Standard setup per unit (hours) plus standard run
                           time per unit (hours).

                        
                        

                     
                     

                  
                  
                  
                  Exhibit 4-58 shows the resulting bill of resources
                     report for these end items for the standard hours of labor critical resource. For
                     work center 33, this is just the total per unit (hours) data per end item from the
                     routing above. For work centers 13 and 14, we need the quantity per information from
                     the bill of materials to do these calculations. For example, for one item 100
                     (A-DD), this is calculated as two 202s plus two 422s plus two 323s plus one 735 plus
                     two 682s plus one 502, or (2*0.4) + (2*0.15) + (2*0.3) + (2*0.3) + 0.8 + (2*0.3) +
                     0.3 = 3.7 hours. With the final assembly at work center 33, it is 4.4 hours per
                     unit.

                  
                  
                  
                  
                     Exhibit 4-58: Bill of Resources for Labor by End Item[image: Table showing total time per unit by item across work centers 33, 13, and 14. Times are listed for items A-SD, A-DD, B-SD, B-DD, C-SD, and C-DD, with summed hours per unit ranging from 1.8 to 5.2. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Exhibit 4-59 revisits the aggregated MPS for
                     related end items presented earlier. The unit types per period can be used to
                     calculate labor hour load per period.

                  
                  
                  
                  
                     Exhibit 4-59: Aggregated MPS for Related End Items[image: A table labeled “Aggregated MPS Lines for Related End Items.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Exhibit 4-60 shows how the information from the
                     bill of resources can be used alongside the aggregated MPS for related end items to
                     produce the projected work center labor hours per week over the 13-week planning
                     period. For example, in period 1, the 57 units of Family A, Single Door (A-SD) are
                     multiplied by the 0.30 hours per unit for work center 33 and this is also done for
                     the 20 units of B-DD and 50 units of C-DD. The sum is 54 hours. Then the same units
                     types are multiplied by 1.90 hours per unit for work center 13 and the values are
                     summed. This translates the specific demand per period into specific hours of load
                     on specific work centers.

                  
                  
                  
                  
                     Exhibit 4-60: Capacity Requirements for Labor Hours Critical Resource for 13-Week
                        Period[image: Table showing weekly labor-hour requirements for vandalproof doors across 3 work centers for weeks 1–13, with total hours of 948, 5,484, and 287 respectively, and work-center percentages of 14%, 82%, and 4%. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  

               
               

            
            
            
            
               
               
               Resource Profile Approach

               
               
               
               
                  
                  
                  The ASCM
                        Supply Chain Dictionary defines resource profile as:

                  
                  
                  
                  
                     
                     The standard hours of load placed on a
                           resource by time period. Production lead-time data is taken into account to provide
                           time-phased projections of the capacity requirements for individual production
                           facilities. See: bill of resources, capacity planning using overall factors (CPOF),
                           product load profile, rough-cut capacity planning (RCCP).

                     

                  
                  
                  
                  The resource profile approach differs from the
                     capacity bill procedure in that it considers lead time offsets. In addition to the
                     inputs required for that method, this method requires data on production lead times
                     for end units and components. It also assumes a lot-for-lot policy. 

                  
                  
                  
                  Exhibit 4-61 shows how
                     the bill of resources for our commercial door manufacturer case study is expanded
                     to
                     show item-level requirements for our critical resources. Some organizations only
                     make resource profiles for resources listed on the bill of resources, that is only
                     for critical resources, while other organizations make resource profiles for a wider
                     range of processes. Here we will focus on just critical resources. The recycled
                     polycarbonate supplier is a critical resource for this organization due to past
                     supply issues with getting high enough quality recycled polycarbonate in sufficient
                     quantity and acceptable price. Labor is a critical resource. Work Center 23 is a
                     critical resource. 

                  
                  
                  
                  
                     Exhibit 4-61: Bill of Resources Exploded to Item Level[image: A table titled “Bill of Resources Exploded to Item Level.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Note how the family level creates an average, but individual item-level requirements
                     might be in a wide range from this average. Note also that each family may get its
                     own separate resource profile at this detailed level since this report might be much
                     more extensive than can be illustrated here.

                  
                  
                  
                  Next we need to determine the specific load
                     on these resources by multiplying the per-unit requirement by the number of units
                     being produced each week. Exhibit 4-62
                     does this for each of our three critical resources for week 1.

                  
                  
                  
                  
                     Exhibit 4-62: Calculating Load on Critical Resources[image: A table titled “Calculating Load on Critical Resources.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  If there are variations in product mix and the
                     pattern of work varies considerably from period to period, then a resource profile
                     approach might be useful for RCCP. If so, there will be time-phased capacity
                     requirements generated for each work center and this information will be listed in
                     a
                     product load profile, defined in the ASCM Supply Chain Dictionary
                     as:

                  
                  
                  
                  
                     
                     
                        A listing of the required capacity and key resources needed to manufacture one unit
                           of a selected item or family. The resource requirements are further defined by a lead
                           time offset to predict the impact of the product on the load of the key resources
                           by specific time period. The product load profile can be used for rough-cut capacity
                           planning (RCCP) to calculate the approximate capacity requirements of the master production
                           schedule (MPS). See: bill of resources, resource profile, rough-cut capacity planning
                           (RCCP).

                     

                  
                  
                  
                  A historical review of these requirements can be compared against
                     the work centers’ capacity data to identify which typically experience bottlenecks
                     or which ones will have bottlenecks for a given period.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Resolving Capacity Imbalances

            
            
            
            
               
               
               In an ideal situation, the master
                  production schedule (MPS) is not overstated. The ASCM Supply Chain Dictionary
                  defines an overstated
                     master production schedule as: “A schedule that includes either past-due quantities or quantities with loads that
                     are greater than the current capacity and material availability allows. An overstated
                     master production schedule (MPS) should be modified into a feasible schedule before
                     running material requirements planning (MRP).” The MPS is equal to the production plan, there are no past-due orders, and
                  capacity is available to meet the MPS’s load requirements.

               
               
               
               If the required capacity or load exceeds the
                  available capacity for any critical resources, the master planner can either find
                  ways to increase capacity or revise plans. If there is available capacity in other
                  periods, the load might be rebalanced. If overtime, shifting workers to other tasks,
                  hiring part-time workers, or subcontracting is not sufficient or economical, the
                  master planner may need to negotiate with sales and marketing to get them to use
                  demand management to shift demand, such as by changing the timing of a promotion and
                  using other options. Once the planner has devised a workable master production
                  schedule, it is published and is used in material requirements planning.

               
               
               
               
                  Exhibit 4-63 shows a rough-cut capacity
                  planning (RCCP) calculation example for critical resource work center 1226, which
                  processes products 1 through 3. The first part of the exhibit is the MPS for a
                  particular period (a period of time that is still far enough out from production to
                  allow some replanning). Note that the relevant data from the bill of resources and
                  the resource profile are displayed in standard hours. The overload/underload can be
                  seen in the last row of the RCCP report table. It is important to know the over- and
                  underloads before implementing the MPS, as these provide the master schedule with
                  the knowledge of the achievability of the production plan and the MPS as
                  disaggregated.

               
               
               
               
                  Exhibit 4-63: RCCP Example
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    MPS for Weeks
                                       32 to 35, in Units

                                    
                                    
                                 

                              
                           
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    Week

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    32

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    33

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    34

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    35

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Total

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Product
                                          1

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    180

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    180

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    360

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Product
                                          2

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    180

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    36

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    216

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Product
                                          3

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    144

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    144

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Total

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    180

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    180

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    180

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    180

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    720

                                    
                                    
                                 

                              
                           

                        

                     
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    Excerpt from
                                       Bill of Resources (in Standard Hours per Unit)

                                    
                                    
                                 

                              
                           
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    Week

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    32

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    33

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    34

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    35

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Product
                                          1

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    0.360

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    0.360

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Product
                                          2

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    0.310

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    0.310

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Product
                                          3

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    0.221

                                    
                                    
                                 

                              
                           

                        

                     
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    Resource
                                       Profile: Weeks 32 to 35, in Standard Hours

                                    
                                    
                                 

                              
                           
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    Work center 1226

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    32

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    33

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    34

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    35

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Total

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Product
                                          1

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    64.80

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    64.80

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    129.60

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Product
                                          2

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    55.80

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    11.16

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    66.96

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Product
                                          3

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    31.82

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    31.82

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Total

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    64.80

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    64.80

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    55.80

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    42.98

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    228.38

                                    
                                    
                                 

                              
                           

                        

                     
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    RCCP
                                       Report

                                    
                                    
                                    
                                    Adjusted Load
                                       and Capacity: Weeks 32 to 35, in Hours per Week

                                    
                                    
                                 

                              
                           
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    Work center 1226

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    32

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    33

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    34

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    35

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Total

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Standard
                                          hours

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    64.80

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    64.80

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    55.80

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    42.98

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    228.38

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Capacity
                                          available

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    58.25

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    58.25

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    58.25

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    58.25

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    233.00

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Over-/underload

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    6.55

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    6.55

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    (2.45)

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    (15.27)

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    (4.62)

                                    
                                    
                                 

                              
                           

                        

                     
                     

                  
               
               
               
               The solution in this example can be
                  arranged graphically to show the relationship between available capacity and the
                  adjusted total load on work center hours. Exhibit 4-64 displays the load profile for the example from Exhibit 4-63.

               
               
               
               
                  Exhibit 4-64: Load Profile[image: Graph showing the scheduling of an assembly work center over a span of weeks with released orders and firm planned orders against available capacity and uncommitted capacity. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               When examining this graphic, important items to
                  note include the following:

               
               
               
               
                  
                  
                  	
                     
                     
                     The orders within this range of
                        weeks have the status of released orders.

                     
                     

                  
                  
                  
                  	
                     
                     
                     There is an overload in weeks 32
                        and 33 and underload or uncommitted capacity in weeks 34 and 35.

                     
                     

                  
                  
                  
                  	
                     
                     
                     The load in weeks 32 to 35 results
                        from firm planned orders that the master scheduler has allowed as well as
                        orders that have already been released. A firm planned order prevents the
                        system from automatically rescheduling an order, and some systems require
                        all orders to be firmed up at the point where changes would have adverse
                        schedule and cost impact.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Some uncommitted capacity exists
                        in weeks 34 and 35, and we can assume that it will be consumed by orders
                        later.

                     
                     

                  
                  
                  
                  	
                     
                     
                     There is a problem with the MPS,
                        and iterative steps need to be taken to resolve the overload on work center
                        1226 and other critical work centers in the product routing. Only then will
                        the MPS be workable.

                     
                     

                  
                  

               
               
               
               In the example, the adjusted load on the
                  work center in periods 32 to 35 shows an overall net underload despite the overloads
                  in periods 32 and 33. This may indicate that a workable solution exists. A master
                  scheduler might even be tempted to just reschedule some orders in weeks 34 and 35
                  to
                  make room for the overload in weeks 32 and 33.

               
               
               
               The master scheduler works with sales to
                  decide if and which customers’ orders can be rescheduled or delayed. Finding the
                  right solution also might include temporarily increasing or decreasing capacity and
                  not allowing any more master-scheduled items into overloaded periods.

               
               
               
               A key concept is that the types of change
                  actions required to adjust the master schedule should not be unexpected. When the
                  rough-cut capacity plan identifies situations that are not as easy to fix, here are
                  some actions focused specifically on the MPS:

               
               
               
               
                  
                  
                  	
                     
                     
                     Modify MPS dates and
                        quantities.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Communicate with customers on
                        delivery flexibility.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Change available capacity.

                     
                     

                  
                  

               
               
               
               Actions can also be taken apart from the
                  MPS:

               
               
               
               
                  
                  
                  	
                     
                     
                     Shift demand to other products.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Consider revisions to the
                        production plan.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Increase sales through
                        promotions.

                     
                     

                  
                  

               
               
               
               Exhibit 4-65 traces the changes made in the MPS to a revised RCCP report.
                  It assumes that the master scheduler and sales were able to work with customers to
                  reschedule order due dates.

               
               
               
               
                  Exhibit 4-65: Revised MPS and RCCP Report[image: Three tables showing the Master Production Schedule (MPS) for weeks 32 to 35, both original and revised, along with an RCCP report detailing adjusted load and capacity in hours per week for work center 1226. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               As the exhibit shows, load is now within
                  the capacity available in weeks 32 to 35. All weeks show a slight underload. The
                  changes made to the MPS to balance load with available capacity include

               
               
               
               
                  
                  
                  	
                     
                     
                     Nineteen units of product 1
                        originally scheduled in each of weeks 32 and 33 have been set back to week
                        34.

                     
                     

                  
                  
                  
                  	
                     
                     
                     There are 38 units of product 2
                        that have been set back one week to week 35.

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            Critical Resource Utilization and
               Maintenance

            
            
            
            
               
               
               Once critical resources (e.g., bottleneck work
                  centers) are identified, they need to be managed. This can include managing which
                  work centers are considered critical for a particular period. It also includes
                  managing the work centers themselves to ensure that they can operate at full
                  capacity. This can be accomplished by maintaining strategic buffers before the work
                  center using concepts from methodologies such as demand-driven material requirements
                  planning or the theory of constraints.

               
               
               
               A core goal of rough-cut capacity planning (RCCP) is to maximize the
                  utilization and efficiency of critical work centers. Bottleneck work centers need
                  to
                  be kept in as full use as possible, and drains on their efficiency need to be
                  minimized, such as having fewer setups, shorter setup times, shorter run times, and
                  so on. Master scheduling and RCCP are the first time these factors can be assessed
                  against actual load information. Because master scheduling and RCCP are conducted
                  over a longer planning horizon than the later manufacturing planning and control
                  phases, it is at this point that there may be time to do something proactive about
                  work center capacity issues.

               
               
               
               Failing to maintain work centers out of a desire to keep them
                  fully utilized is an accident waiting to happen. Proactive maintenance schedules
                  need to be factored into capacity planning. This will necessarily reduce the
                  capacity that is available.

               
               

            
            

         
         
   
      
         
         
         
         Section E: Using and Maintaining the Master Schedule

         
         
         
         
            
            
            
               After
                  completing this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Describe the
                     master schedule process flow

                  
                  

               
               
               
               	
                  
                  
                  Use and maintain the master production schedule (MPS) by 

                  
                  
                  
                  
                     
                     	
                        
                        
                        1) planning and coordinating changes in
                           inventory levels, backlog, capacity, customer
                           orders, time fences, product and process designs,
                           and incoming supplies into the MPS; 

                        
                        

                     
                     
                     	
                        
                        
                        2) maintaining the integrity of the MPS when
                           supply or demand changes; and 

                        
                        

                     
                     
                     	
                        
                        
                        3) measuring actual performance against the MPS
                           

                        
                        

                     

                  
                  

               
               
               
               	
                  
                  
                  Understand the
                     purpose and use of time fences and the zones they
                     create

                  
                  

               
               
               
               	
                  
                  
                  Calculate projected
                     available balance with and without time fences

                  
                  

               
               
               
               	
                  
                  
                  Maintain the master
                     schedule by adjusting inventory or backlog
                     levels

                  
                  

               
               
               
               	
                  
                  
                  Measure master
                     scheduling performance using key performance
                     indicators, indicators of problems, and
                     policies/controls

                  
                  

               
               
               
               	
                  
                  
                  Evaluate and implement engineering changes 

                  
                  

               
               
               
               	
                  
                  
                  Identify the
                     consequences of not abiding by the master schedule

                  
                  

               
               
               
               	
                  
                  
                  Identify when a
                     schedule has become unrealistic

                  
                  

               
               

            
            
            
            This section addresses the master scheduling
               process flow. It also covers how master scheduling needs to maintain stability by
               differentiating between necessary change and change that reduces efficiency to too
               great a degree. The section looks at order promising, ongoing management of the
               master schedule, and how to deal with various master production scheduling
               challenges and complexities. It concludes with a discussion of how to validate the
               overall performance of the master schedule.

            
            

         
         
         
         
   
      
         
         
         
         Using the Master Schedule

         
         
         
         
            
            
            After presenting a decision flowchart for master scheduling and some
               other ways to show why and how master schedules are subject to change, we cover balancing
               supply and demand at the item level, planning and coordinating changes to the master
               schedule, time fences, and projected available balance.

            
            

         
         
         
         
         
            
            
            Master Scheduling and its Challenges

            
            
            
            
               
               
               Just as S&OP balances supply (resources) and demand (for products)
                  at the product family level, master scheduling balances supply and demand at the end
                  item/independent demand item level. The main tool to control product availability
                  is the
                  master production schedule (MPS). By using the beginning inventory and the sales forecast
                  for a particular end item, a master scheduler can calculate the amount of production
                  needed
                  per period to meet the anticipated customer demand. This calculation becomes more
                  complex in
                  a multiproduct environment, where forecast errors and capacity constraints can add
                  uncertainty to the production planning process. Maintaining a stable MPS is difficult
                  for
                  many organizations.

               
               
               
               The stability of the MPS relates to

               
               
               
               
                  
                  
                  	
                     
                     
                     The frequency of
                        changes in timing and quantity over a period for end items that appear in the
                        MPS

                     
                     

                  
                  
                  
                  	
                     
                     
                     The discipline of the
                        organization in following processes from forecasting all the way to customer
                        delivery

                     
                     

                  
                  
                  
                  	
                     
                     
                     Organizational
                        goals/objectives, particularly in the area of customer service commitments.

                     
                     

                  
                  

               
               
               
               Understanding master scheduling change drivers, the
                  basic process flow and its decision points, and how to set the planning horizon are
                  prerequisites to be able to properly maintain a master schedule. After that we introduce
                  balancing system responsiveness against system efficiency, which uses several tools
                  to
                  enable properly planning and coordinating changes to the master schedule.

               
               

            
            
            
            
               
               
               Master
                  Scheduling Change Drivers

               
               
               
               
                  
                  
                  The rate of
                     changes made to the master production schedule continues to escalate as customers
                     demand
                     more and more flexibility. There are numerous sources of changes requested that cause
                     schedule instability, from both the supply and demand side of the equation. These
                     can be
                     seen in Exhibit 4-66.

                  
                  
                  
                  
                     Exhibit 4-66: Change Drivers
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Demand

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Supply

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Competition in the marketplace. Demands
                                                driven by particular customers or groups of customers.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Variations in product
                                                   transportation. The number of times a product
                                                is moved; the number of shipping modes.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Supply chain partners. If not shipping
                                                direct to the customer, then the actions of various partners can trigger
                                                demand changes.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Sales and marketing initiatives. The
                                                impact of a marketing promotion, new packaging, incentive programs
                                                (consumer or sales).

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Quality issues in processes and products.
                                                This impacts schedule, capacity, or material.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Reliability of the supplier. If there is
                                                a change in supplier reliability, there is a cascade effect.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Supply-demand balance. The reliability of
                                                a single or limited number of suppliers can put the organization at risk
                                                if the suppliers start to fall behind.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Manufacturing flexibility. The ability of
                                                the organization to adjust to new equipment or processes; this includes
                                                the potential time it takes to get everyone trained.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Product mix. The make-up of the different
                                                end items being produced can impact the changes to production time,
                                                resources, or equipment.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Ripple effect from untimely deliveries of raw
                                                   materials. Depending on the manufacturing environment, there can be
                                                a ripple effect throughout the organization if one piece changes at the
                                                beginning of the process.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  In an effort to control and manage the volume of
                     change and limit the instability, changes to the master schedule should be carefully
                     planned and coordinated—because a stable master production schedule translates into
                     a stable component schedule. The question is, can your organization do this?

                  
                  
                  
                  Managing the master schedule over time is subject to
                     the volatility of change drivers. In addition, other trends are being seen over
                     time, such as

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The increasing rate
                           of schedule changes caused by more-demanding customers and markets

                        
                        

                     
                     
                     
                     	
                        
                        
                        The demand for more
                           and more flexible manufacturing processes and supply chain partners

                        
                        

                     
                     
                     
                     	
                        
                        
                        The increasing use
                           of advanced planning and scheduling software that provides immediate feedback as to
                           the effectiveness of the master schedule.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Master
                  Scheduling Flowchart

               
               
               
               
                  
                  
                  Master-scheduling is a neverending process; it is
                     perpetually managed in order to ensure a balance of stability and responsiveness.
                     Like sales and operations planning, the master-scheduling process is used to
                     coordinate processes and functions both inside and outside an organization. Exhibit 4-67 shows where in the process
                     the master production schedule is addressed. Notice the various feedback loops to
                     accommodate adjustments that may need to be made to the forecast.

                  
                  
                  
                  
                     Exhibit 4-67: Master Scheduling Flow[image: Flowchart depicting the master scheduling flow. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  

               
               

            
            
            
            
               
               
               Determining
                  the Planning Horizon

               
               
               
               
                  
                  
                  The planning horizon for master scheduling requires
                     information on lead times not just for end unit production but also for production
                     of components or for ordering and receiving raw materials or components that are not
                     produced or kept in inventory. The ASCM Supply Chain
                        Dictionary defines cumulative lead time as:

                  
                  
                  
                  
                     
                     
                        The longest planned length of time to accomplish an activity. It is the sum of the
                           lead time for each bill of material (BOM) path below an item. Whichever path adds
                           up to the greatest number defines cumulative lead time. Syns.: aggregate lead time,
                           combined lead time, composite lead time,  stacked lead time. See: critical path lead
                           time, planning horizon, planning time fence.
                        

                     

                  
                  
                  
                  Exhibit 4-68 is
                     basically a bill of material turned on its side to show how the various components
                     line up
                     along a 13-week time line. (The bill of material lists all of the components needed
                     to
                     make an item.) Here we use the letter A to denote the final assembly operation and
                     B
                     through G to denote various items that need to be purchased or manufactured. The planning
                     horizon is based on a study of the lead times required to acquire and/or produce
                     components. The idea is to find the longest cumulative lead time. In this case, the
                     path
                     A-C-G is the longest, with a cumulative lead time of 13 weeks.

                  
                  
                  
                  
                     Exhibit 4-68: Planning Horizon[image: Flowchart showing the lead times for different work centers labeled G, F, E, D, C, B, and A, with a timeline at the bottom indicating the weeks. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Note that, by convention, an item is due
                     for receipt at the start of the following week—the week in which it will be used as
                     an
                     input to another process. For example, item G is ordered at the start of week 1 and
                     arrives ready for use at the work center that needs to produce item C at the start
                     of week
                     11. This is 10 weeks because it includes all of week 1 and all of week 10.

                  
                  
                  
                  Even without this visual time line aid, the
                     longest cumulative lead time can be calculated by summing the lead times of each possible
                     combination of sequential activities, and the highest cumulative total is then the
                     basis
                     for the planning horizon. This will mean that when one unit of A is put on the master
                     production schedule, however many units of G needed for one A will be ordered in the
                     week
                     the order is released. The other elements can wait until the beginning of the week
                     they
                     need to be ordered, produced, or taken from inventory.

                  
                  
                  
                  In actual practice, many organizations build slack time into their
                     planning horizons, or additional lead time to provide planning room to account for
                     delays
                     or issues. The software that runs master scheduling will then have more visibility
                     into
                     supply or demand issues that come up beyond the longest lead time release date and
                     can,
                     for example, recommend expediting or de-expediting certain orders to maintain MPS
                     validity.

                  
                  

               
               
               
               
                  
                  
                  Final Assembly Schedules and Planning Horizon

                  
                  
                  
                  
                     
                     
                     Assemble-to-order products, such as computers
                        or end items that can be painted in custom colors, will require a final assembly
                        schedule. Briefly, the final assembly schedule will be the time required to assemble
                        the components needed for the specific order, not to order or produce these
                        components. This is done using the master schedule. The master schedule time horizon
                        will include the lead time needed to assemble the order plus lead times for
                        components. In Exhibit 4-68, item A is the lead time for final assembly. The specifics
                        of what will be assembled can then wait until actual orders come in, so that only
                        the components need to be ordered, produced, and/or inventoried based on component
                        forecasts.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Change Coordination

               
               
               
               
                  
                  
                  The rules created for planning and coordinating MPS
                     changes need to reflect how the organization’s current supply chain linkages and
                     manufacturing processes align with customers’ expectations. Frequent short-term
                     schedule changes are often indicators that trends in the marketplace are evolving
                     and will likely require cost-effective and flexible responses by manufacturers.
                     Adding agility to operations will require the involvement of all levels of the
                     organization to ensure that various perspectives are considered, so such changes are
                     usually considered at the S&OP level.

                  
                  
                  
                  The techniques used by the master scheduler to plan and
                     coordinate changes to the master production schedule that are discussed in this
                     general content area include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Time fences and
                           zones

                        
                        

                     
                     
                     
                     	
                        
                        
                        Calculating projected
                           available balances when time fences and zones are used

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            Time Fences and Zones

            
            
            
            
               
               
               Two
                  techniques used to reduce nervousness and handle any changes to the master production
                  schedule while still maintaining the desired level of stability are time fences and
                  zones as
                  shown in Exhibit 4-69.

               
               
               
               
                  Exhibit 4-69: Time Fences and Zones
                  
                  [image: Timeline showing frozen, slushy, and liquid planning zones managed by the executive, master scheduler, and demand manager. Demand and planning time fences mark when changes require approval across weeks 1–12. Go to long description for details.]
                  
                  
                  
                     Go to long description.
                     

                  
                  
               
               
               
               A time fence is defined by the ASCM Supply Chain Dictionary as:

               
               
               
               
                  
                  
                     A policy or guideline established to note where various restrictions or changes in
                        operating procedures take place. For example, changes to the master production schedule
                        (MPS) can be accomplished easily beyond the cumulative lead time, while changes inside
                        the cumulative lead time become increasingly more difficult to a point where changes
                        should be resisted. Time fences can be used to define these points. See: demand time
                        fence (DTF), frozen zone, hedge, planning time fence.
                     

                  

               
               
               
               Master scheduling uses time fences to determine what kind of changes
                  in volume and variety are allowed for orders as they move from order receipt through
                  to
                  production.

               
               
               
               The demand time
                     fence (DTF) is defined in the ASCM Supply Chain
                     Dictionary as:

               
               
               
               
                  
                  
                     1) That point in time inside of which the forecast is no longer included in total
                        demand and projected available inventory calculations. Inside this point, only customer
                        orders are considered. Beyond this point, total demand is a combination of actual
                        orders and forecasts. 2) In some contexts, the DTF may correspond to that point in
                        the future inside which changes to the master schedule must be approved by an authority
                        higher than the master scheduler. Beyond the DTF, the master scheduler may change
                        the master production schedule (MPS) within the limits of established rescheduling
                        rules without the approval of higher authority. See: frozen zone, option overplanning,
                        planning time fence, time fence.
                     

                  

               
               
               
               Stated more briefly, the
                  demand time fence (DTF) is like a cutoff line that decides when the planner uses real
                  orders
                  versus forecasts derived from the S&OP production plan and other inputs. The DTF also
                  indicates who has the power to change the production plan. Inside the DTF, one is
                  in the
                  frozen zone, so changes are seldom permitted. If they are made, it is only with the
                  approval
                  of senior management. The DTF usually covers the period of actual production time,
                  but this
                  duration is determined by management.

               
               
               
               The ASCM Supply Chain Dictionary defines the planning time
                     fence (PTF) as:

               
               
               
               
                  
                  
                     A point in time denoted in the planning horizon of the master scheduling process that
                        marks a boundary inside of which changes to the schedule may adversely affect component
                        schedules, capacity plans, customer deliveries, and cost. Outside the planning time
                        fence, customer orders can be booked, and changes to the master schedule can be made
                        within the constraints of the production plan. Changes inside the planning time fence
                        must be made manually by the master scheduler. Syn.: planning fence. See: cumulative
                        lead time, demand time fence (DTF), firm planned order (FPO), liquid zone, planned
                        order, planning horizon, slushy zone, time fence.
                     

                  

               
               
               
               Beyond the planning time fence (PTF), the planner may assume unconstrained capacity
                  and
                  materials. The PTF is always longer than the cumulative lead time for the product
                  and its
                  components.

               
               
               
               Between the PTF and the DTF is the
                  slushy zone. Changes here can be made by the master scheduler. The PTF is almost always
                  set
                  as the longest cumulative lead time of the product. Rough-cut capacity planning calculates
                  load out through the PTF.

               
               
               
               The planning horizon should extend
                  beyond the planning time fence. In Sales and Operations
                     Planning: The How-To Handbook, Wallace and Stahl recommend that the total planning
                  horizon should extend an extra 25 to 50 percent of time beyond the PTF. This gives
                  the
                  master scheduler visibility to demand that is approaching the PTF. The area outside
                  the PTF
                  is called the liquid zone because the ERP system can automatically make adjustments
                  as it
                  engages in planning or replanning activities.

               
               
               
               Exhibit 4-70 reviews the three zones these fences create, the implications of each zone, and
                  who would need to approve any requested changes that fall within it. Note that zone
                  names
                  may vary (e.g., emergency, trading, future planning). It is useful for organizations
                  to
                  establish zones to focus attention on what can and cannot be changed within a particular
                  zone.

               
               
               
               
                  Exhibit 4-70: Function of Zones and Time Fences
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Characteristic

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Descriptions and Implications

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Changes Approved by…

                                    
                                    
                                 
                                 

                              
                              
                           
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Frozen zone and demand time fence (DTF)
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    
                                       
                                       
                                       	
                                          
                                          
                                          The DTF
                                             creates a frozen zone, where all capacity and materials are committed to
                                             specific orders. Where to locate the demand time fence in the time horizon
                                             is a management decision.

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Since this zone is inside the DTF, changes to the MPS
                                             cannot or should not be made. Senior management approval is usually
                                             required. Rescheduling into or out of the zone is possible but
                                             discouraged. Emergency changeovers to other products (e.g., rerouting,
                                             rescheduling, additional setups) are disruptive and expensive this
                                             late.

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Only customer orders are used in calculating the
                                             projected available balance (PAB). Forecasts are ignored. Therefore, the
                                             PAB is calculated using the “Customer orders” line and the “Forecast” line
                                             is not used.

                                          
                                          

                                       
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    
                                       
                                       
                                       	
                                          
                                          
                                          Vice
                                             president of manufacturing or equivalent (rescheduling into or within
                                             zone)

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Vice
                                             president of sales (rescheduling out)

                                          
                                          

                                       
                                       

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Slushy zone and planning time fence (PTF)
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    
                                       
                                       
                                       	
                                          
                                          
                                          The planning
                                             time fence creates a middle zone that is called slushy because the master
                                             scheduler has the authority to make changes. The scheduling software will
                                             typically require MPS orders in this zone to be evaluated (i.e., it is not
                                             automatic).

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          This zone,
                                             which is between the DTF and the PTF, might be called “walking on thin ice”
                                             in that changes should be attempted only if all implications of the change
                                             have been analyzed.

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Changes to
                                             correct errors or make sales or customer changes can be relatively easy if
                                             the right components are available for the new priorities. Product mix can
                                             vary through tradeoffs within overall volume limits, with limited
                                             flexibility from overtime. Some changes will be difficult, however, since
                                             capacity is established and materials are ordered.

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          The product’s
                                             longest cumulative lead time almost always defines where the planning fence
                                             is located.

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          The PAB is
                                             calculated in this and the next zone using the higher of customer orders or
                                             the forecast.

                                          
                                          

                                       
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Master scheduler, within predetermined rules

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Liquid zone
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    
                                       
                                       
                                       	
                                          
                                          
                                          In the
                                             liquid zone outside the PTF, the scheduling software might automatically
                                             make changes without requiring input from the master scheduler, and manual
                                             changes can also be made.

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          The horizon for
                                             this zone is usually the added time beyond the cumulative lead time of the
                                             product.

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          This zone
                                             allows changes in mix and in volume. The only constraint is the limits set
                                             in the production plan.

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Customer
                                             orders and forecasts (the greater of) are considered in calculating the
                                             projected available balance.

                                          
                                          

                                       
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    No approval necessary if consistent with sales and operations
                                       plan.

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               
               
               There is a management decision point whenever a
                  purchased component is received or a manufactured component is completed—to commit
                  the item
                  as an input to the process it was intended for, to use the item as an input for some
                  other
                  item, or to put the item into inventory for general use. When this commitment is made,
                  the
                  available options are reduced and the cost incurred in purchasing or producing the
                  component
                  is accepted as a cost related to producing the item.

               
               
               
               As seen in Exhibit 4-71, an organization will have different locations for its PTFs because
                  different products will have different cumulative lead times. The exhibit also shows
                  that
                  the manufacturing environment used may impact the duration of the DTF. In this example,
                  the
                  MTO product needs to be frozen sooner, perhaps because custom products often have
                  little or
                  no sale value to a different customer.

               
               
               
               
                  Exhibit 4-71: Zones and Time Fences[image: Flowchart showing time fences and change approval levels for MTO and MTS production environments. It shows demand and planning time fences, finishing lead time, and cumulative lead time across a 12-week timeline. Go to long description for details.]
               
                  Go to long description.
                  

               
               
               
               
               Exhibit 4-72 shows the demand time fence and planning
                  time fence and the zones they create on a master scheduling grid. 

               
               
               
               
                  Exhibit 4-72: Master Scheduling Grid with Time Fences
                  
                  [image: Table showing constrained demand, customer orders, projected available balance, and MPS across periods 1–10, divided into frozen, slushy, and liquid zones separated by demand and planning time fences. Go to long description for details.]
                  
               
               
               
               Use of these zones generates stability while
                  allowing things to change as either demand changes or to correct errors such as the
                  wrong
                  quantities, wrong products, or wrong shipping dates. Since the discussion of zones
                  indicated
                  that orders versus forecast are used differently, the PAB calculations will differ
                  depending
                  on whether or not these time fences are used.

               
               

            
            
            
            
               
               
               Calculating
                  PAB When Time Fences Are Not Used

               
               
               
               
                  
                  
                  One way to coordinate master production schedule changes is to use
                     the projected available balance (PAB). If the on-hand inventory is not accurate, it
                     impacts the organization all the way to the master schedule. The formula for the PAB
                     calculation is as follows:

                  
                  
                  
                  [image: ../images/mathml_id176QB0K0FXO.png]
                  
                  
                  
                  Note that the constrained demand is the per-period demand plan for the individual
                     end item
                     based on the disaggregated S&OP production plan (disaggregated to the item level from
                     the family level). This demand has been constrained by the overall volume limits for
                     the
                     product family per the S&OP production plan. 

                  
                  
                  
                  The objective of the PAB calculation is to determine
                     the projected inventory levels and their sufficiency at the end of each period. The
                     calculation leads to decisions on whether to schedule an MPS receipt in the MPS row
                     in
                     specific periods in the planning horizon. It also allows sales and customer service
                     to
                     determine if they are able to promise shipment of orders received in the weeks throughout
                     the planning horizon.

                  
                  
                  
                  Exhibit 4-73 illustrates the importance of the PAB calculation to managing master production
                     schedule changes. Given the constrained demand shown and a level production of 10
                     units, the
                     PAB calculation tells you what your projected inventory level is at the end of each
                     period
                     and whether it is sufficient to cover the constrained demand. Note that the decision
                     to use
                     a level production plan is made at the S&OP level. In this example, the total
                     constrained demand is 43 units and the total MPS quantity for the first five periods
                     is 50
                     units. The projected available balance will increase by seven units over the five-week
                     period.

                  
                  
                  
                  
                     Exhibit 4-73: Projected Available Balance Example
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               Calculating PAB When Time
                  Fences Are Used

               
               
               
               
                  
                  
                  The use of a demand time fence requires
                     revising the formula for how to calculate the PAB; the calculation now differs according
                     to what side of the demand time fence we are on. Exhibit 4-74 has a “Customer Orders” line (also
                     called a backlog), and it shows a demand time fence after week three and a planning
                     time
                     fence after week 13. (Assume that 13 weeks is the cumulative lead time for the
                     product.)

                  
                  
                  
                  
                     Exhibit 4-74: Master Production Schedule with Demand Time Fence and Customer Orders[image: Make-to-stock chase master schedule showing constrained demand, customer orders, projected available balance, and MPS from weeks 0–16. Demand and planning time fences appear after weeks 3 and 13. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The rules for calculating the projected
                     available balance before the demand time fence follow along with examples from the
                     exhibit. (Note that in period 1, the prior period PAB will be the on-hand balance,
                     so this
                     otherwise identical formula is not shown.)

                  
                  
                  
                  [image: ../images/mathml_id174IF0470R3x.png]
                  
                  
                  
                  [image: ../images/mathml_id174IF0J6075.png]
                  
                  
                  
                  [image: ../images/mathml_id174IF0R0Z4P.png]
                  
                  
                  
                  The rules for
                     calculating the projected available balance after the demand time fence follow along
                     with
                     examples from the exhibit.

                  
                  
                  
                  [image: ../images/mathml_id175A90S30QQ.png]
                  
                  
                  
                  [image: ../images/mathml_id174IFC007GH.png]
                  
                  
                  
                  [image: ../images/mathml_id174IFC009GD.png]
                  
                  
                  
                  Adding this detail causes the PAB to change per period, and
                     it could also alter when MPS orders should be scheduled, since the PAB might not go
                     negative
                     when it would have if based only on the constrained demand. After the demand time
                     fence, the
                     constrained demand is consistently higher than the customer orders in this example,
                     so it is
                     used in each case. This will often be true, since there will tend to be fewer and
                     fewer
                     customer orders the further one goes into the future. (Customers haven’t ordered yet.)
                     However, if a large order came in that was higher than the constrained demand, this
                     would be
                     used for scheduling.

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Maintaining the Master
            Schedule

         
         
         
         
            
            
            Here we look at various fine-tuning
               techniques, which should be viewed as a menu of options from which multiple methods
               might be used together. First we address those techniques that relate to a
               particular manufacturing environment, and then we present some general techniques.
               After that we look at areas of focus for validating master production schedule
               performance: key performance indicators, indicators of issues or problems, and
               methods and policies used in master scheduling.

            
            

         
         
         
         
         
            
            
            Fine-Tuning Techniques Related to
               Environment

            
            
            
            
               
               
               Fine-tuning master
                  schedule performance is a key way to ensure that manufacturing planning and control
                  (MPC) and the organization’s operations strategy are executed successfully.
                  Techniques for fine-tuning master scheduling in specific manufacturing environments
                  include

               
               
               
               
                  
                  
                  	
                     
                     
                     Changing
                        inventory levels in make-to-stock environments

                     
                     

                  
                  
                  
                  	
                     
                     
                     Balancing
                        backlogs and capacity costs in make- and assemble-to-order
                        environments

                     
                     

                  
                  
                  
                  	
                     
                     
                     Using time
                        fences.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Changing Inventory Levels in MTS Environments

               
               
               
               
                  
                  
                  The challenge in master scheduling in a make-to-stock (MTS)
                     manufacturing environment is balancing inventory costs, customer service, and
                     production costs or efficiency. This is done by setting a targeted level for
                     customer service (order fill rates) and working to minimize inventory and production
                     costs to the degree possible at the given level of customer service. Organizations
                     have levers for controlling and adjusting inventory levels to meet their customer
                     service and financial goals, as summarized in Exhibit 4-75. These are influenced by lean manufacturing techniques.

                  
                  
                  
                  
                     Exhibit 4-75: Inventory Levels of MTS Products
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Planning and Coordinating Change
                                          Levers

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Description/Impact

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Use safety stock/safety
                                          time.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Improves customer service but
                                                increases inventory costs.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Does not affect flexibility and
                                                speed.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Shorten throughput time.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Reduces cycle time (the length
                                                of time from when material enters a production
                                                facility until it exits).

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Shortens replenishment order
                                                lead time.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Reduces inventory costs and
                                                increases flexibility.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Change stocking strategy.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Converts low-volume, low-margin
                                                products to assemble- or make-to-order.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Standardizes offerings;
                                                eliminates low-volume, low-margin products;
                                                reduces number of master-scheduled items.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Reduces inventory
                                                costs.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Improve quality.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Increases process
                                                reliability.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Shortens throughput time and
                                                reduces safety stock requirements.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Improves customer service and
                                                profit margins and reduces inventory
                                                costs.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  As seen in the
                     exhibit, faster throughput enables a reduction in replenishment order lead time,
                     which leads to lower finished goods inventory requirements and costs. In
                     combination with other productivity improvements, assemble-to-order might not
                     take much longer than make-to-stock, and it avoids the costs of stocking the
                     wrong product configurations at distribution warehouses.

                  
                  

               
               

            
            
            
            
               
               
               Balancing Backlogs and Capacity Costs in MTO and ATO
                  Environments

               
               
               
               
                  
                  
                  The
                     goal of make-to-order (MTO) and assemble-to-order (ATO) production
                     is to balance backlog levels and capacity costs while providing
                     targeted levels of customer service. In this case, customer service
                     targets will relate to short enough lead times for order promising.
                     (What is “short enough” is partly determined by customer
                     expectations and partly by what is currently feasible.) Another
                     organizational goal related to balancing backlog levels and capacity
                     is efficient use of capacity and resources. Some ways to achieve
                     these goals are shown in Exhibit 4-76.

                  
                  
                  
                  
                     Exhibit 4-76: Backlog of MTO and ATO Products
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Planning and
                                          Coordinating Change Levers

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Description/Impact

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Use optimum
                                          production planning method to achieve cost, revenue, and
                                          backlog goals.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Simulates optimal blend of
                                                chase, level, and hybrid strategies.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Optimal balance of production
                                                costs and backlog and customer service
                                                goals.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Use
                                          synchronous flow and cellular manufacturing.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Shifts from job shop to
                                                cellular process choice.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Shortens throughput time and
                                                decreases work in process.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Increases resource
                                                productivity.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Reduces backlog and improves
                                                customer service.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Standardize
                                          product offering where possible.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Especially in ATO, reduces
                                                module options and increases number of common
                                                parts.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Reduces number of
                                                master-scheduled products.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Reduces production and
                                                inventory costs.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Improve
                                          quality.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Increases process
                                                reliability

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Shortens throughput time,
                                                reduces backlog, improves customer service, and
                                                reduces inventory costs.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  As you can see, the
                     higher the backlog level, the longer it takes for an order to be fulfilled,
                     which is why reduction in throughput time has a positive impact on customer
                     service. An increase in customer service, or a decrease in backlog, requires an
                     increase in capacity and also requires a tradeoff that can be analyzed using
                     optimization analysis.

                  
                  

               
               

            
            
            
            
               
               
               Using
                  Time Fences in Different Environments

               
               
               
               
                  
                  
                  Time fences help an organization
                     meet important customer service goals such as perfect order delivery. They are
                     designed to help stabilize order management and the master production
                     schedule.

                  
                  
                  
                  The following reviews
                     time fence policies and how they can best be used to prevent or at least
                     minimize disruptions in different manufacturing environments.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Planning time fence (PTF) (slightly beyond cumulative lead
                           time)

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Inside the PTF (slushy zone), orders can be changed,
                                 and new orders are accepted and consume the constrained demand.
                                 Unexpected orders may have problems with component and capacity
                                 availability.

                              
                              

                           
                           
                           
                           	
                              
                              
                              Orders that exceed the constrained demand could
                                 require rescheduling open orders and delaying release of planned
                                 orders.

                              
                              

                           
                           
                           
                           	
                              
                              
                              Planning software allows the master scheduler to stop orders
                                 just outside the PTF from rolling into the slushy zone to allow
                                 assessment of capacity and materials impact.

                              
                              

                           
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Demand
                              time fence (DTF) (point of no return)

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Any change or new order in the frozen zone inside the DTF
                                 disrupts production.

                              
                              

                           
                           
                           
                           	
                              
                              
                              Make-to-order (MTO): The DTF is farther out, since
                                 lead time includes some purchasing as well as subassembly and
                                 assembly lead time.

                              
                              

                           
                           
                           
                           	
                              
                              
                              Assemble-to-order (ATO): The DTF is not as far out, as
                                 subassemblies (modes or options) are in stock.

                              
                              

                           
                           
                           
                           	
                              
                              
                              Make-to-stock (MTS): The DTF is very close. A customer order
                                 triggers shipment from stock.

                              
                              

                           
                           

                        
                        

                     
                     

                  
                  
                  
                  Exhibit 4-77 summarizes the types of problems that the demand time fence policy is
                     designed to prevent.

                  
                  
                  
                  
                     Exhibit 4-77: Problems DTF Should Prevent
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Manufacturing
                                          Environment

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Examples of
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                                          Policy
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                                             Return or scrapping of
                                                purchased items

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Rework or scrapping of
                                                subassemblies

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Delay in delivery of finished
                                                goods, schedules of other orders, or orders using
                                                the same capacity

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       ATO

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Rework or scrapping of final
                                                assemblies

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Higher costs and shipping
                                                delays

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       MTS

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Rerouting of shipments

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Customer returns

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            

         
         
         
         
            
            
            General Fine-Tuning Techniques

            
            
            
            
               
               
               General techniques for fine-tuning master
                  scheduling include

               
               
               
               
                  
                  
                  	
                     
                     
                     Establishing
                        criteria for accepting an unexpected new customer order or expediting an
                        existing customer order

                     
                     

                  
                  
                  
                  	
                     
                     
                     Coordinating
                        engineering configuration changes

                     
                     

                  
                  
                  
                  	
                     
                     
                     Maintaining
                        schedule integrity

                     
                     

                  
                  
                  
                  	
                     
                     
                     Understanding
                        the consequences of an unrealistic schedule

                     
                     

                  
                  
                  
                  	
                     
                     
                     Responding
                        proactively to changes in suppliers’ capabilities, availability of materials
                        or parts, timely delivery, and overall performance.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Establishing Criteria for New/Unexpected Orders or
                  Expediting

               
               
               
               
                  
                  
                  Fine-tuning the master schedule often involves the
                     weighing of choices. A master scheduler may receive change requests such as
                     “We’d like to reschedule our order” or “We have a major rush order and would
                     like to know if you can fulfill it.” What factors should be considered when
                     deciding if the organization can accommodate such requests?

                  
                  
                  
                  Exhibit 4-78 illustrates the
                     type of issues that have to be considered and who should be involved in the
                     decision-making process.

                  
                  
                  
                  
                     Exhibit 4-78: Requests to Expedite an Order or Schedule a New Order
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Key Decision
                                          Factors

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Key Issues to
                                          Consider

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Key Parties
                                          to Involve

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Is capacity available?
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Is the order within the
                                                planning time fence?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Will the order overload the
                                                schedule?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Can another of the same
                                                customer’s orders be rescheduled to offset the new
                                                one?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Can a different customer’s
                                                order be rescheduled?

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Production

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Master scheduler

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Sales

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Are materials available?
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Can suppliers provide the
                                                materials on time?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Do we have the materials needed
                                                on hand?

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Purchasing

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Master scheduler

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          How much will it cost?
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Costs of expediting materials
                                                (by air freight)?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Cost of overtime?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Will diversion of resources
                                                from other orders lead to a revenue loss?

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Material management

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Finance

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Impact on worker morale and teamwork
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Will morale suffer from the
                                                interruption of a smooth-running system?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Will efficiency also suffer
                                                from the disruption?

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Sales

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Finance

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Master scheduler

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Organization implications and advantages
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Is the customer strategically
                                                important?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Is the customer potentially a
                                                strategically important new customer?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Will additional costs result in
                                                very low profit (and is this marginal profit still
                                                better than unused capacity or other
                                                opportunities)?

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Is the revenue a net
                                                windfall?

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Production

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Master scheduler

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Sales

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Finance

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            
            
            
               
               
               Coordinating Engineering Configuration Changes

               
               
               
               
                  
                  
                  It is important for the master
                     scheduler to keep a close watch on any engineering changes, as they can be among
                     the most expensive changes in the organization. An engineering change could
                     involve people from across the organization, including production control, line
                     management, design engineering, manufacturing engineering, and purchasing.

                  
                  
                  
                  The
                     engineering control process is a technique used by the master scheduler to
                     maintain the integrity of the data that feed both into and out of the master
                     production schedule (MPS). Exhibit 4-79 details the key
                     features of the engineering change process, including the use of effectivity
                     dates to help manage the process within MPS.

                  
                  
                  
                  
                     Exhibit 4-79: Engineering Change Process
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                                          Initiation
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       When form,
                                          fit, function of a part changes

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Affected by the change
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Locating: pegging and where
                                                used help find customer orders impacted

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Part, drawing, bill of
                                                material, item master

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Engineering change notice
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Reasons for change: cost,
                                                correction, quality, reliability,
                                                serviceability

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Cost impact

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Effectivity dates: immediate,
                                                rework all units, or use all existing product
                                                before change

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Old and new part
                                                numbers

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Where-used data

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Engineering change board
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Approves and
                                          tracks changes and gets assurance of inventory
                                          dispositions using an engineering change tracking
                                          system

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            
            
            
               
               
               Maintaining Schedule Integrity

               
               
               
               
                  
                  
                  Safety stock and hedges are additional ways to positively
                     impact schedule integrity. These

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Give the master scheduler authority to make tradeoffs
                           that might be necessary to match demand and capacity in the slushy zone
                           between the demand time fence (DTF) and the planning time fence (PTF)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Enable the
                           master scheduler to see parts availability or capacity problems

                        
                        

                     
                     
                     
                     	
                        
                        
                        Create a
                           more stable MPS to prevent nervousness in material requirements
                           planning.

                        
                        

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Safety Stock

                  
                  
                  
                  
                     
                     
                     Safety stock assists the master scheduler
                        and planning software by maintaining schedule integrity. Safety stock can help meet
                        customer service level goals.

                     
                     
                     
                     Exhibit 4-80 displays a master schedule with a safety stock policy of
                        five units. In this example, going below safety stock does not automatically result
                        in an MPS order within the PTF. Instead, the system is providing an action message
                        to the master scheduler. However, the system has automatically rescheduled the
                        planned order in week 10 to week 9 to prevent the projected available balance in
                        week 9 from falling below the safety stock level. This is in line with the policy
                        of
                        allowing master planning software to reschedule orders outside the PTF.

                     
                     
                     
                     
                        Exhibit 4-80: Safety Stock with PTF Decision Rule[image: Table with constrained demand, customer orders, projected available balance, and MPS for periods 1–10 across frozen, slushy, and liquid zones, with demand and planning time fences. Go to long description for details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     Let’s examine the choices related to the
                        action message, “Reschedule MPS period 6 to period 5?” What tradeoff might be made?
                        The projected available balance in week 5 will fall below the required safety stock
                        level, to zero units if no change is approved. The risk to customer service is
                        marginal, but that risk needs to be weighed against the negative impact on the
                        stability of the MPS and on material requirements planning. Many would argue in
                        favor of stability, because the risk to customer service is relatively low—the
                        constrained demand still has units yet to be consumed in prior periods. In other
                        cases, the days of supply might not be affected much by allowing a projected use of
                        safety stock.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Hedges

                  
                  
                  
                  
                     
                     
                     The ASCM Supply Chain Dictionary defines hedge,
                        and contained within this definition are two related terms, volume hedge and product
                        mix hedge, as follows:

                     
                     
                     
                     
                        
                        
                           1) An action taken in an attempt to shield the company from an uncertain event such
                              as a strike, price increase, or currency reevaluation. 2) In master scheduling, a
                              scheduled quantity to protect against uncertainty in demand or supply. The hedge is
                              similar to safety stock, but a hedge has the dimension of timing as well as amount.
                              A volume hedge or market hedge represents excess quantities planned at the master
                              schedule or production plan level over and above the demand quantities in given periods
                              beyond a time fence such that, if the hedge is not needed, the planned quantities
                              can be rolled forward before major resources must be committed to produce the hedge.
                              A product mix hedge is an approach in which several interrelated optional items are
                              overplanned. See: option overplanning, planning bill of material (BOM), safety stock,
                              time fence, two-level master schedule.

                        

                     
                     
                     
                     A product hedge can be used when options
                        are being planned, as in final assembly scheduling. The product mix percentages may
                        be adjusted and, in total, even exceed the aggregate, or 100 percent, forecast to
                        account for individual product mix trends; then the percentages may be readjusted
                        as
                        the demand picture stabilizes or continues to change.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Understanding the Consequences of an Unrealistic Schedule

               
               
               
               
                  
                  
                  Two basic rules of master scheduling
                     hold true despite the industry:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The master
                           production schedule must be realistic.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The master
                           scheduler must fully understand the impact of the MPS on all aspects
                           inside and outside the organization.

                        
                        

                     
                     

                  
                  
                  
                  So, what happens when one or both of
                     these rules are broken? Let’s look at two scheduling mistakes.

                  
                  

               
               
               
               
                  
                  
                  Overloaded Master Schedule

                  
                  
                  
                  
                     
                     
                     A common mistake is an overloaded master
                        schedule. Most master schedulers will face this issue at some point in their career.
                        The first reaction many schedulers have is to level the load. This usually means
                        moving MPS in the early weeks to later weeks, thereby shifting the early overload
                        to
                        later periods where there’s more room. This sounds easy, but what is not often taken
                        into consideration is the customer orders that are attached to the MPSs that were
                        just moved out. This raises the question of which customer orders will be
                        re-promised. It is also necessary to determine who has the responsibility for
                        notifying or negotiating with the customer and to prompt this person to do so as
                        needed.

                     
                     
                     
                     Here are techniques for dealing with an
                        overloaded master schedule:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           
                              
                                 The five whys.
                                 
                              This is an
                                 iterative question-asking approach used to explore cause-and-effect
                                 relationships and get at the underlying cause of a problem.
                              

                           
                           

                        
                        
                        
                        	
                           
                           
                           
                              
                                 Level adjustments.
                                 
                              One hundred
                                 percent manufacturing facility utilization and labor efficiency is not
                                 realistic for most organizations. This technique adjusts the level of
                                 the master schedule to the capacity actually demonstrated and encourages
                                 incremental increases in output. Each month shows a slight increase to
                                 gradually raise the bar.
                              

                           
                           

                        
                        
                        
                        	
                           
                           
                           
                              
                                 Managing output.
                                 
                              This
                                 technique reduces the master schedule to demonstrated output and then
                                 slowly increases it to grow capacity. The gradual rise will draw
                                 attention to capacity constraints such as labor, bottlenecks, delivery
                                 issues, etc.
                              

                           
                           

                        
                        

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Wrong Planning Horizon

                  
                  
                  
                  
                     
                     
                     To obtain good planning results, the master
                        production schedule must have the proper planning horizon. If the horizon is too
                        long, the organization may have inaccurate numbers due to fluctuations in demand.
                        If
                        the horizon is too short, purchase orders will generally have to be placed in
                        less-than-normal lead time. A balance is needed. Overall, it is important to keep
                        in
                        mind that the S&OP planning horizon needs to take into consideration all
                        supply-demand lead times. It must consider those items that are
                        production-based.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Responding Proactively to Changes

               
               
               
               
                  
                  
                  Supply- and supplier-related issues can have a strong
                     effect on the master schedule. Manufacturers and their suppliers all want to operate
                     with low inventory levels and costs while maintaining high levels of schedule
                     adherence. To achieve this goal, it is critical to share information and business
                     needs with responsive suppliers on a timely basis. It enables suppliers to
                     anticipate and not just react to the supply needs of their customers. Doing so is
                     particularly valuable for master scheduling. 

                  
                  
                  
                  The
                     delivery of materials from suppliers is a vital link in the success of the
                     master scheduling process. The master production schedule assumes the
                     following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Materials
                           of the right quantity and quality will be on hand when work orders are
                           released by production control.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The
                           supplier’s capacity and ability to deliver are as stated in current lot
                           size and lead time information.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Suppliers
                           are able to react to production control requests or notices to correct
                           parts shortages or to reschedule deliveries because of slippages in the
                           schedule.

                        
                        

                     
                     

                  
                  
                  
                  Actions necessary to manage
                     supply- and supplier-related issues that affect the success of master scheduling
                     include the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              Supplier delivery capability changes.
                              
                           Monitor
                              variability in supplier capacity and adjust lead times and lot sizes as
                              necessary. Carry safety stock as necessary.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Parts availability for shop floor execution.
                              
                           Communicate
                              status of materials information to suppliers (for example, by material
                              requirements planning exception reports and action messages) to prevent
                              shortages.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Production schedule slippage.
                              
                           Communicate
                              schedule requirements and changes effectively by sharing the master
                              schedule with suppliers. For example, faxing or emailing purchase-order
                              change actions enables suppliers to react to but not see the
                              manufacturer’s internal scheduling constraints.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Supplier performance.
                              
                           Execute
                              effective supplier selection and collaboration processes.
                           

                        
                        

                     
                     

                  
                  
                  
                  In many cases, organizations engage each of the techniques
                     described above at different levels of specificity. Note that not all the
                     techniques reviewed are equally advantageous for all environments. The ultimate
                     goal for the organization is to synchronize operations and become more effective
                     and efficient.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Master Scheduling Performance

            
            
            
            
               
               
               Here we discuss how to measure and control performance for
                  the master scheduling process, including key performance indicators (KPIs) to use,
                  problem indicators (red flags) to look out for, and the role of policy and
                  procedure.

               
               

            
            
            
            
               
               
               KPIs
                  for Master Scheduling

               
               
               
               
                  
                  
                  Measurements are the feedback loop to
                     both performance and improvement in general. The master production
                     schedule (MPS) is one of the most important processes in
                     manufacturing planning and control, and therefore it should be
                     subject to robust measurements to drive performance and improvement.
                     Two main performance measurements related to master scheduling from
                     a supply-side perspective are customer service (on-time delivery)
                     and the S&OP production plan (achievement of the aggregate plan
                     approved through sales and operations planning). From a revenue plan
                     perspective, sales and marketing will also be held accountable for
                     meeting the sales plan.

                  
                  
                  
                  High
                     levels of customer satisfaction generally are a good indicator of successful
                     master scheduling. It is important to focus on the factors that contribute to
                     excellent master scheduling performance and eventually the excellent service
                     that customers experience. These factors also influence how well master
                     scheduling supports the business plan in terms of revenue and inventory
                     goals.

                  
                  
                  
                  The following is a select list of key performance
                     indicators (KPIs) that ultimately define customer service and
                     satisfaction. The measures are in four groups and focus on internal
                     performance, external impact on customers, and financial
                     performance.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        MPS
                           aggregate performance

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Variance of the sum of MPSs from the S&OP
                                 production plan by product family; detail by
                                 product family to facilitate identification of
                                 problem areas

                              
                              

                           
                           
                           
                           	
                              
                              
                              Variance of rough-cut capacity planning from the resource plan
                                 at the S&OP level

                              
                              

                           
                           
                           
                           	
                              
                              
                              Variance of the master schedule from the financial plan or
                                 budget

                              
                              

                           
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        MPS
                           stability

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Percentage of MPS orders that change

                              
                              

                           
                           
                           
                           	
                              
                              
                              Percentage of orders past due

                              
                              

                           
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        MPS lead
                           time

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Percentage of planned orders that violate time fence
                                 rules

                              
                              

                           
                           
                           
                           	
                              
                              
                              Reduction in customer lead times over a period of time

                              
                              

                           
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        MPS
                           execution

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Percentage of perfect orders

                              
                              

                           
                           
                           
                           	
                              
                              
                              Line-item fill-rate percentage

                              
                              

                           
                           

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Problem Indicators

               
               
               
               
                  
                  
                  Knowing
                     what can go wrong in master scheduling helps to establish a system of
                     performance improvements and measures. This category addresses symptoms of
                     chronic or emerging problems that should be detected because they raise red
                     flags. Once detected, they need to be corrected.

                  
                  
                  
                  A representative list could include the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              Unreliable delivery promises.
                              
                           These create
                              credibility problems among customers. Causes
                              include unrealistic delivery promises and poor
                              communication between sales and master
                              scheduling.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Persistent past-due orders.
                              
                           Past-due
                              orders are a symptom of overloaded master
                              production schedules and inadequate capacity
                              planning.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Excess inventory.
                              
                           Excess inventory can
                              result from inaccurate forecasts, but it could instead indicate that the master
                              scheduler does not have a good handle on a changing business (e.g., poor or
                              nonexistent S&OP, faulty assumptions).
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              High rate of schedule changes.
                              
                           These are
                              symptomatic of the absence of time fence policies
                              and poor anticipation of customer needs.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Top management intervention.
                              
                           Top
                              management intervention is a sign of a lack of
                              master scheduling discipline and undermines the
                              schedule.
                           

                        
                        

                     
                     

                  
                  
                  
                  It is important to note that
                     these problems might not be fully attributable to master scheduling. Schedule
                     execution issues also contribute to master scheduling problems.

                  
                  

               
               

            
            
            
            
               
               
               Key
                  Policies and Procedures

               
               
               
               
                  
                  
                  Key policies
                     and procedures are important in setting performance expectations. The following
                     are some of the more significant ones:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The role
                           of the master scheduler is clearly defined, and his or her
                           decision-making authority is clearly understood.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The role
                           of master scheduling in disaggregating the production plan is clearly
                           understood and carried out.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Senior
                           management has a collaborative approach to solving scheduling conflicts
                           among production, sales and marketing, finance, and the master
                           scheduler.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Time
                           fences are used to manage changes to the master schedule, especially to
                           control the number of schedule changes. This translates to stable
                           component schedules and adherence to order promise dates.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Lot size,
                           safety stock, lead time, forecast consumption, forecast revisions,
                           control of the master production schedule using firm planned orders, and
                           other planning procedures are clearly defined and updated.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Rough-cut
                           capacity planning and advanced planning and scheduling procedures are in
                           place.

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Section F: Material Requirements Planning

         
         
         
         
            
            
            
               After
                  completing this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Describe the
                     treatment of service parts in MRP systems

                  
                  

               
               
               
               	
                  
                  
                  Describe the
                     manufacturing environment conditions under which MRP is favored for material
                     planning

                  
                  

               
               
               
               	
                  
                  
                  Understand how MRP
                     can help lean systems provide visibility to suppliers or help with
                     longer-term planning.

                  
                  

               
               
               
               	
                  
                  
                  Design MRP planning
                     horizons and time buckets or use of bucketless systems

                  
                  

               
               
               
               	
                  
                  Manage relevant material requirements plan input and
                     data sources 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Describe MRP inputs

                        
                        

                     
                     
                     	
                        
                        
                        Review, validate, and utilize item master data
                           and MRP parameters as required to support the
                           material planning process 

                        
                        

                     
                     
                     	
                        
                        
                        Review, validate, and utilize MPS output
                           driving MRP 

                        
                        

                     
                     
                     	
                        
                        
                        Review, validate, and utilize engineering data
                           for bills of material (BOMs)

                        
                        

                     

                  

               
               
               
               	
                  
                  
                  Describe the use
                     of where-used and pegging reports in the MRP process

                  
                  

               
               
               
               	
                  
                  
                  Describe how MRP
                     uses various bills of material (BOMs)

                  
                  

               
               
               
               	
                  
                  
                  Utilize BOMs for multilevel time-phased requirements and
                     create long-rage and short-range material plans that
                     support company needs and supplier constraints 

                  
                  

               
               
               
               	
                  
                  
                  List examples of
                     planning factors that affect material planning

                  
                  

               
               
               
               	
                  
                  
                  Explain the
                     importance of an effective item numbering system

                  
                  

               
               
               
               	
                  
                  
                  Distinguish
                     between significant and non-significant item numbering systems

                  
                  

               
               
               
               	
                  
                  
                  Describe MRP
                     outputs (e.g., planned order releases, action messages)

                  
                  

               
               
               
               	
                  
                  
                  Maintain MRP using
                     regeneration or net change

                  
                  

               
               
               
               	
                  
                  
                  Utilize the MRP time-phased record (MRP grid) to
                     calculate and display gross requirements, scheduled
                     receipts, projected available balances (PABs), net
                     requirements, planned order receipts, planned order
                     releases, and firm planned orders (FPOs) 

                  
                  

               
               
               
               	
                  
                  
                  Describe MRP
                     planning logic, including BOM explosions, low-level coding, offsetting lead
                     time, and gross to net requirements

                  
                  

               
               
               
               	
                  
                  
                  Review and manage system feedback, such as action
                     messages, to implement the appropriate adjustments
                     and bottom-up replanning to balance supply and
                     demand 

                  
                  

               
               
               
               	
                  
                  
                  Manage closed-loop MRP with master planning, final
                     assembly, and configuration processes to monitor
                     material availability with demand quantities,
                     timing, and priorities 

                  
                  

               
               
               
               	
                  
                  
                  List examples of metrics used to evaluate MRP
                     performance.

                  
                  

               
               

            
            
            
            Here we focus on material requirements
               planning, including its process, its major features, and its use in
               material planning. This includes actions taken to maintain the
               priority plan and to improve the MRP process. The section covers how
               MRP differs based on manufacturing environment and MRP system
               choices, designing the MRP system and key factors that affect system
               design (e.g., processing frequency, reporting requirements), MRP
               inputs and outputs such as action alerts, using MRP and the
               automated process behind the MRP grid, maintaining and evaluating
               MRP (problem-solving approaches and metrics).

            
            

         
         
         
         
   
      
         
         
         
         MRP
            Overview and Design

         
         
         
         
            
            
            Here we define
               material requirements planning (MRP), place it in context, and describe
               its purposes and uses. We discuss how MRP can be used to complement
               lean manufacturing systems for proactive planning. Then we focus
               on the design of key MRP parameters that affect the system’s operation,
               including the planning horizon, time buckets, and replanning frequency.

            
            

         
         
         
         
         
            
            
            MRP Overview

            
            
            
            
               
               
               The ASCM Supply Chain Dictionary defines material
                     requirements planning (MRP) as:

               
               
               
               
                  
                  
                     A set of techniques that uses bill of material (BOM) data, inventory data, and the
                        master production schedule (MPS) to calculate requirements for materials. It makes
                        recommendations to release replenishment orders for material. Further, because it
                        is time phased, it makes recommendations to reschedule open orders when due dates
                        and need dates are not in phase.
                     

                  

               
               
               
               The basic function
                  of MRP is to transform independent (forecasted) demand into dependent
                  (calculated) demand.

               
               

            
            
            
            
               
               
               Objectives of MRP

               
               
               
               
                  
                  
                  What does MRP need
                     to accomplish to be considered successful? Any MRP system will need
                     to enable both planning and control.

                  
                  
                  
                  First, MRP systems need to determine material
                     requirements precisely in terms of what, how much, and when. This
                     includes determining specific quantities to pull from inventory
                     versus what to order, when to order it, and when to schedule delivery.

                  
                  
                  
                  Second, since real
                     systems are dynamic rather than static, MRP must adapt to changing
                     priorities. This involves keeping priorities current as well as
                     enabling planners to control those priorities. Keeping priorities
                     current means that if quantities or due dates change in the master
                     production schedule due to changes in supply or demand, if errors
                     are discovered, or if there are problems with execution such as equipment
                     failure or late deliveries, the MRP system will be able to update
                     the myriad details related to the change in a reasonable amount
                     of time. Controlling priorities means that planners should have
                     the ability to expedite or de-expedite orders (move them up or back
                     in priority) and add, change, and cancel orders as needed.

                  
                  

               
               

            
            
            
            
               
               
               MRP Interfaces and Functions

               
               
               
               
                  
                  
                  
                     Exhibit 4-81: Manufacturing Planning and Control[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Note
                     how MRP is the final step in priority planning, as shown in Exhibit 4-81.
                     The functions of MRP are to

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Plan and control inventories, including
                           what must be ordered, in what quantities, and in what time frame
                           (the order due date).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Plan and control order releases to ensure
                           that delivery due dates are met and to maintain validity of due
                           dates.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Provide accurate input regarding planned
                           orders for the capacity planning process.

                        
                        

                     
                     

                  
                  
                  
                  This allows an
                     organization using MRP to

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Ensure the availability of materials/components
                           for production and finished goods for customers. This increases
                           customer service and revenue and decreases costs associated with
                           changeovers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Reduce inventory by phasing itemized inventory
                           with production needs. Lower inventory costs enable the organization
                           to invest in other activities, including lowering prices and improving
                           competitiveness.

                        
                        

                     
                     

                  
                  
                  
                  As the definition of MRP stated, another major function
                     of the MRP system is to manage shifting priorities that result from the inevitable
                     changes in demand and supply and manufacturing conditions. Constrained demand plans
                     may change. Delivery dates to customers may be advanced. Mistakes in orders may be
                     discovered. Suppliers may be late or may not deliver sufficient quantities. Scrap
                     rates may vary from expectations. The MRP system must be able to create and maintain
                     a current component priority plan that supports the requirements of the MPS. 

                  
                  
                  
                  When MRP is part of such an overall system, it is called closed-loop MRP, which the ASCM Supply
                        Chain Dictionary defines as: 

                  
                  
                  
                  
                     
                     A method of material requirements planning (MRP) that incorporates production planning,
                           sales and operations planning (S&OP), master scheduling, and capacity requirements
                           planning (CRP). Once the initial planning phase is completed and the plans have been
                           accepted as realistic and attainable, the execution processes come into play. These
                           include the control processes of input-output control and detailed scheduling and
                           dispatching. Feedback is received on actual performance to the plans, which is then
                           used to re-evaluate the plans in order to keep them valid.

                     

                  
                  
                  
                  Building in these feedback processes with MRP, master planning, final assembly, and
                     configuration processes helps professionals responsible for MRP monitor material
                     availability with demand quantities, timing, and priorities.

                  
                  
                  

               
               

            
            
            
            
               
               
               MRP
                  and Dependent Demand

               
               
               
               
                  
                  
                  MRP is
                     used with dependent demand rather than independent demand. The requirements
                     for items with independent demand are established through master scheduling.
                     For example, the inventory of the fast fashion retailer has primarily independent
                     demand, since clothing is a finished good. Dependent demand items
                     such as fabric are used in the production of finished items. The
                     amount of inventory depends on the requirements of the finished
                     item design (its bill of materials) and the number of finished items
                     ordered.

                  
                  
                  
                  Some items
                     will have both dependent and independent demand. Service or replacement
                     parts are key examples. In this case, the MRP system is used to
                     schedule production for both types of demand.

                  
                  
                  
                  Note also that
                     the nature of demand for dependent items can vary. In industries
                     such as petroleum refining, demand is constant and relatively stable.
                     In an auto manufacturing plant, demand is intermittent for various
                     models, and supply will likewise be intermittent since various models
                     can be run on the same line. Demand for these models is therefore
                     intermittent or “lumpy.” Some industries and items may have lumpier
                     demand than others, and inventory declines in steps that are irregular
                     in interval and quantity.

                  
                  
                  

               
               

            
            
            
            
               
               
               MRP
                  in Push Versus Pull Systems

               
               
               
               
                  
                  
                  MRP is more commonly used in certain manufacturing
                     environments—primarily those with push rather than pull systems and with dependent
                     demand rather than independent demand. Pull systems include the kanban system used
                     in lean.

                  
                  
                  
                  From a material control standpoint, the ASCM Supply Chain
                        Dictionary defines these two basic types of systems as follows.

                  
                  
                  
                  
                     
                      Push system: 1) In production, the production of items at
                           times required by a given schedule planned in advance. 2) In material control, the
                           issuing of material according to a given schedule or the issuing of material to a
                           job order at its start time. 3) In distribution, a system for replenishing field
                           warehouse inventories in which replenishment decision-making is centralized, usually
                           at the manufacturing site or central supply facility. See: pull
                           system.

                     
                     Pull system: 1) In production, the production of items
                           only as demanded for use or to replace those taken for use. See: pull signal. 2) In
                           material control, the withdrawal of inventory as demanded by the using operations.
                           Material is not issued until a signal comes from the user. 3) In distribution, a
                           system for replenishing field warehouse inventories in which replenishment decisions
                           are made at the field warehouse itself, not at the central warehouse or
                           plant.

                     

                  
                  

               
               

            
            
            
            
               
               
               MRP in Pull Systems

               
               
               
               
                  
                  
                  A common misconception is that
                     if an organization adopts lean manufacturing principles, which is
                     a pull system, it would then abandon master scheduling and material
                     requirements planning, which are primarily push systems. Lean still
                     needs a master schedule, and, while it is true that MRP is no longer
                     used to schedule production of dependent demand items on a daily
                     basis, MRP systems are still often necessary to provide forward
                     visibility to suppliers and for internal planning purposes. Lean
                     often still relies on MRP to plan longer-term elements such as capacity (e.g.,
                     labor staffing). This information on capacity would otherwise be
                     lacking in a lean system.

                  
                  
                  
                  Lean systems react only to demand signals, but they react
                     quickly by design, which reduces lead times. Responding to actual demand prevents
                     producing things that are not truly in demand, and this decreases inventory levels,
                     but a reactive system will still need some method of planning for engineering or
                     product configuration/bill-of-material changes, which MRP can do. MRP systems can
                     also complement lean by planning complex products with variable demand. MRP can be
                     used to provide sufficient notice to suppliers to ensure that they have sufficient
                     capacity to make the required components when the demand signals occur. The MRP
                     system then is used to translate the master production schedule into longer-term
                     demand for various components that will likely be needed.

                  
                  
                  
                  Another use of MRP in lean
                     manufacturing is for lot or item tracking. Many end items require
                     a chain of custody to be established, such as for proof that a certain percentage
                     of components were made in a particular country or for health and
                     safety data such as on pharmaceuticals tracked by lot. Without an
                     MRP system, a lean system would have much more difficulty tracking
                     which components went into which end items. The MRP system can serve
                     as a data management tool to track the origins of parts placed in
                     a lean system’s supermarket inventory system.

                  
                  
                  
                  In some cases, MRP-based systems may
                     incorporate some features from lean. Today’s enterprise resources planning (ERP)
                     systems may incorporate and apply the best features of both methods. Many ERP
                     systems have repurposed MRP functionality to respond to pull signals from the shop
                     floor. This ERP functionality has the following attributes:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Order point logic that responds to downstream
                           demand signals to release material

                        
                        

                     
                     
                     
                     	
                        
                        
                        Lot-size calculator that determines kanban
                           quantities based on processing variables such as scrap, setup, and
                           run time per unit

                        
                        

                     
                     
                     
                     	
                        
                        
                        Shop floor data collection based on bar
                           coding of material into and out of workstations to determine work-in-process
                           and electronic reporting of the “up” status of workstations and
                           demand for materials to the ERP system

                        
                        

                     
                     
                     
                     	
                        
                        
                        Portals that enable suppliers to upload
                           planning parameter data, such as lead time, scrap, and production
                           status data

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            MRP Design

            
            
            
            
               
               
               Material requirements planning (MRP)
                  design choices include what the planning horizon should be and whether to use a
                  bucketed or bucketless system.

               
               

            
            
            
            
               
               
               MRP
                  Planning Horizon

               
               
               
               
                  
                  
                  It is assumed that when an item is scheduled in the master
                     production schedule (MPS), it is placed in a planning horizon that is at least as
                     far out into the future as the cumulative lead time for the end item. This enables
                     MRP to plan the release and receipt of all purchased and assembled components in
                     time for the final assembly to be completed by the required planned order receipt
                     date.

                  
                  
                  
                  As in master scheduling, the MRP
                     planning horizon should be at least as long as the cumulative lead time of the
                     end item being planned. In fact, planners like to see planned orders just beyond
                     the planning time fence to monitor future requirements.

                  
                  

               
               
               
               
                  
                  
                  Bills of Material and Multilevel Time-Phased
                     Requirements

                  
                  
                  
                  
                     
                     
                     Overly long planning horizons are a problem
                        as they can result in plans that lack stability. The further we go into the future,
                        the more we encounter unexpected events that force changes to the material plan.
                        Forecasts also become more and more inaccurate the longer the time frame. Therefore,
                        every effort should be made to reduce component lead times to result in the shortest
                        feasible planning horizon.

                     
                     
                     
                     MRP must reflect the realistic lead time for all components.
                        Multilevel bills of material list all the components that make a product along with
                        their quantities as well as the lower level(s) of subcomponents. With multilevel
                        bills, an MPS-scheduled item that has an insufficient planning horizon can result
                        in
                        some adverse consequences:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           When bills of material are exploded,
                              the impact of the unrealistically short planning horizon is felt most at the
                              lowest level. The available lead time will be less than the required lead
                              time offset. Expediting, which drives up costs, will be necessary.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Unrealistically short planning
                              horizons may prevent companies from taking advantage of economic lot
                              sizes.

                           
                           

                        
                        

                     
                     
                     
                     Instead, when planning horizons consider multi-level time phased requirements, this
                        enables material planners to make long-range and short-range material plans that
                        support both company needs and supplier constraints.

                     
                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Bucketed MRP Systems

               
               
               
               
                  
                  
                  MRP summarizes a
                     number of days of data in time buckets. In most industries, these buckets
                     reflect days or weeks. There may be a mix of different lengths to permit both
                     short- and long-term planning. For example, the buckets may be daily for the
                     first few weeks, weekly for the next few months, and monthly for the final
                     months of the planning horizon. A service environment such as a restaurant could
                     even have more detailed buckets at the short-term end, such as buckets that help
                     differentiate requirements for breakfast, lunch, and dinner
                     periods.

                  
                  

               
               

            
            
            
            
               
               
               Bucketless MRP
                  Systems

               
               
               
               
                  
                  
                  Bucketless MRP systems are far more commonly used than
                     bucketed systems. In bucketless MRP, the planning bucket is one day and only days
                     with associated events are displayed. The system will process and display demand and
                     planned order quantities by date rather than by longer buckets of time. Only dates
                     that contain relevant information are shown. (Days where no events occur are omitted
                     from the display.) If a specific action is required, the system specifies the exact
                     date rather than just listing the week in which it needs to be done. This decreases
                     some of the problems caused by timing and allows more precise maintenance of lead
                     times. In this way, it enables more accurate time phasing of activities. For these
                     reasons, bucketless MRP systems are more popular than bucketed MRP systems, but
                     bucketed systems are still a good tool to use in learning the logic of MRP, since
                     the logic is the same in either case.

                  
                  
                  
                  In Exhibit 4-82
                     below, you can see an example of a bucketless system for part number 12345. Here we
                     can see that the MRP grid omits June 2, as there are no actions scheduled for that
                     day. All actions are given their own row in the grid.

                  
                  
                  
                  
                     Exhibit 4-82: Bucketless MRP Example[image: A table displaying inventory transactions for Part Number 12345 over several days in June, showing Forecasts, Customer Orders, MPS Receipts, and Planned MPS Receipts along with quantities and PAB. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  

               
               

            
            

         
         
   
      
         
         
         
         MRP
            Inputs, Process, and Outputs

         
         
         
         
            
            
            Here we address the
               inputs, process, and outputs of material requirements planning.

            
            

         
         
         
         
         
            
            
            MRP Inputs, Process, and Outputs
               Overview

            
            
            
            
               
               
               Because
                  of the complex interactions of dependent inventory items and the
                  dynamic nature of inventory levels, material requirements planning
                  (MRP) is implemented through software, either stand-alone applications
                  or processes integrated into enterprise resources planning (ERP)
                  applications. This content aims at helping you understand what is
                  happening in the background of such automated systems. Understanding
                  how the system works, even if many things are automated, may help, for
                  example, when tracking down the root cause of an error.

               
               
               
               Exhibit 4-83 shows MRP as a process with inputs and outputs. In planning,
                  MRP looks for data that will identify what to order (the parts indicated in the
                  bills of material), how much to order (rules in the planning factors), and when to
                  release the order and schedule receipt (the master production schedule and lead time
                  data—part of the planning factors). To avoid the issue of garbage in, garbage out,
                  review and validate inputs on quantities, sources, priorities, customer orders,
                  constrained demand, and time phasing of product demand.

               
               
               
               
                  Exhibit 4-83: MRP Inputs and Outputs[image: Diagram showing MRP: inputs (master production schedule, bills of material, inventory data, planning factors) flow into MRP, producing outputs (planned production order releases, action messages, planned purchase order releases).]
               
               
               
               
               The master production
                  schedule (MPS) is the key input to MRP. The MPS is a line on the
                  master schedule that reflects the anticipated build of finished
                  goods across a number of periods (the planning horizon). It results
                  from the alignment of organizational strategy, demand forecasts,
                  production plans, material and capacity availability, and existing
                  inventory. It contributes to MRP time-phased gross requirements
                  across the planning periods.

               
               
               
               MRP outputs include planned production orders for
                  internally manufactured or transformed items, planned purchase orders for purchased
                  items, and action messages such as warnings or exceptions. Note that MRP and ERP
                  systems can vary, and the system you are familiar with may do these tasks in
                  different ways.

               
               

            
            
            
            
               
               
               Inputs

               
               
               
               
                  
                  
                  MRP reviews, validates, and uses a broad range of input
                     data as shown in Exhibit 4-84.

                  
                  
                  
                  
                     Exhibit 4-84: Data Requirements for MRP
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       MRP Data Requirements

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Item number

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Item description

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Stock locations

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             On-hand balances at each location

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             On-order information by due date

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Reorder and safety stock information

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Usage

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Unit of measure

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Classification information (i.e., ABC)

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Source code

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Lead time

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  Bills
                     of material, planning factors, and inventory data are sources for
                     the inputs in the above exhibit. The inventory data input is split
                     into planning factors (static information that changes rarely) and
                     inventory status (dynamic information that is updated after any
                     related transaction occurs). Exhibit 4-85 shows
                     the MPS as the primary input plus these other inputs. In addition
                     to a description, the exhibit indicates where these records might
                     be found.

                  
                  
                  
                  
                     Exhibit 4-85: Inputs to Material Requirements Planning
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Input

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Description

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Source

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Master
                                          production schedule

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       End-item
                                          quantities and due dates in the form of planned and scheduled orders

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Master
                                          schedule

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Bills
                                          of material

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Specific
                                          quantity of each uniquely identified part required to make one item

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Product
                                          structure file

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Planning
                                          factors

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Static
                                          inventory data:

                                       
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Lot size

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Unit of measure

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Lead
                                                time

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Yield
                                                and scrap factors

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Safety
                                                stock level

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Item master

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Inventory
                                          status

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Dynamic
                                          inventory data for components and end items:

                                       
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             On hand

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Allocated

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             On
                                                order (and due date)

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Inventory record

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  The ASCM Supply Chain Dictionary
                     defines the item record as:

                  
                  
                  
                  
                     
                     The master record for an item that typically contains identifying and descriptive
                           data and control values (lead times, lot sizes, etc.). It may also provide data about
                           inventory status, requirements, planned orders, and costs. Item records are linked
                           by bill-of-material records (or product structure records), thus defining the bill
                           of material (BOM). Syns.: item master, part master record, part record.

                     

                  
                  
                  
                  While the definition states that the item record may
                     contain additional data such as inventory status, these things are more commonly
                     linked to the item record. In addition to these primary sources of input, MRP
                     systems may also accept independent demand orders for things such as spare parts.
                     While the primary purpose of MRP is to calculate dependent demand, when there is
                     independent demand for the same components already being scheduled, this is also
                     handled by MRP.

                  
                  

               
               

            
            
            
            
               
               
               Process
                  and Outputs

               
               
               
               
                  
                  
                  MRP
                     takes the end-item due dates and quantities from the master production schedule
                     and the other inputs just discussed and creates a time-phased priority
                     plan for the component parts. This plan proposes order release dates
                     and the corresponding order receipt dates for purchasing and production.
                     The plan also schedules final assembly operations.

                  
                  
                  
                  This priority plan
                     takes the form of net requirements (requirements after accounting for
                     what is already in inventory), planned order receipts (due dates
                     for components), and planned order releases (when the component
                     needs to be ordered or production started based on its lead time).

                  
                  
                  
                  These outputs become
                     inputs to purchasing and production activity control (PAC). While
                     the release and receipt dates for orders are provided as inputs,
                     purchasing and PAC managers will determine how to implement and
                     control these orders. When purchasing professionals decide to release
                     planned orders, it results in sending purchase orders to suppliers.
                     When PAC professionals decide to release planned orders, it results
                     in sending manufacturing orders (also called shop orders or open shop
                     orders) to the factory.

                  
                  
                  
                  Now
                     let’s look at the MRP inputs, process, and outputs in more detail.

                  
                  
                  

               
               

            
            

         
         
         
         
            
            
            MRP Inputs: Bills of Material

            
            
            
            
               
               
               Material requirements
                  planning (MRP) must calculate the requirements for each item in
                  a product in a time-phased manner—in other words, when it will be
                  used in the manufacturing process. This information is provided
                  by the bill of material (BOM) and/or the product structure. These
                  documents get most of their data from the underlying engineering
                  data.

               
               
               
               The ASCM Supply Chain
                     Dictionary defines a bill of material
                     (BOM) as:

               
               
               
               
                  
                  
                     1) A listing of all the subassemblies, intermediates, parts, and raw materials that
                        go into a parent assembly as well as the quantity of each item required to make an
                        assembly. It is used in conjunction with the master production schedule (MPS) to determine
                        the items for which purchase requisitions and production orders must be released.
                        A variety of display formats exists for BOMs, including the single-level BOM, indented
                        BOM, modular (planning) BOM, transient BOM, matrix BOM, and costed BOM. 2) A list
                        of all the materials needed by a contract manufacturer to make one production run
                        of a product’s piece parts or components for its customers. The BOM may also be called
                        the formula, recipe, or ingredients list in certain process industries. See: formula.
                     

                  

               
               
               
               Bills of material
                  are among the most crucial documents in manufacturing organizations
                  simply because of the extraordinary logistical complexity required
                  to orchestrate the flow of materials in making a product. Setting
                  up bills of material correctly and keeping them up to date will
                  go a long way toward making this difficult task appear easy and
                  seamless.

               
               
               
               Material requirements planning determines
                  how many of which components are needed to build each end item in the master
                  schedule by referencing each item’s bill of material (BOM). This is called
                  “exploding the BOM.”

               
               
               
               BOM accuracy and detail is possibly even more important than
                  inventory balance integrity. If the bill of material has the wrong components, the
                  cost of rework and delays can be extensive. 

               
               
               
               The BOM is impacted by the item master record. Because
                  one of the primary functions of the BOM is to ensure that the product is built
                  right, it is important to include specific product-related data in the BOM. The
                  following are examples of the data that should be included.

               
               
               
               
                  
                  
                  	
                     
                     
                     
                        
                           BOM level.
                           
                        Link each
                           part or assembly to a number to detail where it fits within the
                           hierarchy of the BOM. This allows any employee with a basic
                           understanding of the BOM structure to be able to quickly decipher the
                           BOM.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Part number.
                           
                        Record the
                           part number of each part or assembly in order to reference and identify
                           the parts quickly.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Part name.
                           
                        Record the
                           unique name of each part or assembly. This will help employees identify
                           the parts more easily.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Description.
                           
                        Provide a
                           detailed description of each part that will help employees distinguish
                           between similar parts and identify specific parts more easily.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Quantity.
                           
                        Record the
                           number of parts to be used in each assembly or subassembly to help guide
                           purchasing and manufacturing calculations, decisions, and
                           activities.
                        

                     
                     

                  
                  

               
               
               
               Note that the
                  part name and description are all part of the item master and are
                  not created at the time the BOM is developed. This information is
                  pulled to the BOM from the data files.

               
               
               
               Some concepts related
                  to all types of bills are discussed next.

               
               

            
            
            
            
               
               
               Translating Engineering Data into BOMs

               
               
               
               
                  
                  
                  Engineering data includes a full description and drawings of the
                     product, its components, tolerances, material requirements, and finishes. These data
                     will provide a summarized parts list that includes all the parts required to
                     manufacture one unit of the product. This summary, however, does not show the
                     relationships and groupings within the parts or the order in which an end product
                     will be produced. In other words, this wealth of information is not in a format that
                     is easy to interpret for manufacturing or purchasing, so the key data need to be
                     translated into a multilevel BOM, sometimes called an engineering BOM. All
                     manufacturers building products, regardless of the industry, need to create a BOM.
                     Engineering data and drawings may provide information on

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Part
                           interdependencies (parent/child relationships)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Estimated
                           or standard production lead times

                        
                        

                     
                     
                     
                     	
                        
                        
                        Engineering
                           changes.

                        
                        

                     
                     

                  
                  
                  
                  A BOM includes effectivity dates, both “from” and “to,”
                     to indicate when the information is valid. This allows engineering changes to be
                     proactively scheduled. The MRP notes these dates and plans accordingly. In the event
                     that a BOM is changed—for example, a new component with a new number is
                     introduced—the MRP system will automatically phase out the old part and phase in the
                     new one.

                  
                  

               
               

            
            
            
            
               
               
               BOMs and Manufacturing Environment

               
               
               
               
                  
                  
                  It is important to remember that for
                     a bill of material to support material requirements planning it must be consistent
                     with the way in which the product is being manufactured. BOMs used for ATO/MTO
                     products will use a planning bill at the master scheduling level as discussed as
                     part of master scheduling, but then will substitute a type of BOM discussed in this
                     area to produce a specific product configuration. 

                  
                  
                  
                  The BOM used for MTS and MTO end items or products is a grouping
                     of components structured to show parent-component relationships down to the lowest
                     level. It lists all the components and quantities needed. 

                  
                  
                  
                  Since MPS is a build
                     schedule, the BOM must be stated in terms that relate to a producible product (not
                     dollars or other global units of measure), which vary by environment. 

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        For make- or engineer-to-order (MTO/ETO), this would be common raw materials,
                           and the final assembly schedule (FAS) would be end items by specific
                           customer order. 

                        
                        

                     
                     
                     
                     	
                        
                        
                        For assemble-to-order (ATO), it would be options or modules, and the FAS
                           would be by end items. 

                        
                        

                     
                     
                     
                     	
                        
                        
                        For make-to-stock (MTS), it would be end items.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Bill of Material Concepts

               
               
               
               
                  
                  
                  Exhibit 4-86 shows
                     a single-level bill of material that lists the top-level components
                     for the in-stock, vandalproof commercial double doors that our commercial
                     door manufacturer produces.

                  
                  
                  
                  
                     Exhibit 4-86: Bill of Material[image: Bill of materials for Family A all-glass vandalproof double door listing part numbers, descriptions, quantities, and units for doors, handles, lockset, frame, hydraulic closers, and hardware kit. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Using
                     this view, a few general observations can be made about bills of
                     material:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Single unit. Bills of
                           material list all the parts needed to make exactly one unit (of Part Number
                           100 in this example). An exception to this are BOMs per batch or lot.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Unique identifier. Each part
                           gets a unique part number. If the same part number is on a different
                           bill, it will be the same exact part. If a part’s form, fit, or
                           function changes, it needs a new part number. For example, unpainted
                           parts get one part number, and the part painted in several standard
                           paint colors would be a unique part number per color.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Quantities and units. BOMs
                           list the quantity of each part used to make one unit, and the unit
                           of measure is specified.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Scope. BOMs clearly
                           indicate what is and is not used in a unit. If a part isn’t listed on the
                           BOM, it is not used in that unit. However, maintenance, repair, and
                           operating (MRO) supplies such as glue might be used but are not on the BOM
                           because they are for common use. Such materials would be part of the
                           production overhead cost rather than being a direct material cost like the
                           rest of the parts on the BOM.

                        
                        

                     
                     

                  
                  
                  
                  We can learn a few
                     things about how these double doors are constructed based on these
                     BOM rules. The doors, handles and crashbars, locksets, and closers
                     come in quantities of two, but since most double doors open in opposite
                     directions, it must be possible to install these parts upside down
                     and on the other side of the door so that the doors can open in
                     different directions. If not, there would need to be two different door
                     part numbers.

                  
                  

               
               

            
            
            
            
               
               
               Independent Versus Dependent Demand

               
               
               
               
                  
                  
                  Exhibit 4-87 shows
                     the BOM just presented in a product tree format as part of a product structure or
                     product tree rather than the typical table format of a BOM. This format is not used
                     in practice, but is useful for teaching. Although the names of parts have been
                     abbreviated, the part numbers are the same. Quantities are shown in parentheses.

                  
                  
                  
                  
                     Exhibit 4-87: Bill of Material in Product Tree Format[image: Diagram of a bill of material with parent item Family A Double Door 100 and six child parts—Door, Handle, Lockset, Frame, Closer, Hardware—each with required quantities. Independent demand drives dependent demand. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The
                     first thing to note about this exhibit is that if the top level of the BOM
                     represents an end unit, then it will also represent independent demand from the
                     master production schedule. All of the components listed below it will be dependent
                     demand items and are thus calculated rather than being forecasted or otherwise
                     subject to independent demand. However, many bills will be for subcomponents that
                     are not sold independently but are used only as parts in one or more products, in
                     which case even the top level would be dependent demand. If a BOM for an end unit
                     has multiple levels, everything after the top level represents dependent demand. If
                     a component in the lower structure is sold independently, such as for replacement
                     parts, then the top level of its BOM would represent both independent and dependent
                     demand.

                  
                  

               
               

            
            
            
            
               
               
               Parent-Child Relationship

               
               
               
               
                  
                  
                  The second thing to notice about the BOM in product tree format
                     is a structure often called a parent-child (or sometimes parent-component)
                     relationship. A parent-child relationship is a hierarchical relationship with
                     specific rules. The ASCM Supply Chain Dictionary
                     defines a parent item as: “The item produced from one or more components. Syn.: parent.” A parent will be above its children in the hierarchy, and a parent can have as
                     many children as needed. A child (or component) is one of the components or raw
                     materials that comprise the parent. A child can have only one parent in a particular
                     bill. A child can in turn be a parent to its own children, which results in a
                     multilevel bill of material.

                  
                  
                  
                  Note that the top level in this BOM in product tree
                     format is marked as level 0. Level 0 is used in multilevel bills to indicate the top
                     level of independent demand items. The next level down is then level 1, and, if
                     children are added to any of these parts, they would be at level 2, and so on.

                  
                  

               
               

            
            
            
            
               
               
               Where-Used Reports and Pegging Reports

               
               
               
               
                  
                  
                  The MRP system is capable of searching
                     records and creating a report—the where-used report—for all the
                     parents for a specific component. (The parent item in a BOM is constructed
                     from multiple components at lower levels in the BOM.) The where-used report
                     is useful for locating all the parent items that may be affected
                     by a change in engineering data or material supply or cost.

                  
                  
                  
                  Similar to the
                     where-used report is the pegging report, which focuses on only those parents
                     that have current demand requirements. It helps show the location,
                     quantity, and timing of an item’s requirements. A pegging report
                     can show what parent orders will be affected by a problem with a
                     component order.

                  
                  

               
               

            
            
            
            
               
               
               Bottom Up Replanning

               
               
               
               
                  
                  
                  A key use of a pegging report is to conduct bottom-up replanning to provide advance warning of the impact of things
                     such as material shortages. The term is defined in the ASCM Supply Chain
                        Dictionary as:

                  
                  
                  
                  
                     
                     In material requirements planning (MRP), the process of using pegging data to solve
                           material availability problems or other problems. This process is accomplished by
                           the planner (not the computer system), who evaluates the effects of possible solutions.
                           Potential solutions include compressing lead time, cutting order quantity, substituting
                           material, and changing the master schedule.

                     

                  
                  
                  
                  For example, say an ordered component needed for more than one product currently on
                     the manufacturing schedule turns out to be the wrong part or is defective. After
                     exhausting the inventory on hand, any remaining items that need that part cannot be
                     built on schedule unless there is some form of intervention. The bottom-up
                     replanning process identifies not only what products on the schedule cannot be
                     transformed without some intervention, but also identifies any components that would
                     not need to be made at all since their parent product cannot be made. Here are
                     examples of ways to fix a material availability problem or similar problem:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Expedite the correct material (shorter than normal lead time delivery) to get
                           back on the original schedule.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Order the correct material per normal lead times (e.g., if expediting is not
                           cost-effective or possible), then 

                        
                        
                        
                        
                           
                           	
                              
                              
                              Compress lead times, such as by expediting one or more steps in the
                                 transformation process to get it done by the original due date.

                              
                              

                           
                           
                           	
                              
                              
                              Negotiate a lead time extension for the final products with
                                 customers.

                              
                              

                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Cut the order quantity, such as by splitting lots to transform what can be
                           done on schedule, perhaps making a partial shipment. Perhaps expedite the
                           remaining units once they have the required parts.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Use a substitute material if one exists and can be obtained in time.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Change the master schedule (this is addressed elsewhere as regenerating or
                           net change MRP).

                        
                        

                     
                     

                  
                  
                  
                  The planner understands that these changes are not free and many involve tradeoffs
                     with customers or with internal stakeholders, such as the workers being asked to
                     complete certain work faster than the normal lead time.

                  
                  

               
               

            
            
            
            
               
               
               Uses of BOMs

               
               
               
               
                  
                  
                  Bills
                     of material are crucial to many different functions in an organization.
                     Here we will discuss how they are used by manufacturing planning
                     and control, engineering, customer service/service parts departments,
                     and finance.

                  
                  
                  
                  Manufacturing
                     planning and control, including planning, purchasing, and execution functions,
                     uses bills in the ways already discussed: to determine what to order
                     or make in each period and to know what is needed to make it.

                  
                  
                  
                  Engineering will
                     create or modify these bills when they develop new or improved products.
                     If there will be a transition between different versions, an effective
                     date will be provided to indicate when to stop using the old version
                     and start using the new version. The bills are part of the product
                     specifications, along with engineering diagrams and so on, and thus
                     may take very different forms depending on what is being produced.
                     For example, chemical formula BOMs, ingredient lists for bakeries, and
                     assembled consumer goods will be presented in the formats and with
                     the data that pertain to the need. The bills are subsequently used
                     for engineering change control as part of the review, approval,
                     and record-keeping process.

                  
                  
                  
                  Customer service and service parts departments
                     will use bills of material, for example, to ensure that the right
                     replacement part is issued. When products are assembled-to-order,
                     order entry or perhaps a customer selecting from options online
                     will make certain selections, and the order entry system will in
                     turn produce a custom bill of material for that order. The system
                     will assemble this bill from the bills for those particular option
                     choices. Since bills of material can include pricing information,
                     the total price of the custom unit can be calculated.

                  
                  
                  
                  Finance uses BOMs
                     to help determine the direct materials used in the product. BOMs can
                     summarize cost information for all components and subcomponents.
                     The bill may also be helpful in calculating direct labor and provide
                     a means of allocating overhead.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Types of BOMs

            
            
            
            
               
               
               Types of bills of material (BOMs) include single-level and
                  multilevel BOMs. Phantom bills are also addressed here. Note that additional types
                  include planning BOMs (e.g., modular BOMs), but these are addressed as part of
                  master scheduling.

               
               

            
            
            
            
               
               
               Single-Level
                  BOMs

               
               
               
               
                  
                  
                  The ASCM Supply Chain Dictionary defines
                     a single-level bill of material as:

                  
                  
                  
                  
                     
                     A display of components that are directly used in a parent item. It shows only the
                           relationships one level down. See: flat bill of material (BOM).

                     

                  
                  
                  
                  A
                     single-level bill of material will contain only a parent and its
                     immediate children or components. A series of single-level bills
                     will need to be stored in the system to fully define a product.

                  
                  
                  
                  Exhibit 4-88 shows
                     a single-level bill for the standard doors produced for product family
                     A for our commercial door manufacturer.

                  
                  
                  
                  
                     Exhibit 4-88: Single-Level BOM for Part 202[image: Table showing the components of the product “Door, Family A” with the description “Vandalproof glass door, silver trim” and part number 202. Table includes columns for part number, description, quantity, and units. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Note
                     the final item, clear silicone caulk. It is measured in meters,
                     with the assumption that the caulk gun has a consistent-size bead
                     and consumption can be measured or approximated using linear meters.
                     In other cases, the quantity might be left blank if it is not possible
                     to measure standard quantities accurately. This part would then
                     need to be charged as overhead.

                  
                  
                  
                  Exhibit 4-89 shows
                     the same BOM in product tree format.

                  
                  
                  
                  
                     Exhibit 4-89: Single-Level BOM for Part 202 in Product Tree Format[image: Bill of material diagram showing Door (2), part 202, with seven child components—Glass, Top, Bottom, Center, Side, Molding, Caulk—each with required quantities and part numbers beneath. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  In
                     the same way that this single-level BOM was created to break down
                     the materials that are needed to produce the double door, each other
                     component in a top-level bill would have its own single-level bill—unless
                     it is a purchased part—and the components of each of these bills
                     would have their own single-level bills as needed. This would continue
                     down until all the final children are purchased components or raw
                     materials, after which point no bills will be needed at this organization.
                     (The suppliers will have bills for the things they manufacture.)

                  
                  
                  
                  Single-level bills store the information for each
                     component in only one place for use in multiple products. (The bills can be built
                     into
                     various multilevel BOMs, and these will just point to the various single-level bills.)
                     If
                     our door manufacturer uses the same door for an in-stock single-door model, for example,
                     the
                     Family A Single Door product would have its own bill with a unique part number, and
                     this
                     bill would specify a frame for a single door, but it might use many or most of the
                     other
                     parts, and those part bills would not need to be recreated or have a different part
                     number.

                  
                  
                  
                  Storing
                     bill-of-material data in only one place reduces both the number
                     of total records and the total storage space. It also simplifies
                     file maintenance, since only one record needs to or can be changed
                     (and no duplicate but conflicting BOMs can exist).

                  
                  

               
               

            
            
            
            
               
               
               Multilevel BOMs, Including Summarized Bills

               
               
               
               
                  
                  
                  The ASCM Supply Chain Dictionary defines
                     multilevel and summarized bills as follows:

                  
                  
                  
                  
                     
                     Multilevel bill of material: 
                        A display of all the components directly or indirectly used in a parent, together
                           with the quantity required of each component. If a component is a subassembly, blend,
                           intermediate, etc., all its components and all their components also will be exhibited,
                           down to purchased parts and raw materials. See: indented bill of material (BOM).

                     
                     Summarized bill of material: 
                        A form of multilevel BOM that lists all the parts and their quantities required in
                           a given product structure. Unlike the indented BOM, it does not list the levels of
                           manufacture and lists a component only once for the total quantity used.

                     

                  
                  
                  
                  A multilevel bill of material usually contains
                     more than two levels of parent-child hierarchies, although this
                     is really just a way of viewing the information since the data are
                     very likely still stored as a series of single-level bills that
                     have been strung together. Alternatively, a multilevel bill might
                     be a series of single-level bills that are all on the same hierarchy
                     level. Stringing the appropriate single-level bills together shows
                     a single product’s logical structure. The components and their subcomponents are
                     grouped in the logical order in which they need to be assembled,
                     from the bottom up. If a product were assembled all in one operation
                     at a single work center, then a single-level bill of material would
                     be more appropriate, because it would eliminate unnecessary administrative
                     steps and better depict how the product is actually produced. Therefore,
                     the multiple levels generally are used to help break down what is
                     needed for each operation. By convention, a multilevel bill of material
                     is not complete until the final branches in each hierarchy end with
                     purchased components or raw materials.

                  
                  
                  
                  Exhibit 4-90 shows
                     a multilevel bill for a set of double doors in which the door structure is
                     shown at level 2 and the components of a vandalproof glass pane
                     are shown at level 3.

                  
                  
                  
                  
                     Exhibit 4-90: Multilevel Bill of Material in Product Tree Format[image: A hierarchical diagram showing the structure of an in-stock double door. The structure is divided into different levels indicating the components and subcomponents of the door. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The
                     dotted lines below several of the boxes indicate that there would
                     be much more to this tree if everything were displayed. Note that
                     some part numbers might be purchased components at any given level.
                     In this case, the molding, caulk, glass, and both types of polycarbonate
                     have no children and so have no dotted lines below them. Parts with
                     no children will be purchased parts.

                  
                  
                  
                  Multilevel
                     bills may be useful when planners want to see a product and its subcomponents
                     at a big-picture level or at various levels of detail. This might
                     help when working to understand the logic of how the product is
                     made.

                  
                  

               
               

            
            
            
            
               
               
               Phantom BOMs

               
               
               
               
                  
                  
                  A phantom bill of material is defined in
                     the ASCM Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        A BOM coding and structuring technique used primarily for transient (nonstocked) subassemblies.
                           For the transient item, lead time is set to zero and the order quantity to lot-for-lot.
                           A phantom BOM represents an item that is physically built but rarely stocked before
                           being used in the next step or level of manufacturing. This permits material requirements
                           planning (MRP) logic to drive requirements straight through the phantom item to its
                           components, although the MRP system usually retains its ability to net against any
                           occasional inventories of the item. This technique also facilitates the use of common
                           bills of material for engineering and manufacturing. Syns.: blowthrough, transient
                           bill of material (BOM). See: pseudo bill of material (BOM).
                        

                     

                  
                  
                  
                  Phantom
                     BOMs are used to simplify complex production orders by reducing
                     the number of levels in the BOM. A phantom subassembly is not stocked
                     because it does not exist as an actual component. It may be only
                     a drawing of different parts that will be used at a higher assembly
                     level. The MRP system ignores the phantom BOM and looks directly
                     at the parts listed as children. For example, the BOM for a door
                     may include a phantom BOM for a door closer if it can be assembled
                     with a regular or a heavy duty hydraulic piston. The closer is not
                     actually ordered, but the components for the closer are ordered.
                     When the door is assembled, the closer will be assembled as well.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Planning Factors

            
            
            
            
               
               
               The planning factors reside
                  in the item master file. Planning factors include information about
                  ordering, policy, and use.

               
               
               
               
                  
                  
                  	
                     
                     
                     Lot size. Lot
                        sizing is done primarily for production requirements. Lot size is the
                        standard amount of an item ordered. Lot size is determined by the policy
                        adopted by planners for the quantity to be planned at the end item or
                        component level. The policy can be lot-for-lot to meet the exact quantity
                        needed or a quantity based on economic order quantity or other factors. If
                        the item is ordered in fixed order quantities, this will affect planned
                        order size. The order policy may be multiple or min and there may be a max
                        per order. Multiple allows only ordering multiples of the lot size. Min is a
                        minimum lot size but any incremental amount above this is allowed. Max is
                        the maximum size of the order.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Order quantity.  Order quantity is done primarily for sourcing
                        requirements. The order quantity is the lot size translated into the
                        resulting number of units the MRP system or planner releases. Order quantity
                        can also use multiple, min, and max. If the unit of measure is eaches, the
                        order quantity equals the lot size or multiples thereof. 

                     
                     

                  
                  
                  
                  	
                     
                     
                     Unit of measure. The unit of measure could be in eaches (individual
                        units), by case, pallet, truckload, or containerload. Or it could be in
                        linear distance, cubic solid volume, liquid volume, or weight units. The
                        unit of measure needs to be understood when calculating order quantity
                        (e.g., one pallet may equal 100 eaches). Planners validate that the unit is
                        set up correctly. Unit of measure conversions are a potential source of
                        error.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Lead time. This
                        is the lead time required for released work orders or purchase orders
                        so that an item is received when it is required. Lead times for
                        work orders can be based on an engineering estimate or historical
                        knowledge of the time needed to complete a component. Lead time
                        for purchase orders can be based on an estimate or a historical
                        average of the delivery lead time.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Safety lead time. Safety lead time is ordering supply or scheduling
                        production earlier than needed. If kept temporarily, it does not increase
                        inventory levels. 

                     
                     

                  
                  
                  
                  	
                     
                     
                     Safety stock. Safety stock
                        is the amount of inventory that is reserved to protect against fluctuations
                        in supply and demand or forecast error. This stock is included in
                        the projected available. If an order reduces the projected available
                        below the required safety stock level, the planned order must include
                        replenishing the safety stock as well as supplying what is needed
                        to fill the order.

                     
                     

                  
                  
                  
                  	
                     
                     Scrap and yield. The
                        ASCM Supply Chain Dictionary defines these and related terms as
                        follows. 

                     
                     
                     
                     
                        
                        Scrap.
                           Material outside of specifications and possessing
                              characteristics that make rework impractical.
                           

                        
                        Yield.
                           The amount of good or acceptable material available
                              after the completion of a process. It is usually computed as the final amount
                              divided by the initial amount converted to a decimal or percentage. In manufacturing
                              planning and control systems, yield is usually related to specific routing steps or
                              to the parent item to determine how many units should be scheduled to produce a
                              specific number of finished goods. For example, if 50 units of a product are
                              required by a customer and a yield of 70 percent is expected, then 72 units
                              (computed as 50 units divided by .7) should be started in the manufacturing process.
                              Syn.: material yield. See: scrap factor, yield factor.

                        
                        Scrap factor.
                           A factor that expresses the quantity of a
                              particular component that is expected to be scrapped upon receipt from a vendor,
                              upon completion of production, or while that component is being built into a given
                              assembly. It is usually expressed as a decimal value. For a given operation or
                              process, the scrap factor plus the yield factor is equal to 1. For example, if the
                              scrap factor is 30 percent (or .3), then the yield is 70 percent (or .7). In
                              manufacturing planning and control systems, the scrap factor is usually related to
                              a
                              specific item in the item master but may be related to a specific component in the
                              product structure. For example, if 50 units of a product are required by a customer
                              and a scrap factor of 30 percent (a yield of 70 percent) is expected, then 72 units
                              (computed as 50 units divided by .7) should be started in the manufacturing process.
                              Syn.: scrap rate. See: yield, yield factor.

                        
                        Yield
                              factor.
                           A measurement of the yield of a process. For
                              a specific process or operation, yield factor plus scrap factor equals 1. See: scrap
                              factor, yield.

                        

                     
                     
                     
                     
                     When a process produces scrap, MRP
                        increases the planned order release amount by a scrap or yield factor to
                        account for this. The number of units to produce is calculated by dividing
                        the number of units ordered by the work center’s yield. For example, if 1
                        liter of soup is needed and it has an 80 percent yield, then 1 liter/0.8
                        yield factor = 1.25 liters to input to the process. Or 1.25 liters
                        multiplied by 0.2 scrap factor = 0.25 liters, the extra input needed to
                        result in 1 liter of soup. The master production schedule and MRP
                        calculations would factor this in. The lot sizes that are set therefore need
                        to account for the yield factor. 

                     
                     
                     
                     Scrap is used for inputs and yield is used for outputs. While the math of
                        converting from scrap to yield and back again helps show their theoretical
                        inverse relationship, in actual practice, only one of these factors will be
                        used for any given process. For example, in the soup industry, for
                        production, only the yield is used, not scrap. When engaged in purchasing,
                        the important concept is scrap, not yield.

                     
                     
                     
                     Yield may be higher or lower than expected, since actual production
                        performance may differ from the standard. Higher yield than planned could
                        result in a higher on-hand balance than desired (e.g., this is one reason
                        lot-for-lot might have an on-hand balance), while lower than expected yield
                        could result in depletion of the desired on-hand balance (or safety
                        stock).

                     

                  
                  

               
               
               

            
            

         
         
         
         
            
            
            Inventory Data

            
            
            
            
               
               
               Inventory data reside in the item record.
                  These data include the following information about the current inventory status of
                  items.

               
               
               
               
                  
                  
                  	
                     
                     
                     On-hand balance.
                        The quantity shown in the inventory
                           records as being physically in stock.

                     
                     

                  
                  
                  
                  	
                     
                     
                     The ASCM Supply
                           Chain Dictionary defines allocation as: “1) The classification of resources or item quantities that have been assigned to specific
                           customer or manufacturing orders but have not yet been shipped to the customer or
                           released from the stockroom to production. 2) A process used to distribute material
                           in short supply. Syn.: assignment. See: reservation.” A part requisition is defined as: “An authorization that identifies the item and quantity required to be withdrawn from
                           an inventory. Syn.: requisition. See: purchase requisition.” For
                        example, an order may be released to the factory floor but not picked from
                        storage for several days. During that time, the item is still part of
                        inventory balance, but it has been “allocated” and is not available. When
                        the pick transaction is processed, the inventory system will reduce the
                        item’s on-hand and allocated balances accordingly. Allocations may also be
                        used to manage expensive items or to manage those in short supply. There is
                        an example of calculating net requirements and planned order
                        receipts/releases with allocations in the online activities.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Scheduled receipts. Open orders for items
                        expected to be received or produced in a specific period. Scheduled receipts
                        therefore include both released work orders and open purchase orders for
                        purchased items. A scheduled receipt indicates both the expected quantity
                        and the delivery date.

                     
                     

                  
                  

               
               
               
               The item record also provides information
                  about an item’s historical demand and usage.

               
               
               
               Exhibit 4-91 shows a sample item master data record, a sample inventory
                  record, and a sample transaction history record. These contain various planning
                  factors, inventory status data, and historical demand and usage data.

               
               
               
               
                  Exhibit 4-91: Sample Item Master Data, Inventory Record, and Transaction History[image: An inventory management record for a part number 10564, titled “gear housing.” It includes detailed information about the part’s status data, planning factors, and transaction history. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               

            
            
            
            
               
               
               Item
                  Numbering

               
               
               
               
                  
                  
                  Clear and consistent item numbering is critical in the
                     material requirements planning process. Items will be identified and planned by
                     their numbers and the data associated with an item are accessed through its part
                     number. To prevent confusion, an item number or part number must be assigned to
                     every raw material, component, and semifinished and finished product. Manufacturing
                     specialist Donald Frank recommends that part numbers should be “simple, numeric, and
                     sequentially assigned.”

                  
                  
                  
                  The part number often is
                     created during the product or component design period. For that reason,
                     engineering and operations should partner in developing one consistent system of
                     numbering that meets both functions’ needs. Changing an existing numbering
                     system involves much labor and time. Mistakes may be made in the process, and
                     customer service may be harmed. So designing the numbering system calls for
                     communication across functions and consideration of future needs.

                  
                  
                  
                  Here are some basic principles for making
                     sure that numbering systems support accurate transactions. They are summarized
                     in Exhibit 4-92.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Use unique item numbers. This
                           requirement seems obvious, but it is especially significant for
                           engineering changes. If a change results in revised form, fit, or
                           function, the item should be given a new identification number, not just
                           an engineering revision number. Even though the new item could be
                           substituted for the old one, separate identification helps maintain
                           accurate counting, lot identification and traceability, and
                           costing.

                        
                        
                        
                        In some cases,
                           an engineering change code is associated with an item. If an engineering
                           change affects only the drawing for a part, as in fixing an error or
                           oversight, a new item number is not required because two numbers would
                           identify the same item. An engineering revision letter or number should
                           be kept distinct from the item identification. It should not be included
                           in the part number.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Use only one set of item numbers within
                              an organization. Because of their different goals, functions may
                           want different types of item identifications for the same things—for
                           example, color symbols or product family designations. Clarity in
                           internal and external communication, however, is improved by using one
                           set of numbers throughout the organization.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Do not use suppliers’ part numbers.
                           Assigning the organization’s own number ensures that when suppliers
                           change, the part will retain the same number.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Assign responsibility for creating
                           item numbers to a single, trained employee (or team) who understands the
                           importance of the issue.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Do not reassign numbers for items no
                           longer used. There may be a future need to refer to an item—for example,
                           in a recall.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Use only numbers. Frank notes that
                           transcription/input errors occur at a rate of one in 300 on a full
                           keyboard but at only one in 3,000 on a ten-key numeric keypad, so Frank
                           promotes use of numeric rather than alphanumeric codes.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Use shorter numbers to decrease the
                           chances of errors in reading or transcription. Frank notes that even an
                           eight-digit number will accommodate 99 million unique parts.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Use a uniform length and format. The
                           same number of characters should be used; the relative positions of
                           letters and numbers should be consistent if both are used.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Avoid confusion when using mixed numeric
                              and alphabetic identifications. For example, the capital letter
                           I and the Arabic numeral 1 can be confused, as can Z and 2 and O
                           (capitalized o) and 0 (zero). Most of these issues are avoided in a pure
                           numeric system.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Design a system
                              with expansion in mind. Having to revise an existing but
                           inadequate item numbering system is costly in terms of resources and
                           time, can affect customer service, and can increase risks by introducing
                           new conflicts, confusion, and the potential for error.

                        
                        

                     
                     

                  
                  
                  
                  
                     Exhibit 4-92: Recommendations for Part Numbering
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                                             Assign one number to every
                                                part.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Use a single numbering system
                                                throughout the organization.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Use only numbers, and the
                                                shorter the better.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Assign one trained person to
                                                manage the numbering system.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Do not use suppliers’
                                                numbers.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Avoid complex number
                                                formats.

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Do not reuse numbers from
                                                retired items.

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            

         
         
         
         
            
            
            MRP Process Outputs

            
            
            
            
               
               
               Material requirements planning (MRP) systems
                  can create planned orders, and planners can create firm planned orders for items
                  that the system cannot automatically rearrange. The system also generates action
                  messages to prompt planners to make timely decisions. Given a need for a change, an
                  MRP system might be configured to use one of two methods, regenerating or net
                  change, so these methods are also discussed.

               
               

            
            
            
            
               
               
               Planned Orders

               
               
               
               
                  
                  
                  When the
                     MRP system detects the need for additional materials, it creates a planned order, which the ASCM Supply
                        Chain Dictionary defines as:

                  
                  
                  
                  
                     
                     A suggested order quantity, release date, and due date created by the planning system’s
                           logic when it encounters net requirements in processing material requirements planning
                           (MRP). In some cases, it can also be created by a master scheduling module. Planned
                           orders are created by the computer, exist only within the computer, and may be changed
                           or deleted by the computer during subsequent processing if conditions change. Planned
                           orders at one level will be exploded into gross requirements for components at the
                           next level. Planned orders, along with released orders, serve as input to capacity
                           requirements planning (CRP) to show the total capacity requirements by work center
                           in future time periods. See: planning time fence.

                     

                  
                  
                  
                  The planned order includes a suggested order quantity, a release
                     date, and a due date—all of which are created using the logic of the system and the
                     data provided through the inputs (i.e., bill of material [BOM], manufacturing
                     planning and control, planning factors, inventory records). It will explode the BOM
                     to define requirements for components at lower levels. The planned orders are
                     dynamic and can be changed if conditions change before the order is released.

                  
                  
                  
                  Some systems release
                     orders automatically. Other systems place the order in an action bucket.
                     A planner then releases the order. A released order takes the form
                     of a purchase order or factory production order.

                  
                  
                  
                  Once a planned
                     order is released, it appears as a scheduled receipt in the MRP
                     record. The planner can choose to change the order’s delivery date
                     by expediting, delaying, or canceling it.

                  
                  

               
               

            
            
            
            
               
               
               Firm
                  Planned Orders

               
               
               
               
                  
                  
                  Firm planned orders are a critical tool for
                     managing the MRP system. The ASCM Supply Chain
                        Dictionary defines a firm planned order
                        (FPO) as:

                  
                  
                  
                  
                     
                     
                        A planned order that can be frozen in quantity and time. The order is not changed
                           automatically to balance supply and demand, but it can be overridden by the planner.
                           This technique can aid planners working with material requirements planning (MRP)
                           to respond to material and capacity problems by firming up selected planned orders.
                           See: nervousness, planning time fence.
                        

                     

                  
                  
                  
                  After the parts arrive and production has the capacity
                     to produce it, the planned order can then be released. A firm planned order is a way
                     for the MRP planner to override the MRP system’s ability to change the planned
                     order, which is called firming up the order. Many MRP systems will not move planned
                     orders within the planning time fence until the MRP planner firms up these orders,
                     which becomes the signal for purchasing to order the parts. Additionally, firm
                     planned orders can be done as a “one off” event. The planner intervenes such as in
                     response to a known material or capacity issue. For example, a planner may be aware
                     of a looming material shortage or an increase in price and wants to order inventory.
                     Or the planner may have been notified that a production line will be diverted to
                     another product and an order can be postponed so other orders are firmed up to take
                     its place.

                  
                  
                  
                  The distinction
                     between planned orders and firm planned orders is illustrated in Exhibit 4-93.

                  
                  
                  
                  
                     Exhibit 4-93: Planned Order, Scheduled Receipts, and Firm Planned Orders[image: Flowchart showing MRP creating planned orders, which become released orders. A firm planned order can only be changed by the planner. After release, a scheduled delivery date is added.]
                  
                  
                  
                  
                  Exhibit 4-94 shows
                     a firm planned order of 50 units in week 2 for part C. Under the normal
                     MRP logic, the planned order release would be 50 units in week 3,
                     due to a normal lead time of two weeks for this part. This might
                     be done if the plant will be partially shut down for maintenance
                     in week 5 and so needs to get some production done a week early.

                  
                  
                  
                  
                     Exhibit 4-94: Firm Planned Order in Week 2[image: A table titled “Firm Planned Order in Week 2,” showing the Material Requirements Planning (MRP) for Part C over a six-week period. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Since
                     a firm planned order can also be used to fix the quantity, another
                     example might be to place an order that violates normal lot size
                     rules. For example, say a firm planned order is used to place an
                     order for a lot of 36 instead of 50 units. The logic for this might
                     be again due to supply availability or production capacity issues.
                     There may also be too high an inventory of these parts and the production
                     manager wants to draw down inventory to the desired level rather
                     than making more parts.

                  
                  
                  
                  When orders are released, this is a commitment (a
                     legal commitment in the case of purchase orders) being made. Therefore, orders are
                     released as soon as these commitments can be made (usually within the demand time
                     fence). Firm planning orders is a normal part of this planning process. It is used
                     to prevent any replanning occurring within the planning time fence. By firming the
                     order, the planner is trying to reduce unnecessary or too frequent changes in the
                     MRP system’s quantities and/or timing. Exception messages from the ERP system will
                     notify the planner of the changes that the planning software logic would normally
                     make, and it would be up to him or her to act on them.

                  
                  
                  
                  When a
                     firm planned order is placed, it requires that planners continue
                     to monitor these changes since the system will not change them automatically
                     even if other things change and the firm planned order is no longer
                     the best way of proceeding. The planner can change these back to
                     normal planned order releases as needed.

                  
                  

               
               

            
            
            
            
               
               
               Action Messages and Exception Codes

               
               
               
               
                  
                  
                  An action
                        message, or exception report, is defined by the ASCM Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        An output of a system that identifies the need for, and the type of action to be taken
                           to correct, a current or potential problem. Examples of action messages in a material
                           requirements planning (MRP) system include release order, reschedule in, reschedule
                           out, and cancel. See: exception message, action report.
                        

                     

                  
                  
                  
                  The action of rescheduling is
                     defined in the ASCM Supply Chain
                        Dictionary as: “The process of changing order or operation
                        due dates, usually as a result of their being out of phase with production or
                        customer commitments.”

                  
                  
                  
                  Exception codes
                     generated during the processing of data may be related to invalid
                     or incongruous data (e.g., impossible parts number) or to conflicts
                     that have been created by changes (e.g., planned order releases
                     that conflict with required lead times).

                  
                  
                  

               
               

            
            
            
            
               
               
               Regenerating or Net Change MRP

               
               
               
               
                  
                  
                  As plans roll
                     forward in time and/or when input data changes, the records in the
                     MRP system must be updated to maintain the currency and accuracy
                     of the plan. There are two decisions in determining how the system
                     will be “refreshed”—how frequently the plan will be updated and
                     whether the complete plan will be reprocessed or only those portions
                     that have changed.

                  
                  
                  
                  The
                     more frequently a system is reprocessed, the more current and accurate
                     its information will be. Small changes in a system where records
                     are interconnected can cascade from one item to hundreds of items.
                     Unless the data are regenerated, the information in the system becomes
                     increasingly out of phase with actual conditions, resulting in poor
                     planning conducted with inaccurate data. More frequent processing will
                     identify issues sooner and allow planners to act. However, depending
                     on the way a system is updated, reprocessing the data frequently
                     can present a challenge.

                  
                  
                  
                  In a regeneration MRP system, all of the existing
                     planned orders are removed (excluding firm planned orders unless they are unfirmed
                     first), and the orders are replanned, starting with the end items and working
                     through the bill-of-material structure. This can slow a system if the processing is
                     conducted while the system is online. 

                  
                  
                  
                  One way to decrease processing time—and allow more
                     frequent updating of system data—is to update only those parts of the system that
                     are affected by new or revised data, which is later supplemented by periodic
                     complete regenerations. This approach is called net-change processing. The term
                     “dirty MRP” is also used to refer to it. It may be especially valuable in cloud
                     environments when real-time processing is critical. Net-change processing is
                     generally less necessary now due to faster processing speeds, but it may still be
                     helpful in a dynamic manufacturing environment that needs this flexibility.

                  
                  
                  
                  Another way to decrease processing time is to use scheduled hybrid MRP. It uses
                     net-change processing to do frequent small updates, often daily, while scheduling
                     full regenerations weekly or monthly to correct accumulated minor errors. 

                  
                  
                  
                  Frequent updating,
                     however, comes with a cost. It produces system nervousness. Frequent
                     changes in the plan can be disruptive for planners, suppliers, and
                     the shop floor, as changes in higher-level MRP plans cause timing
                     and quantity changes at the lower levels.

                  
                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Using and Managing MRP

         
         
         
         
            
            
            Here we introduce the material requirements
               planning (MRP) process and grid. Usually, application software calculates gross and
               net requirements and creates planned orders, but manually calculating the grid will
               help you learn the system logic and relationships. After that, we discuss the
               planner’s role in MRP, including how to evaluate and improve MRP performance.

            
            

         
         
         
         
         
            
            
            MRP Grid

            
            
            
            
               
               
               Material requirements planning (MRP) generates time-phased
                  requirements for component production and component or raw material purchases using
                  fairly simple logic. Before learning about the logic MRP uses to determine what to
                  order or make and when, let’s look at a basic MRP record and describe its line items
                  at a high level.

               
               
               
               An MRP record has line items and time
                  buckets for each period in the planning horizon for a given product. Exhibit 4-95 shows a completed MRP record for part 202, a door for our commercial
                  door manufacturer case study. Note that the lead times and lot sizes would actually
                  be located on the item master record; they are provided here to help make sense of
                  the MRP record.

               
               
               
               
                  Exhibit 4-95: MRP Record Listing Part 202, Door, Family A[image: A table titled “MRP Record Listing Part 202, Door, Family A.” Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Across the top of the grid is the planning
                  horizon, the number of periods being planned. The buckets may be any length of
                  time—for example, weekly or daily. The present time is the beginning of period 1.
                  The periods or time buckets form a rolling schedule, in which data from one period
                  flow into the next after the defined calculations have been performed.

               
               
               
               Here is a summary of the rows in the
                  grid:

               
               
               
               
                  
                  
                  	
                     
                     
                     Gross requirements. The total independent
                        and dependent demand before netting out inventory on hand and scheduled
                        receipts.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Scheduled receipts.
                        Orders that were placed with a supplier or factory work center but not
                        received before this planning period starts.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Projected available.
                        The running sum of on-hand inventory minus requirements plus scheduled
                        receipts and planned orders (also called projected available balance or
                        PAB).

                     
                     

                  
                  
                  
                  	
                     
                     
                     Net requirements. Gross requirements less scheduled receipts and
                        projected available.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Planned order receipts. The quantity
                        planned to be received at a future date as a result of a planned order
                        release.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Planned order releases. A quantity of an item that will be released
                        to fill an order.

                     
                     

                  
                  

               
               
               
               The MRP record lists the line items for each
                  part number that has gross requirements in the current planning period. The purpose
                  is to determine when orders from production activity control (PAC) or purchasing
                  need to be received—in other words, their due dates. The quantities to be received
                  in a given period are called planned order receipts. Since each part number has a
                  given lead time based on how long it takes to produce or order it and receive it
                  from a supplier, the system will take the lead time into account and offset the
                  release by that many periods. The lead time for part 202 is two weeks, so the 100
                  units to be received in week 4, for example, are the same 100 units that need to be
                  released in week 2. This is true for all other order receipt/order release
                  pairs.

               
               
               
               Notice that at the top there are also
                  scheduled receipts. Scheduled receipts are those planned order releases that
                  actually have been released, so they are no longer listed in either planned order
                  line. While a planned order receipt and the corresponding planned order release are
                  just plans, meaning that there is no money on the line yet, a scheduled receipt is
                  an actual commitment of resources, meaning that an account payable has been created.
                  (Money is committed.) The same order cannot simultaneously be a scheduled receipt
                  and a planned order receipt. Once you release the order, the entry is deleted from
                  the planned order receipt and planned order release rows and is shown on the
                  scheduled receipts row in the same time bucket as the planned order receipt was
                  shown. These three lines form the basic way to plan and schedule supply.

               
               
               
               To illustrate, in Exhibit 4-95, PAC has released two orders for 100 doors, and they are scheduled to
                  be ready for use at the beginning of weeks 1 and 2. Given the lead time of two
                  weeks, these likely were released at the start of last week and the week before.

               
               
               
               Determining when to schedule supply depends on
                  demand. Demand starts at the top with gross requirements. This is much like the
                  forecast or customer order lines in a master schedule, except this will be the
                  calculated requirements for all family A doors across all master production
                  schedules that call for these doors. This may be referred to as pegging. The pegging
                  report shows these requirements, and it also shows that the demand was from the
                  combination of in-stock single and in-stock double units to be produced each week.
                  The gross requirements are the demand for these doors, but two lines down we see
                  projected available, which is the same as the projected available balance in master
                  scheduling. Here the opening inventory of doors is shown as week 0, and, after that,
                  the inventory balance of these doors is projected into the future.

               
               
               
               How do we know when it is time to plan more order
                  receipts? Production is scheduled only when there is insufficient inventory to meet
                  demand, so planned order receipts will be put in whenever there is a net
                  requirement. The net requirements take into account the available inventory as well
                  as any scheduled receipts, since these purchases or this production is already
                  committed. Whenever there is a net requirement, it means that if more of that part
                  is not received by that time bucket, the part will run out and production will halt.
                  If the net requirement is higher than the lot size, two or more lots might be
                  planned.

               
               
               
               Note that we are assuming that this is a
                  make-to-stock environment that holds inventories of raw materials and components.
                  Even in such an environment, these materials may not actually be placed into a
                  physical inventory storage area. In many cases, the items are directly used in the
                  next operation, but at the MRP level, this is not important. PAC will determine
                  these details, not MRP. Here we are just planning due dates and quantities.

               
               
               

            
            
            
            
               
               
               Important MRP Details

               
               
               
               
                  
                  
                  Here are
                     some other details about MRP records:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Comprehensive MRP records. Every end item, component, and
                           subcomponent needed over the planning horizon will have its own MRP
                           record.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Action bucket (period 1). The first period in an MRP record is
                           always the current time period. It is called the action bucket, because
                           this is when planned order releases may (or may not) actually be
                           released. This is a rolling schedule, so, if weeks are used, as a new
                           week is begun the prior week will roll off the record (inventory balance
                           becomes an input) and all the remaining weeks will be renumbered. The
                           new week will then be week 1. A week is added to the end of the planning
                           horizon to keep it the same length.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Planning horizon. The number of periods is at least as long as
                           the cumulative lead time for the product. This allows orders to be
                           released to be ready for the next process and to get the end units done
                           on time.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Time buckets. MRP systems now plan
                           using daily buckets, but weeks can also be used. A bucketless system
                           might also be used, which is one that lists only specific dates that
                           have some MRP activity to plan.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Availability. Scheduled receipts are
                           available at the beginning of the time period in which they are shown,
                           and due dates for receiving or releasing planned orders are at the
                           beginning of the period shown. The lead time for a component assumes
                           that all subcomponents are available at the start of the period, so the
                           lead time is just the processing or assembly time.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Projected available. The projected available shows the balance
                           at the end of that period (not the beginning), after all deductions have
                           been made. Thus it is the balance available for the following
                           period.

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            MRP Planning Logic

            
            
            
            
               
               
               Exhibit 4-96 summarizes the steps in material requirements planning (MRP).

               
               
               
               
                  Exhibit 4-96: MRP Logic Summary
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                                    1.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Calculate gross requirements at end-item
                                       level (level 0), based on master production and service
                                       parts schedules. This step requires exploding, low-level
                                          coding, and offsetting.

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    2.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Calculate net requirements using netting
                                       process at level 0:

                                    
                                    
                                    
                                    
                                       
                                       	
                                          
                                          
                                          Gross
                                             requirements

                                          
                                          

                                       
                                       
                                       	
                                          
                                          
                                          MINUS scheduled
                                             receipts

                                          
                                          

                                       
                                       
                                       	
                                          
                                          
                                          MINUS prior
                                             period projected available balance (or on-hand
                                             balance), which may be adjusted downward by
                                             allocations, if any, and, if it were to go below the
                                             safety stock level, would trigger a planned order
                                             receipt. (The safety stock level becomes the minimum
                                             balance for projected available.)

                                          
                                          

                                       

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    3.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    If net requirement exists, create planned
                                       order release and receipt data, applying offsetting to
                                       accommodate lead time. Note: Final projected available
                                       in a period will be the previous projected available
                                       PLUS planned order receipt PLUS scheduled receipts LESS
                                       gross requirements. 

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    4.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Multiply the planned order release by the
                                       quantity per in the bill of material (BOM). This becomes
                                       the gross requirements for level 1 components. Repeat
                                       gross-to-net calculations and creations of planned
                                       orders through to the lowest level of the BOM. 

                                    
                                    
                                 

                              
                           

                        

                     
                     

                  
               
               
               
               Note the three MRP processes shown in bold:
                  exploding, low-level coding, and offsetting. These processes are explored more
                  next.

               
               

            
            
            
            
               
               
               Exploding
                  (Bill-of-Material Explosion) and Low-Level Coding

               
               
               
               
                  
                  
                  The ASCM Supply Chain Dictionary defines the
                     following terms related to explosions.

                  
                  
                  
                  
                     
                     Bill-of-material
                           explosion:
                        The process of determining
                           component identities, quantities per assembly, and other parent-component
                           relationship data for a parent item. Explosion may be single level, indented, or
                           summarized.

                     
                     Requirements
                           explosion:
                        The process of calculating the demand for the components of a parent item by multiplying
                           the parent item requirements by the component usage quantity specified in the bill
                           of material (BOM). Syn.: explosion.

                     
                     Explode:
                        To perform a bill-of-material
                           explosion.

                     

                  
                  
                  
                  A BOM explosion is often referred to
                     as exploding a BOM, and, as the definition states, this explosion can stop at a
                     particular level or continue until all quantities are identified, down to
                     purchased items. Exploding determines material requirements by multiplying each
                     material by its usage quantity and recording it in the product tree.

                  
                  
                  
                  However, since the MRP system calculates
                     requirements for multiple parent items that may use the same component, net
                     requirements for an item cannot be calculated until all of the component
                     requirements at all levels in all parent BOMs have been calculated. The simplest
                     way to avoid missing a requirement for an item and having to recalculate is to
                     count that item starting at its lowest level of usage, which is called low-level
                     coding.

                  
                  
                  
                  Low-level coding assigns
                     code numbers to items according to where they are used in assembly of all the
                     BOMs being processed. By aggregating the components by levels, the MRP system
                     captures all occurrences of a component and avoids having to recalculate
                     requirements.

                  
                  
                  
                  While this process
                     is typically automated in an MRP system, for teaching or testing purposes
                     low-level coding and exploding might take the form of constructing a product
                     tree given some data on parent-child (or parent-component) relationships and
                     quantities. Exhibit 4-97 shows a list of
                     parents and their children, with quantities listed in parentheses.

                  
                  
                  
                  
                     Exhibit 4-97: Parent-Child Data for Explosion Example
                     
                     
                     
                     
                        
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Parent

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       A

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       B

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       D

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       F

                                       
                                       
                                    

                                 
                              
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Child

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       B (2)

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       E (2)

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       F (2)

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       C (1)

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Child
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                  Since the quantity of the parent
                     will have a multiplying effect on quantities of items in its children and so on
                     through multiple levels, it is often helpful to construct a product tree to
                     better understand the logic before starting to multiply quantities. Exhibit 4-98 shows this product tree along with the calculated (exploded)
                     requirements for all purchased components.

                  
                  
                  
                  
                     Exhibit 4-98: Product Tree with Exploded Requirements[image: A hierarchical diagram showing the levels of components and their quantities required for the assembly of a product, with purchased components highlighted and their total quantities calculated. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Note how the quantities at each
                     level up in a direct parent-child relationship become multipliers for the
                     requirements at the lower levels. For example, we know that in total, 22 Gs will
                     need to be purchased per unit of A that will be produced. This is because 3 Gs
                     were needed for every D, and two Ds were needed, resulting in 6 Gs plus the Gs
                     needed on level 3. This level is 2 Ds times 2 Fs times 4 Gs, or 16 Gs. However,
                     not all of these Gs will necessarily be required at the same time, which is why
                     offsetting is needed.

                  
                  

               
               

            
            
            
            
               
               
               Lead Time Offset (Offsetting)

               
               
               
               
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines lead time offset and the planned order receipt and
                     release as follows:

                  
                  
                  
                  
                     
                     Lead time offset:
                        A technique used in material requirements planning (MRP) in which a planned order
                           receipt in one time period requires the release of that order in an earlier time period
                           based on the lead time for the item. Syns.: component lead time offset, offsetting.

                     
                     Planned order
                           receipt:
                        The quantity planned to be received
                           at a future date as a result of a planned order release. Planned order receipts differ
                           from
                           scheduled receipts in that they have not been released. Syn.: planned
                           receipt.

                     
                     Planned order
                           release:
                        A row on a material requirements planning (MRP) table that is derived from planned
                           order receipts by taking the planned receipt quantity and offsetting it to the left
                           by the appropriate lead time. See: order release.

                     

                  
                  
                  
                  Offsetting schedules the planned order
                     release date closer to the present from the planned order receipt date, based on the
                     item’s lead time. However, how does the system know when to schedule a planned order
                     release? This is based on the net requirements, which are in turn based on the gross
                     requirements. How does the system calculate the quantities and periods for gross
                     requirements? As the exploding example showed, this is not always straightforward,
                     since the same material might be used at different points in a process or in
                     different processes.

                  
                  
                  
                  Exhibit 4-99 continues the prior example, but now the items in the product tree
                     are given lead times. The tree is also flipped on its side to show it along a
                     five-week time horizon (week six is needed to enter a planned order receipt for one
                     A, ready at the start of week 6), and the components are placed in the week the item
                     production or purchase order would need to be released.

                  
                  
                  
                  
                     Exhibit 4-99: Product Tree with Lead Times[image: A hierarchical diagram showing the levels of components and their lead times for the assembly of a product, with gross requirements for component G indicated on a timeline. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Note that at the bottom of the graphic there
                     is a line for gross requirements for item G, as was calculated earlier and is shown
                     in Exhibit 4-98. 

                  
                  
                  
                  These are listed in the week in which they will need to enter into
                     the production process. For the moment, let’s assume that there are zero units of
                     any of these components in inventory, there are no scheduled receipts yet, and the
                     demand is for only this one unit of A. This means that the net requirements will be
                     the same as the gross requirements, in which case the planned order receipts will
                     also be for the same period. Assume that the lot size for each item is also 1. Exhibit 4-100 lists just the planned order
                     receipt and planned order release lines for the relevant MRP records, showing
                     offsetting based on the lead time for that part number. Here, offsetting is
                     highlighted using shading, and arrows show which planned order releases are
                     triggering the corresponding planned order receipts for their children. (Refer to
                     the product tree just shown as needed.)

                  
                  
                  
                  
                     Exhibit 4-100: Offsetting Planned Order Releases from Receipts[image: A table showing the planned order receipts and releases for various part numbers over a six-week period, with shading and arrows indicating offsetting and the source of exploded requirements. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Let’s describe what these arrows represent. The
                     children of A are B, C, and D, so A’s planned order release triggers exploded
                     requirements for these materials shown as planned order receipts in the same week.
                     (It is a receipt because the materials need to be received by then.) B has only one
                     child, E, so its planned order release in week 4 triggers a planned order receipt
                     in
                     week 4 that is also exploded. This continues for the other two parent-child
                     relationships in the product tree.

                  
                  
                  
                  A key point to note here is that gross
                     requirements for a child are always based only on its direct parent’s planned order
                     releases (which are in turn based on the parent’s net requirements), not on a
                     requirement higher than one level up. Therefore A’s requirements come from the MPS,
                     while B, C, and D’s requirements come from A, and so on. This will become more
                     important when we make the lot sizes larger than one unit, because the lot size for
                     the direct parent will directly impact the exploded requirements for its children
                     and so on down each level.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Gross to Net Requirements

            
            
            
            
               
               
               The ASCM
                     Supply Chain Dictionary defines gross and net requirements and scheduled
                  receipts as follows:

               
               
               
               
                  
                  Gross
                        requirement:
                     The total of independent and dependent
                        demand for a component before the netting of on-hand inventory and scheduled
                        receipts.

                  
                  Net requirement:
                     In material requirements planning (MRP), the net requirements for a part or an assembly
                        are derived as a result of applying gross requirements and allocations against inventory
                        on hand, scheduled receipts, and safety stock. After being adjusted for lot size and
                        offset for lead time, net requirements become planned orders.

                  
                  Scheduled receipt:
                     An open order that has an assigned due date. See: on-order stock, open order.

                  

               
               
               
               Note that an open order is a planned order
                  that has been released as a manufacturing order or a purchase order. The material
                  requirements planning (MRP) system treats scheduled receipts as materials that can
                  be relied upon to be where they need to be when they need to be there.

               
               
               
               To calculate net requirements, use the
                  following formula:

               
               
               
               [image: ../images/mathml_id209DMJ005UI.png]
               
               
               
               Note that prior projected available might
                  also be called available inventory, but here we clarify that you need to use the
                  prior period (or opening inventory, for the first period’s net requirements).
                  Another way of determining where there is a net requirement is whenever the
                  projected available would go negative (or go below the safety stock level).
                  Therefore, another line that needs to be calculated at this point is the projected
                  available:

               
               
               
               [image: ../images/mathml_id209DMJ00HYK.png]
               
               
               
               We will look at preliminary requirements for
                  a handful of part numbers, using a given set of gross requirements along with
                  scheduled receipts and some opening inventory, as seen in Exhibit 4-101. Assume that the lot size for
                  each item is five units. Note that this exhibit shows a preliminary view of these
                  calculations rather than something you would actually see in the system (thus the
                  negative values for some projected available calculations, which would be listed as
                  0 in the system since one cannot actually have negative inventory).

               
               
               
               
                  Exhibit 4-101: Preliminary MRP Calculations with Projected Available[image: MRP table showing gross requirements, receipts, projected available, and planned orders over weeks for parts C, E, G, and H, with a small product structure above. Go to long description for details.]
               
                  Go to long description.
                  

               
               
               
               
               Here is how the projected available is
                  calculated in a few key places:

               
               
               
               [image: ../images/mathml_id209DMK00AHT.png]
               
               
               
               [image: ../images/mathml_id209DMK00APF.png]
               
               
               
               [image: ../images/mathml_id209DMK00APN.png]
               
               
               
               Next we need to calculate the net
                  requirements, as is shown in Exhibit 4-102.

               
               
               
               
                  Exhibit 4-102: Preliminary MRP Calculations with Net Requirements[image: A table titled “Preliminary MRP Calculations with Net Requirements.” Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Note how when there are no planned order
                  receipts, the net requirements match the negative projected inventory balances,
                  shown here for teaching purposes. (Again, these would actually be listed as 0.) Here
                  are examples of how the net requirements are calculated:

               
               
               
               [image: ../images/mathml_id209DML0027Q.png]
               
               
               
               [image: ../images/mathml_id209DML00230.png]
               
               
               
               [image: ../images/mathml_id209DML002RO.png]
               
               
               
               MRP logic will propose a planned order
                  receipt using lot size rules (here, five units for each part) below the first net
                  requirement and then recalculate the net requirements (and projected available). It
                  will repeat this process, possibly adding more planned order receipts, depending on
                  the need, after the first is added. It will also offset the planned order releases
                  based on lead time. Exhibit 4-103 shows
                  the completed MRP record. Note how the projected available now is never negative.
                  (It could go to zero, but this is not shown here.)

               
               
               
               
                  Exhibit 4-103: Completed MRP Record[image: A table titled “Completed MRP Record.” Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Here are a few examples of the recalculated
                  amounts:

               
               
               
               [image: ../images/mathml_id209DML040E9.png]
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               Note
                  how, for part E, only one planned order receipt is needed, even though weeks 4
                  through 6 initially have net requirements, because the planned order receipt for
                  five units in week 4 results in a positive projected available balance in week 4.
                  This positive balance is carried forward to weeks 5 and 6 where there are no
                  additional gross requirements and thus no net requirements. However, for part G, the
                  week 3 planned order receipt does not leave enough extra inventory to address the
                  week 4 net requirement, so another planned order receipt is added.

               
               
               
               MRP records will be calculated and
                  recalculated whenever there are production or supply issues or deliberate changes.
                  Before they are released to production activity control and purchasing, they undergo
                  a final capacity planning check.

               
               

            
            

         
         
         
         
            
            
            Comprehensive MRP Example

            
            
            
            
               
               
               Here
                  we will work through the entire MRP process for three items, which are introduced
                  in
                  Exhibit 4-104. The gross requirements for these items have been derived from the
                  master production schedule (MPS).

               
               
               
               
                  Exhibit 4-104: Gross Requirements for Items A and F and Component C[image: MRP tables for Items A, F, and Component C showing weekly gross requirements and empty planning rows. Arrows indicate A and F requirements come from the MPS and service-part demand. Go to long description for details.]
               
                  Go to long description.
                  

               
               
               
               
               For item A, 10 units are needed in period
                  4, 100 in period 6, and 10 in period 8. For item F, 20 items are required in period
                  5, 20 in period 6, and 10 in period 8.

               
               
               
               You will notice that Exhibit 4-104 also includes independent
                  requirements for item C. C is a component in items A and F, but the demand for 10
                  units per period shown at the bottom of the exhibit represents a separate source of
                  independent demand (C is also a service item).

               
               
               
               If a service part is used only in that
                  manner, it is coded at level 0 as an end item. If, however, it is a component, it
                  is
                  coded at the lowest level at which it is used in the product BOMs.

               
               
               
               Both service items and components can be
                  secured with the same safety stock.

               
               
               
               Now let’s look more closely at each of the following MRP
                  calculation steps:

               
               
               
               
                  
                  
                  	
                     
                     
                     Calculate gross requirements at level 0
                        (top level of an end unit’s components).

                     
                     

                  
                  
                  
                  	
                     
                     
                     Calculate preliminary PAB.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Calculate net requirements at level
                        0.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Per net requirement, create planned
                        order receipts and offset planned order releases.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Adjust PAB for planned order
                        receipts.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Multiply planned order release by BOM
                        quantity, plus any independent demand, to find gross requirements for level
                        1. Repeat process through to lowest BOM level.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Calculate Gross
                  Requirements at Level 0

               
               
               
               
                  
                  
                  To determine gross requirements for
                     all the components used to produce items A and F, each item’s BOM is exploded to
                     identify the individual components used in that BOM, their quantities, and their
                     lead times. Exhibit 4-105 shows the BOM
                     structures for items A and F.

                  
                  
                  
                  
                     Exhibit 4-105: BOM Explosion[image: Product trees for items A and F show levels, quantities per assembly, and lead times, with components B, C, D, and E branching below them. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  

               
               
               
               
                  
                  
                  Exploding and Low-Level Coding

                  
                  
                  
                  
                     
                     
                     The levels noted in the center of Exhibit 4-105 illustrate how low-level coding must consider requirements
                        at the exploded levels zero through two. The parent items, A and F, are at level 0.
                        Components B and D are used in both items at level 1. Component C is used at level
                        1
                        for item A but also at level 2 for both items, as a component of B. Component E is
                        similarly used at level 1 for item F but is also a level 2 component of B for both
                        items. When calculating gross requirements, usage for components C and E must
                        include use at levels 1 and 2. The MRP system checks all levels before calculating
                        the gross requirements.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Offsetting

                  
                  
                  
                  
                     
                     
                     Exhibit 4-105 also shows the lead times for items A and F and their
                        components B, C, D, and E. If there is a requirement for any item or component, the
                        MRP system will plan an order release that reflects the lead time. For example, if
                        there is a gross requirement for item A in period 4 and there is insufficient
                        projected available balance, then the system will plan to release an order in period
                        2. This way it will be in the system at the beginning of period 4.

                     
                     
                     
                     In other words, to calculate when a planned
                        order release is needed, the system offsets the amount to the left on the grid by
                        the number of periods corresponding to the lead time.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Calculate Net
                  Requirements at Level 0

               
               
               
               
                  
                  
                  Next,
                     let’s walk through the process for calculating the net requirements for these
                     items and components by level.

                  
                  
                  
                  Note
                     the basic assumptions at work in this example. First, the itemized inventory
                     policy for item A does not require safety stock, and, second, the lot-for-lot
                     (L4L) method is used to determine order quantity. In other words, there is a lot
                     size of 1. This method will simply build what has been ordered less any on-hand
                     balance, but this balance is typically zero (or the safety stock level) due to
                     the L4L policy. Note that the online activities contain a more complex situation
                     that involves safety stock, lot size, and an on-hand inventory
                     balance.

                  
                  

               
               
               
               
                  
                  
                  Item A

                  
                  
                  
                  
                     
                     
                     Exhibit 4-106 shows the MRP calculation for item A in this planning
                        period. We’ll go through this example step by step.

                     
                     
                     
                     
                        Exhibit 4-106: Gross-to-Net Calculations for Item A[image: MRP table for Item A showing gross requirements in weeks 4, 6, and 8 with lot-for-lot sizing, lead time of 2, zero projected available each week, and planned order releases matching requirements. Go to long description for details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     Gross requirements were pulled from the
                        MPS: 10 units in period 4, 100 in period 6, and 10 in period 8.

                     
                     
                     
                     Since inventory policy for this item
                        appears to exclude safety stock and requires L4L replenishment, projected available
                        will always be 0 at the end of periods 4, 6, and 8.

                     
                     
                     
                     The receipt of the released orders occurs
                        at the beginning of the period. So the receipt of 10 units occurs at the beginning
                        of period 4. All 10 units are used to fill the gross requirements for that period.
                        This leaves zero balance available for the next period.

                     
                     
                     
                     The net requirements for item F can be
                        calculated in the same manner.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Create Planned
                  Orders

               
               
               
               
                  
                  
                  Remember that net
                     requirements are gross requirements minus
                     projected available. This means that for period 4,
                     net requirements are 10 units. Whenever there are
                     net requirements, this means that the PAB will be
                     negative at this point if no planned orders are
                     released. Therefore, a planned order release for
                     10 units of item A is offset two periods to
                     reflect the lead time for item A. In the MRP grid
                     for Item A shown earlier, you see the planned
                     order release of 10 units in period 2.

                  
                  
                  
                  Similarly, the net requirements for period 6 are 100 units
                     (100 in gross requirements minus zero projected available). Therefore, a planned
                     order release of 100 units is set for period 4. The planned order receipt in
                     period 6 will fill the gross requirements for that period. Net requirements for
                     period 8 are 10 units (10 – 0), and a planned order release is set for 10 units
                     in period 6 so that the order can be filled in period 8.

                  
                  

               
               

            
            
            
            
               
               
               Post Gross Requirements
                  for Next Level and Repeat Gross-to-Net

               
               
               
               
                  
                  
                  This
                     process is repeated for all components through the levels, eventually producing
                     required actions to release planned orders and to update balances to maintain
                     the currency of the system data.

                  
                  

               
               
               
               
                  
                  
                  Level 1

                  
                  
                  
                  
                     
                     
                     For level 1, we will focus on component B.
                        Exhibit 4-107 shows the gross
                        requirements for component B in this planning period. It also shows a completed MRP
                        grid for item F; this item’s net requirements and planned order releases need to be
                        completed before calculating component B’s gross requirements since it is also a
                        source of some of these requirements. Remember that we will not calculate components
                        C and E until the next level so that we can capture all the requirements for these
                        components.

                     
                     
                     
                     
                        Exhibit 4-107: Gross Requirements for Component B[image: MRP grids for Items A, F, and Component B showing gross requirements, planned orders, and how A and F planned order releases drive B’s gross requirements. Go to long description for details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     To calculate the gross requirements for
                        component B, we need to consider the planned order releases for both item A and item
                        F. These are shown in the shaded boxes. The gross requirements for component B are
                        therefore 120 for period 4.

                     
                     
                     
                     Note also that our simple example requires
                        only one unit of component B to assemble items A and F. If two units were required,
                        the gross requirements would be doubled.

                     
                     
                     
                     Exhibit 4-108 shows the net requirements and planned order releases for
                        component B.

                     
                     
                     
                     
                        Exhibit 4-108: Gross-to-Net Requirements for Component B[image: Component B MRP table showing periods, gross requirements, projected available balances, net requirements, and planned orders with circled values highlighting inventory changes. Go to long description for details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     Note that the replenishment strategy is
                        still L4L, the component does not have safety stock, and lead time for component B
                        is one period. Note also that there is an on-hand balance of 100 units of component
                        B at the beginning of the planning period. An earlier order for items A and/or F was
                        canceled after completion of component B.

                     
                     
                     
                     Gross requirements reflect the combined
                        requirements for items A and F in each period.

                     
                     
                     
                     Projected available at the beginning of
                        period 2 is 100 units.

                     
                     
                     
                     In period 2, there is no net requirement,
                        since the gross requirements can be filled from the projected available in period
                        1.
                        At the end of period 2, the projected available balance will be 90 units.

                     
                     
                     
                     In period 4, gross requirements of 120 will
                        exceed projected available (90) and will create net requirements of 30. A planned
                        order receipt is therefore set for period 4, which creates a planned order release
                        for 30 units in period 3, based on the one-period lead time for component B.

                     
                     
                     
                     In period 4, the order for 30 units
                        released in period 3 will be received. This order, combined with the projected
                        available balance of 90 units at the end of period 3, is sufficient to meet gross
                        requirements for period 4. The entire order will be used, however, so there will be
                        no balance. So the projected available balance at the end of period 4 is zero.

                     
                     
                     
                     In period 5, there is no longer a projected
                        available balance, so the net requirement will be 20—the gross requirement of 20
                        minus 0 projected available balance. This creates a planned order receipt in period
                        5 and a corresponding planned order release in period 4 for 20 units.

                     
                     
                     
                     Periods 6 and 7 show a similar situation.
                        In each, net requirements for component B are the same as gross requirements, and
                        planned order receipts are created. For periods 5, 6, and 7, planned order releases
                        are shown in the offset periods.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Level 2

                  
                  
                  
                  
                     
                     
                     At level 2, we can now plan for components
                        C and E. We will focus on component C. The gross requirements for component C must
                        include

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           The gross requirements for item A
                              at level 2 (at 2 per since two item Cs are needed to produce one item A), so
                              this nets to two item Cs per one item A.

                           
                           

                        
                        
                        
                        	
                           
                           
                           The gross requirements for component B, which are derived
                              from the requirements at level 1 for items A (1 per) and item F (at 1 per),
                              which are summed per time period and result in a set of planned order
                              releases after considering projected available balances as shown in Exhibit 4-109. This source is also
                              calculated at 2 per, so this nets to two item Cs per one component B.

                           
                           

                        
                        
                        
                        	
                           
                           
                           The independent demand for
                              component C in each period, which is 10 per period in this example.

                           
                           

                        
                        

                     
                     
                     
                     Exhibit 4-109 shows how the gross requirements for component C are derived.

                     
                     
                     
                     
                        Exhibit 4-109: Gross Requirements for Component C[image: A table showing the gross requirements, net requirements, planned order receipts, and planned order releases for Item A, Component B, and Component C over an 8-week period. Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     Component C’s net requirements and planned
                        order releases are shown in Exhibit 4-110. A few complications have been added to the planning. The policy for
                        component C is that planning must include safety stock of 15 units (perhaps because
                        it is critical to processes for multiple products, it is used at a bottleneck
                        workstation, or it is used in maintaining equipment), and the planned order quantity
                        is 150.

                     
                     
                     
                     
                        Exhibit 4-110: Gross-to-Net Requirements for Component C[image: A table illustrating the material requirements planning (MRP) for Component C with a lot size of 150, safety stock of 15, and lead time of 2 weeks. Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     In periods 1 and 2, the projected available
                        on hand will be sufficient to meet gross requirements.

                     
                     
                     
                     In period 3, however, projected available
                        balance of 80 cannot fulfill the gross requirements of 70 units since there is a
                        safety stock requirement of 15 units, so this would result in only 10 units being
                        on
                        hand. The net requirement is calculated as 15 units of safety stock minus 10 units
                        projected available equals 5 units of net requirements to get to the safety stock
                        level. This triggers a planned order receipt of 150 units.

                     
                     
                     
                     In period 4, the projected available of 160
                        would be entirely consumed by the gross requirement of 250, so 90 units plus the
                        safety stock of 15 units are needed, for 105 units of net requirements. This
                        triggers another planned order receipt of 150 units.

                     
                     
                     
                     In period 5, projected available is
                        sufficient to satisfy the remaining gross requirements and is above the safety stock
                        level, so there are no net requirements.

                     
                     
                     
                     In period 6, the projected available of 30
                        units minus the gross requirements of 50 units creates a net requirement of 20
                        units, to which is added the 15-unit safety stock requirement, for a net requirement
                        of 35 units. This triggers another planned order receipt for 150 units. The
                        remaining two periods have enough projected available to cover the gross
                        requirements without going below the safety stock level. Finally, the planned order
                        receipts are each offset by two weeks and the corresponding planned order releases
                        are shown.

                     
                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Try it Yourself: Motorcycle
                  Manufacturer Case Study

               
               
               
               
                  
                  
                  Let’s use the case study motorcycle
                     manufacturer organization to work through an example of MRP grid logic. Exhibit 4-111 shows an MRP grid for part 221, a purple motorcycle gas tank.
                     The tanks are painted L4L. There are 10 units in stock due to a canceled order,
                     and safety stock is set at 0 units. Use the gross requirements provided in Exhibit 4-111 to calculate the projected available each week, the net
                     requirements, the planned order receipts, and the planned order releases.

                  
                  
                  
                  
                     Exhibit 4-111: Incomplete MRP Grid[image: A table titled “Incomplete MRP Grid.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The solution to this problem is shown in
                     Exhibit 4-112 and is described below.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Carry the projected available
                           balance of 10 units forward for each week in which there are no gross
                           requirements.

                        
                        

                     
                     
                     
                     	
                        
                        
                        In week 5, calculate the net
                           requirement, which is the 20 units minus any scheduled receipts (0 here)
                           and minus the week 4 projected available, for a net requirement of 10
                           units.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Add a planned order receipt for
                           week 5 of 10 units, to follow the lot-for-lot rule, and, for the planned
                           order release line, add 10 units in week 3 due to offsetting for the
                           two-week lead time.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Calculate the projected available
                           as the prior projected available of 10 units, plus the scheduled receipt
                           (0 units), plus the planned order receipt of 10 units, minus the gross
                           requirement of 20 units, which equals 0 units. Since this is
                           lot-for-lot, there will be no excess inventory produced and the
                           remaining projected available balances will be zero.

                        
                        

                     
                     

                  
                  
                  
                  The remainder of the calculations will be
                     the same except that there will be no more projected available inventory, as
                     shown below.

                  
                  
                  
                  
                     Exhibit 4-112: Completed MRP Grid[image: A table titled “Completed MRP Grid.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  

               
               

            
            

         
         
         
         
            
            
            Planner’s Role in MRP Management

            
            
            
            
               
               
               The material
                  requirements planning (MRP) system is managed by planners, whose primary
                  responsibility is to keep material flowing into, through, and out of the operations.
                  This involves maintaining priorities as conditions change. These changes may be
                  caused by changes in the master production schedule, changes to work in process
                  (e.g., delays, early completion, partial orders due to manufacturing problems), or
                  actions by suppliers (e.g., delayed or incomplete shipments).

               
               
               
               Manufacturing
                     Planning and Control for Supply Chain Management states that, in managing
                  the MRP process, the planner is responsible for performing the following
                  actions:

               
               
               
               
                  
                  
                  	
                     
                     
                     Releasing orders (The system
                        releases an order into the action bucket. The order launching converts a
                        planned order release into a scheduled receipt.)

                     
                     

                  
                  
                  
                  	
                     
                     
                     Rescheduling due dates, i.e.,
                        expediting or de-expediting existing open orders as needed

                     
                     

                  
                  
                  
                  	
                     
                     
                     Analyzing and updating system
                        planning factors (e.g., lot sizes, safety stock)

                     
                     

                  
                  
                  
                  	
                     
                     
                     Reconciling errors and
                        inconsistencies, determining the cause of the problem, and correcting it

                     
                     

                  
                  
                  
                  	
                     
                     
                     Identifying potential problems and
                        responding proactively to prevent or minimize their effects

                     
                     

                  
                  
                  
                  	
                     
                     
                     Working creatively within the rules
                        of the system to resolve material shortage problems (For example, the
                        planner could trace an issue to the source of the demand, analyze root
                        causes, and develop solutions.)

                     
                     

                  
                  
                  
                  	
                     
                     
                     Identifying opportunities to improve
                        the process

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Evaluating and Improving MRP Performance

               
               
               
               
                  
                  
                  The performance of the MRP
                     process is based on several factors. Planned order quantities and dates can be
                     compared to the actual execution of the orders to determine the accuracy of the
                     plan. The planner may generate reports of deviations from the plan and their
                     causes. In addition, item inactivity, inventory investment, and purchase
                     commitments may be used to measure MRP performance.

                  
                  
                  
                  Measurements of MRP system performance for a given planning
                     period include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Manufacturing orders released on
                           time

                        
                        

                     
                     
                     
                     	
                        
                        
                        Purchase orders released on
                           time

                        
                        

                     
                     
                     
                     	
                        
                        
                        Downtime caused by shortages

                        
                        

                     
                     
                     
                     	
                        
                        
                        Excess inventory

                        
                        

                     
                     
                     
                     	
                        
                        
                        Number of changes to purchase
                           orders

                        
                        

                     
                     
                     
                     	
                        
                        
                        Orders released to manufacturing
                           with material shortages

                        
                        

                     
                     
                     
                     	
                        
                        
                        Due dates of orders met

                        
                        

                     
                     
                     
                     	
                        
                        
                        Trends in action messages.

                        
                        

                     
                     

                  
                  
                  
                  In general, the following are
                     true:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        High numbers of manufacturing
                           and purchase orders released on time indicate that manufacturing and
                           supplier lead time data are accurate and the order release process is in
                           control.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Low downtime due to shortages
                           and high numbers of orders released to manufacturing without material
                           shortages indicate good inventory and bill-of-material data accuracy,
                           good working inventory management processes, and correct routings.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The occurrence of few action
                           messages is an important indicator, because it shows that the planner
                           and the system have acted in a timely fashion on action messages in the
                           past, that the plans at each level are aligned, and that there is a good
                           chance of successful plan execution and positive performance
                           measurements. For this to occur, the system needs adequate schedule
                           stability. In addition, planners need to have incorporated appropriate
                           planning parameters or formal rules into the planning system and need to
                           be vigilant in handling exceptions.

                        
                        

                     
                     

                  
                  
                  
                  When assessing MRP performance,
                     however, one should remember the influence on performance of issues beyond the
                     control of the system or planner. For example, excessive levels of inventory
                     could be related to policy issues such as determining lot size by volume
                     discounts offered by suppliers or errors in forecasting. Suppliers may delay
                     deliveries. Customers may change orders at the last minute. While these cannot
                     be controlled, a pattern of issues in these areas would call for further
                     analysis of the problem and design of possible solutions. For example, a pattern
                     of late deliveries from one supplier might trigger re-sourcing of the materials.
                     Persistent forecasting errors might call for increased training and/or forecast
                     process improvements.

                  
                  
                  
                  While planners
                     may not be able to control all MRP performance issues, planners need to be
                     vigilant regarding all data that is used in the MRP process. When issues are
                     found in routings, BOMs, or item master data, planners need to ensure these
                     source files are promptly corrected so that it will be easier to maintain a
                     valid priority plan going forward.

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Section G: Capacity Requirements Planning, Order Promising,
            and Final Assembly Scheduling

         
         
         
         
            
            
            
               After completing
                  this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Understand how capacity requirements planning (CRP) fits
                     into the manufacturing planning and control
                     model

                  
                  

               
               
               
               	
                  
                  
                  List the process
                     steps used in the CRP model

                  
                  

               
               
               
               	
                  
                  
                  Understand the
                     advantages and limitations of CRP

                  
                  

               
               
               
               	
                  
                  
                  Understand the
                     decision points involved in authorizing production

                  
                  

               
               
               
               	
                  
                  
                  Describe situations
                     that may result in needing to change resources committed to the timetable
                     and ways to prevent such situations

                  
                  

               
               
               
               	
                  
                  
                  Evaluate the
                     allocation of resources for customer order promising
                     and order entry 

                  
                  

               
               
               
               	
                  
                  
                  Identify sources of
                     demand to be considered in the final assembly
                     schedule (FAS) 

                  
                  

               
               
               
               	
                  
                  
                  Describe a product
                     flow analysis (VATI analysis)

                  
                  

               
               
               
               	
                  
                  
                  Develop the FAS to support the demand plan including 1)
                     evaluating the allocation of resources for customer
                     order promising; and 2) evaluating current internal
                     and external sources of supply 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Explain
                           the steps in the final assembly scheduling
                           process

                        
                        

                     

                  
                  

               
               
               
               	
                  
                  Evaluate and maintain the FAS, including 1) reviewing and
                     managing changes in inventory levels, backlog,
                     capacity, major customer orders, time fences,
                     product and process designs, and incoming supplies
                     into the FAS and 2) monitoring actual performance to
                     the FAS 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Manage
                           the consequences of an unrealistic FAS.

                        
                        

                     

                  

               
               

            
            
            
            This section addresses CRP, the available-to-promise (ATP) or
               capable-to-promise (CTP) features of master scheduling, and final
               assembly scheduling. The final assembly schedule directs how to make
               or assemble actual customer orders in a make- or assemble-to-order
               environment.

            
            

         
         
         
         
   
      
         
         
         
         Capacity
            Requirements Planning

         
         
         
         
            
            
            The step that occurs
               after material requirements planning in traditional manufacturing
               planning and control is capacity requirements planning (CRP) to validate
               capacity in detail. CRP is discussed here in terms of its process,
               its advantages and disadvantages, and how it is used in finite capacity
               scheduling systems.

            
            

         
         
         
         
         
            
            
            CRP in MPC

            
            
            
            
               
               
               Exhibit 4-113,
                  the manufacturing planning and control diagram, shows where capacity requirements
                  planning (CRP) fits. The key planning input is the material requirements plan
                  (MRP). On the capacity planning side, CRP helps validate that all
                  resources have sufficient capacity for the MRP.

               
               
               
               
                  Exhibit 4-113: Manufacturing Planning and Control[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               

            
            

         
         
         
         
            
            
            CRP Model

            
            
            
            
               
               
               The
                  detailed capacity planning process is conventionally equated with capacity requirements planning (CRP), which is defined in the ASCM Supply Chain Dictionary as:

               
               
               
               
                  
                  
                     The function of establishing, measuring, and adjusting limits or levels of capacity.
                        In this context, the term refers to the process of determining in detail the amount
                        of labor and machine resources required to accomplish the tasks of production. Open
                        shop orders and planned orders in the material requirements planning (MRP) system
                        are input to CRP, which, through the use of parts routings and time standards, translates
                        these orders into hours of work by work center by time period. Even though rough-cut
                        capacity planning (RCCP) may indicate that sufficient capacity exists to execute the
                        master production schedule (MPS), CRP may show that capacity is insufficient during
                        specific time periods. See: capacity planning.
                     

                  

               
               
               
               The CRP process validates material requirements
                  planning (MRP) by waiting until MRP plans open and planned production orders before
                  checking against capacity. Capacity in CRP is usually considered to be infinite, or
                  capable of expanding to fulfill priority plans, because MRP due dates have a high
                  priority and are not very flexible while capacity is assumed to be able to
                  accommodate due date priorities.

               
               
               
               The CRP process steps are shown in Exhibit 4-114. As with MRP, CRP is an
                  automated system, but in order for you to understand how it works, we need to
                  consider what is going into the system and what output the planner gets.

               
               
               
               
                  Exhibit 4-114: CRP Process[image: Cycle diagram showing five steps of capacity requirements planning: A determine load, B simulate scheduling, C create load reports, D resolve imbalances, and E prepare operating plan.]
               
               
               
               
               
                  
                  
                  	
                     
                     
                     Step A. Determine load on resources over
                        a defined time period. This requires input about the anticipated load from
                        the master production schedule (MPS) and the MRP system, but it also
                        requires knowing what the operation’s capacity is and how capacity might be
                        affected by other sources of load and the business’s priorities.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Step B. Using backward scheduling,
                        simulate the scheduling of load at work centers by period, assuming infinite
                        capacity. Forward scheduling and finite capacity can be used, but this is
                        less common. Note that backward scheduling starts from the due date and
                        works backward to plan prior events, while forward scheduling does the
                        opposite. An infinite capacity assumption means that the load for any given
                        period will not be limited by a maximum capacity level, as would be the case
                        if finite capacity planning is used.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Step C. Create work center load capacity
                        profiles for each period. Load and available resources are compared to
                        identify imbalances.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Step D. Resolve load-capacity
                        imbalances.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Step E. Prepare the operating plan for
                        execution.

                     
                     

                  
                  

               
               
               
               If imbalances between load and capacity can
                  be resolved at step D, the elements of a workable plan for execution will be in
                  place. The plan will enable production control to perform its dispatching,
                  bottleneck management, sequencing, and input/output control functions and meet
                  priority objectives. The operating plan may be further refined during the execution
                  phase to account for changes in work orders, material shortages, and worker and
                  machine productivity.

               
               
               
               If the load-capacity imbalance cannot be
                  resolved, the planner will first try to make required capacity available. After
                  analyzing work center load reports and attempting to balance load and capacity,
                  planners still might not be able to resolve the imbalances. In such cases, the MPS
                  must be revised. The revisions will be exploded by the next MRP run and used by CRP
                  to create revised work center load reports for additional evaluation and possible
                  action by the planner. Revising the MPS is a short-term solution. Chronic
                  overloading of production is a sign that the planner needs to request that
                  management increase capacity. Not doing so puts revenue and customer service goals
                  at risk.

               
               

            
            
            
            
               
               
               Advantages of CRP

               
               
               
               
                  
                  
                  For those
                     manufacturing operations that can use capacity requirements planning, this
                     approach offers benefits.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Since CRP
                           provides time-phased visibility of load and capacity imbalances for over
                           the entire planning horizon (short, mid, and long term), it can reveal
                           underloads and overloads and allows planners to act before problems
                           become crises.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP can be used as a simulation tool in the planning
                           process to evaluate proposed planning factor changes
                           (e.g., lot sizes, routings), before they are put in
                           place.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP uses
                           more-detailed lead-time data than material requirements planning,
                           providing a scheduled start date for each operation.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP helps
                           reduce erratic lead times by providing data the planner can use to level
                           work center loads. Leveling tends to make queue times much more
                           consistent and manageable, which contributes to lead-time
                           control.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP can be used to evaluate production feasibility even
                           in demand-driven material requirements planning
                           (DDMRP) systems.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP is being enhanced with AI tools that provide
                           predictive analytics and help forecast capacity
                           needs.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP is being offered as part of cloud-based ERP systems
                           that enable fast real-time CRP calculations.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP can be integrated with the internet of things (IoT)
                           to enable real-time data on performance and
                           uptime/downtime of equipment.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP is being combined with advanced planning and
                           scheduling (APS) systems or manufacturing execution
                           systems (MES) as a hybrid approach to capacity
                           planning using CRP as the high-level check that
                           feeds directly into detailed capacity checking at
                           the APS/MES level.

                        
                        

                     
                     

                  
                  
                  

               
               

            
            
            
            
               
               
               Limitations of CRP

               
               
               
               
                  
                  
                  CRP is
                     not meant to determine day-to-day decisions and shop floor actions; these are a
                     function of the scheduling and capacity control checks as part of production
                     activity control.

                  
                  
                  
                  There are
                     other limitations as well.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        CRP requires manual input to resolve action items. Its
                           scope is restricted to the solution of fairly simple
                           scheduling and capacity management problems.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP requires extensive input data. Routing, work
                           center, utilization, and efficiency data must be as
                           current and accurate as possible. Information on
                           capacity is hard to make accurate because, in most
                           environments, there is daily efficiency and
                           utilization variation.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The data input into CRP are often detailed (e.g., time
                           of day of load), but CRP is still an approximation
                           of load separated into time periods.

                        
                        

                     
                     
                     
                     	
                        
                        
                        When the MPS needs to be revised due to capacity
                           imbalances, the MPS, MRP, and CRP processes must be
                           run again to see if changes were effective.

                        
                        

                     
                     
                     
                     	
                        
                        
                        CRP does not handle resource
                           contention and secondary constraint effects as well
                           as finite scheduling techniques do.

                        
                        

                     
                     

                  
                  
                  
                  While CRP can consider finite capacity (real-world resource limits), note that its
                     primary role is to validate the feasibility of the S&OP
                     production plan across a longer time horizon, often in aggregate
                     terms (e.g., weekly or monthly).

                  
                  

               
               

            
            

         
         
         
         
            
            
            CRP in Finite Capacity Scheduling
               Systems

            
            
            
            
               
               
               Many
                  enterprise resources planning (ERP) systems feature a closed-loop
                  process that relies on feedback from subsequent stages of the manufacturing
                  process to adjust and improve preceding activities. These are finite
                  capacity scheduling systems. Here we examine how capacity requirements
                  planning (CRP) works when it uses finite capacity assumptions, starting
                  with master scheduling and then during execution.

               
               

            
            
            
            
               
               
               Interaction
                  of CRP with Master Scheduling

               
               
               
               
                  
                  
                  CRP is performed
                     at a level below master scheduling. The summarized and selective data
                     used for rough-cut capacity planning may or may not come from the
                     same files that provide the detailed CRP data.

                  
                  
                  
                  The master scheduler should monitor key work center
                     capacities to verify that the master scheduling process is not causing overloads.
                     Regular overloads may indicate that the data being used need to be revised; regular
                     underloads may indicate a need to revise data or may be caused by business
                     conditions (e.g., market conditions or competitive activity).

                  
                  

               
               

            
            
            
            
               
               
               Interaction
                  of CRP and Execution

               
               
               
               
                  
                  
                  CRP prepares the operating
                     plan for execution in the job and batch manufacturing environment.
                     The planner and production control must work together. This collaboration
                     is supported by communication and feedback between the two groups. Key
                     points are summarized in Exhibit 4-115.

                  
                  
                  
                  
                     Exhibit 4-115: CRP and Execution Interaction[image: Circular diagram showing a cycle between “Planner” and “Production control,” with a center list: plan and dispatch lists, order status and revisions, and over/under-capacity issues (one-time and persistent).]
                  
                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The planner shares
                           the weekly plan with production control.

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Production control
                                 uses the plan to deploy labor and other resources.

                              
                              

                           
                           
                           
                           	
                              
                              
                              The planner and production control meet
                                 weekly to review issues, such as unexpected capacity constraints.

                              
                              

                           
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Production control releases orders
                           for managing the queues at the gateway work centers. A gateway work center is defined by the ASCM Supply Chain
                              Dictionary as: “A work center that performs the first
                              operation of a particular routing sequence.”

                        
                        

                     
                     
                     
                     	
                        
                        
                        Work is prioritized by production control
                           based on CRP dispatch lists.

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              The dispatch lists
                                 are updated frequently, usually daily.

                              
                              

                           
                           
                           
                           	
                              
                              
                              Dispatchers must recognize capacity limitations,
                                 or work-in-process will increase.

                              
                              

                           
                           
                           
                           	
                              
                              
                              The planner and production control agree
                                 on priority rules for effective dispatching.

                              
                              

                           
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Order status is updated by production control—if
                           possible, daily, since this information is a key input to CRP.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Production control identifies past-due
                           orders and reschedules them after conferring with the planner, if
                           necessary.

                        
                        

                     
                     
                     
                     	
                        
                        
                        If production control sees that bottlenecks
                           and excessive lead times are developing on the shop floor as a result
                           of errors in planning, this information is communicated to the planner.

                        
                        

                     
                     

                  
                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Available-to-Promise, Capable-to-Promise, and Order
            Promising

         
         
         
         
            
            
            Available-to-promise (ATP) and capable-to-promise (CTP) are ways to determine what
               inventory or available capacity is available to be promised to customers because it
               has not yet been allocated to others. Checking this information, calculated at the
               master schedule level, is also important for developing the final assembly
               schedule.

            
            

         
         
         
         
         
            
            
            Available-to-Promise and Order Promising

            
            
            
            
               
               
               An
                  effective master production schedule (MPS) enables the delivery of products to support
                  customer expectations. Production and inventory control professionals need to be able
                  to
                  evaluate the allocation of resources for customer order promising and order entry.
                  The ASCM Supply Chain Dictionary defines these terms.

               
               
               
               
                  
                  Order entry:
                     The process of accepting and translating what a customer wants into an order for the
                        supplier. This can be as simple as creating shipping documents for finished goods
                        in a make-to-stock (MTS) environment or a more complicated series of activities, including
                        design efforts for make-to-order (MTO) or assemble-to-order (ATO) products. See: master
                        schedule, order service.

                  
                  Order promising:
                     The process of committing to a delivery date for a customer order. For make-to-order
                        (MTO) products, this usually involves a check of uncommitted material and availability
                        of capacity, often as represented by the master schedule available-to-promise (ATP).
                        Syn.: customer order promising. See: available-to-promise (ATP), order service.

                  

               
               
               
               The ASCM Supply Chain Dictionary
                  defines available-to-promise (ATP) as follows:

               
               
               
               
                  
                  
                     1) In operations, the uncommitted portion of a company’s inventory and planned production
                        maintained in the master schedule to support customer-order promising. The ATP quantity
                        is the uncommitted inventory balance in the first period and is normally calculated
                        for each period in which a master production schedule (MPS) receipt is scheduled.
                        In the first period, ATP includes on-hand inventory less customer orders that are
                        due and overdue. Three methods of calculation are used: discrete ATP, cumulative ATP
                        with look-ahead, and cumulative ATP without look-ahead. 2) In logistics, the quantity
                        of a finished good that is or will be available to commit to a customer order based
                        on the customer’s required ship date. To accommodate deliveries on future dates, ATP
                        is usually time phased to include anticipated purchases or production receipts. See:
                        cumulative available-to-promise, discrete available-to-promise (ATP).
                     

                  

               
               
               
               ATP

               
               
               
               
                  
                  
                  	
                     
                     
                     Ignores the forecast and focuses on customer
                        orders only

                     
                     

                  
                  
                  
                  	
                     
                     
                     Is calculated for the first period on the
                        master scheduling grid

                     
                     

                  
                  
                  
                  	
                     
                     
                     Is then calculated only for each period in
                        which there is an MPS receipt

                     
                     

                  
                  
                  
                  	
                     
                     
                     Consists of three methods of calculation:
                        discrete and two types of cumulative.

                     
                     

                  
                  

               
               
               
               Exhibit 4-116 shows conceptually how the
                  committed portion of the MPS, in the form of actual orders, leaves the uncommitted
                  portion
                  to be promised to customers who have not yet ordered, which is called ATP.

               
               
               
               
                  Exhibit 4-116: How ATP Is Uncommitted Portion of MPS[image: Line chart showing customer orders declining over time while the flat MPS capacity line stays constant; the gap represents available-to-promise inventory.]
               
               
               
               
               The closer one gets to the present, the more the
                  cumulative actual orders displace forecasts or available capacity. This leads us to
                  a few
                  definitions related to inventory availability from the ASCM
                     Supply Chain Dictionary.

               
               
               
               
                  
                  Available inventory:
                     The on-hand inventory balance minus
                        allocations, reservations, backorders, and (usually) quantities held for quality
                        problems. This is often called beginning available balance. Syns.: beginning
                        available balance, net inventory.

                  
                  On-hand balance:
                     The quantity shown in the inventory
                        records as being physically in stock.

                  

               
               
               
               In addition to checking inventory levels (if any),
                  sales professionals will be able to view available-to-promise information in the
                  organization’s master schedule. ATP information contains quantities and due dates
                  for which
                  deliveries can be committed. ATP provides a response to a customer order inquiry based
                  on
                  resource availability. Since the S&OP production plan was agreed to by sales and
                  marketing and others, this consensus helps ensure that the MPS reflects what sales
                  and
                  marketing believe they can actually sell, subject to the availability of resources.
                  If the
                  MPS is realistic and achievable, sales can provide reliable delivery lead time quotes.
                  If
                  not, manufacturing and sales will be reacting to a series of emergencies and customer
                  complaints.

               
               
               
               Exhibit 4-117 revisits the master scheduling grid, now
                  with an available-to-promise row added to it.

               
               
               
               Note that this master schedule now also
                  shows customer orders, a projected available balance, and available to promise. This
                  grid
                  calculates the master production schedule for operations purposes and shows a projected
                  available balance. The lot size in this example is 50 units and there is no safety
                  stock.
                  This grid calculates the master production schedule for operations purposes and shows
                  a
                  projected available balance and available-to-promise amounts for demand prioritization
                  purposes.

               
               
               
               
                  Exhibit 4-117: Master Scheduling Grid with Available-to-Promise Line Added[image: Table shows constrained demand, customer orders, projected available balance, ATP, and MPS across frozen, slushy, and liquid zones with demand and planning time fences. Go to long description for more details.]
               
                  Source: APICS Master Planning of Resources, Version
                        3.1
                  

               
                  Go to long description.
                  

               
               
               
               
               There are two primary types of ATP: discrete and
                  cumulative. Cumulative ATP has two subtypes.

               
               

            
            
            
            
               
               
               Calculating
                  ATP: Discrete and Cumulative With/Without Look-Ahead

               
               
               
               
                  
                  
                  The ASCM Supply Chain Dictionary defines discrete
                        available-to-promise as follows:

                  
                  
                  
                  
                     
                     
                        A method for determining the available-to-promise (ATP) quantities in the master production
                           schedule (MPS). For the first period, the ATP is the sum of the beginning inventory
                           plus the MPS quantity minus backlog for all periods until the item is master scheduled
                           again. For all other periods, if a quantity has been scheduled for that time period,
                           then the ATP is this quantity minus all customer commitments for this and other periods
                           until another quantity is scheduled in the MPS. For those periods when the quantity
                           scheduled is zero, the ATP is zero (even if deliveries have been promised). The promised
                           customer commitments are accumulated and shown in the period when the item was most
                           recently scheduled. Syn.: incremental available-to-promise. See: available-to-promise
                           (ATP).
                        

                     

                  
                  
                  
                  In the cumulative
                     method, ATP quantities in one period are carried forward to the next. The ASCM Supply Chain Dictionary defines cumulative
                        available-to-promise as follows:

                  
                  
                  
                  
                     
                     A calculation based on
                           the available-to-promise (ATP) figure in the master production schedule (MPS). Two
                           methods of computing the cumulative ATP are used: with and without look-ahead
                           calculation. The cumulative with look-ahead ATP equals: (The ATP from the previous
                           period + The MPS of the period) – (The backlog of the period – The differences
                           between the backlogs and MPSs of all future periods until, but not to include, the
                           period where point production exceeds the backlogs). The cumulative without
                           look-ahead procedure equals: (The ATP from the previous period + The MPS) – (The
                           backlog in the period being considered). See: available-to-promise (ATP).

                     

                  
                  
                  
                  Note how the cumulative
                     ATP method has two subtypes: cumulative ATP with look-ahead and cumulative ATP without
                     look-ahead. This results in three methods. The formula for the first period ATP is
                     the
                     same for all three methods:

                  
                  
                  
                  [image: ../images/mathml_id176QB0BC0D5.png]
                  
                  
                  
                  [image: ../images/mathml_equation-block_gs2_v4z_ddc.png]
                  
                  
                  
                  For discrete ATP, the
                     formula for any period other than period 1 that has an MPS scheduled is as follows,
                     with
                     an example from Exhibit 4-118 below:

                  
                  
                  
                  [image: ../images/mathml_id2285E0ZH0RO.png]
                  
                  
                  
                  [image: ../images/mathml_equation-block_wq2_w4z_ddc.png]
                  
                  
                  
                  Exhibit 4-118 shows all
                     three methods for comparison. The 50 units of on-hand inventory minus the customer
                     orders
                     of 19 and 17 units results in 14 units that can be promised to customers in period
                     one in
                     all three methods.

                  
                  
                  
                  
                     Exhibit 4-118: Discrete vs. Cumulative With and Without Look-Ahead[image: Table showing constrained demand, customer orders, projected available balance, discrete and cumulative ATP values across Frozen, Slushy, and Liquid Zones for periods 1–10. Includes demand and planning time fences. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  
                     On hand = 50 units; lot size = 50 units; safety stock = 5
                        units

                  
                  
                  
                  Note that safety stock does not
                     need to be a consideration in any of the methods. Safety stock affects when an MPS
                     order
                     needs to be placed (e.g., an MPS is placed in period 5 to prevent the PAB from going
                     below
                     five units). However, for order promising, safety stock is fair game and can be promised
                     to customers since the point of it is to enable sales when a system with no safety
                     stock
                     would have already had a stockout.

                  
                  
                  
                  The basic
                     method for any later period containing an MPS is to start with the MPS and then subtract
                     customer orders (i.e., the backlog) in the current and all future periods that do
                     not yet
                     contain another MPS. Any other period not containing an MPS gets a zero for ATP. The
                     ATP
                     between those periods will be the same as the last ATP and so does not need to be
                     calculated. There is also an adjustment to borrow from prior period ATP if ATP were
                     to go
                     negative. (An example of this is shown shortly.) The formula for cumulative ATP with
                     look-ahead is very similar to this (except that the additional rule about how to handle
                     negative ATP is not needed), so it is presented next. The only other difference for
                     cumulative ATP with look-ahead is that it starts with the previous cumulative ATP
                     amount,
                     resulting in a running total.

                  
                  
                  
                  [image: ../images/mathml_id189KC200OY4.png]
                  
                  
                  
                  [image: ../images/mathml_equation-block_ivs_2pz_ddc.png]
                  
                  
                  
                  Note how in Exhibit 4-118 if you add the discrete ATP for periods 1 and 3, you get the period 3
                     cumulative ATP with look-ahead. Cumulative ATP with look-ahead is just a running total
                     of
                     the discrete ATP values.

                  
                  
                  
                  Cumulative
                     ATP without look-ahead also starts with the prior cumulative ATP amount, but it differs
                     in
                     that it considers only customer orders in the current period, not in any future periods
                     before the next MPS.

                  
                  
                  
                  [image: ../images/mathml_id189KC400CUI.png]
                  
                  
                  
                  With the without
                     look-ahead method, the availability levels are much higher than the other methods
                     because
                     future orders in MPS periods are not considered. This assumption might be useful only
                     in
                     certain industries. When should orders in future periods before the next MPS be promised
                     to a customer who wants to buy the inventory now rather than the customer who will
                     want it
                     in the future? This might be useful in some industries such as for perishable goods
                     that
                     are best when very fresh, when customers have a tendency to cancel orders, or when
                     high
                     inventory turnover is a top priority. However, it could result in some future order
                     promises being broken; this is a potential drawback of the without look-ahead method
                     that
                     is avoided in the with look-ahead method.

                  
                  
                  
                  Note
                     that ATP as implemented in enterprise resources planning or other systems may have
                     additional nuances and configurable rules. An example of such a configuration option
                     intended to add some common sense to the system’s logic might be a system that also
                     checks
                     inventory in the supply chain. The point of ATP is to not only enable reliable quotations
                     of the volume of units that can be delivered but also to quote a reliable delivery
                     lead
                     time for any future order date.

                  
                  

               
               

            
            
            
            
               
               
               Calculating
                  ATP Given a Projected Negative ATP

               
               
               
               
                  
                  
                  Note
                     that ATP makes an assumption that ATP from prior periods will be consumed by orders
                     that
                     have not come in yet and so does not treat the ATP from prior periods as an available
                     balance. Here we illustrate an exception to this. Exhibit 4-119 shows an incomplete master
                     schedule for a different product showing a negative value in week 3.

                  
                  
                  
                  
                     Exhibit 4-119: Incomplete ATP Calculations on Master Schedule[image: A table titled “Master Schedule: Make-to-stock Chase Production Example” showing production metrics across multiple weeks. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The discrete ATP in this example was
                     calculated using the calculation rules for each period as follows:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Week 1: 70 units PAB –
                           48 units of orders = 22 units ATP

                        
                        

                     
                     
                     
                     	
                        
                        
                        Week 2: 100 units MPS –
                           66 units of orders = 34 units ATP

                        
                        

                     
                     
                     
                     	
                        
                        
                        Week 3: 100 units MPS –
                           (57 + 62 units of orders) = –19 units ATP

                        
                        

                     
                     
                     
                     	
                        
                        
                        Week 5: 100 units MPS –
                           (30 + 0 units of orders) = 70 units ATP

                        
                        

                     
                     

                  
                  
                  
                  In week 3, actual orders exceed the MPS.
                     Whenever this occurs, we need to apply an additional rule: Reduce the prior ATP by the amount by which the next ATP would be negative, and then
                        add this amount to the negative ATP field so it is no longer negative.

                  
                  
                  
                  This rule is the only time you access ATP from prior
                     periods. Therefore, 19 units are subtracted from the week 2 ATP and added to the week
                     3
                     ATP. Exhibit 4-120 shows the results of this rule. The scheduling software would automatically
                     calculate this for the master scheduler.

                  
                  
                  
                  
                     Exhibit 4-120: Completed ATP Calculations on Master Schedule[image: A table titled “Master Schedule: Make-to-stock Chase Production Example” showing production metrics across multiple weeks. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Now the week 2 and 3 calculations are as
                     follows:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Week 2: 100 units MPS –
                           66 units of orders – 19 units = 15 units ATP

                        
                        

                     
                     
                     
                     	
                        
                        
                        Week 3: 100 units MPS –
                           (57 + 62 units of orders) + 19 units = 0 units ATP

                        
                        

                     
                     

                  
                  
                  
                  The prior period ATP is reduced because
                     these actual orders are already committed, and the adjustment shows what is actually
                     left
                     over to be promised.

                  
                  
                  
                  A salesperson wanting to make an order promise to a
                     customer in this scenario would use discrete ATP as follows: If the customer wants
                     immediate
                     shipping, the salesperson can promise up to 22 units of this inventory. Even though
                     the PAB
                     is 70 units, 48 of these are committed to customers who already placed their orders.
                     As soon
                     as an order is entered into the system, the system automatically adjusts the customer
                     orders
                     higher and reduces the ATP. 

                  
                  
                  
                  If the customer can wait a week, the salesperson can promise up to 15
                     additional units to be delivered with this longer lead time. If even more are wanted,
                     the
                     customer would need to accept a lead time of five weeks. Alternately, the order could
                     be
                     entered for week 4 since the constrained demand is higher than the current customer
                     orders.
                     However, this will reduce the available-to-promise levels in prior periods, so this
                     might be
                     one way those 22 plus 15 units are promised. 

                  
                  
                  
                  If the order was higher than this sum, it would require a new MPS entry
                     and thus would be subject to master scheduler approval, since it is in the slushy
                     zone and
                     changing the schedule could impact production efficiency. If a new MPS order was placed
                     in
                     week 4, the projected available balance and ATP would also be recalculated.

                  
                  

               
               

            
            
            
            
               
               
               Product Delivery By
                  Environment

               
               
               
               
                  
                  
                  ATP is applied differently to products that are
                     make-to-stock, assemble-to-order, and make-to-order. Make-to-stock fulfills customer
                     orders using inventory. However, make- and assemble-to-order create production
                     capacity and then satisfy demand using this available capacity. Even make-to-stock
                     environments will do this to some extent, since orders that exceed available
                     inventory will next look to the MPS to determine what is available to be promised
                     to
                     customers. The distinction is that the MPS is just an anticipated build schedule
                     based on demand in the form of constrained demand and/or actual customer orders,
                     adjusted by available inventories and safety stocks as well as desired inventories
                     and/or backlog levels. Because the master schedules for the various items must match
                     the production plan totals, there is some assurance that these priority plans are
                     realistic and achievable.

                  
                  
                  
                  The delivery date or order
                     promise date for MTO and MTS production is often negotiated when the order is processed.
                     Either the customer asks when the order can be shipped or the customer specifies a
                     desired
                     shipment date. ATP provides a response to a customer order inquiry based on resource
                     availability. ATP is used to support product delivery in the following ways:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        By providing
                           information on valid customer delivery dates

                        
                        

                     
                     
                     
                     	
                        
                        
                        By holding (or
                           reserving) products for customer order before delivery

                        
                        

                     
                     
                     
                     	
                        
                        
                        By providing
                           warnings on components to prevent over-promising on delivery dates

                        
                        

                     
                     
                     
                     	
                        
                        
                        By providing sales
                           with up-to-date information to manage delivery expectations

                        
                        

                     
                     

                  
                  
                  
                  For MTS, ATP can be used to establish
                     if

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The product is
                           available at the time of order.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The items can be
                           shipped by the customer’s requested date.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Items are available
                           for a single shipment.

                        
                        

                     
                     

                  
                  
                  
                  For ATO, ATP is used to determine when
                     the order can be promised, based on the specific components that have to be assembled
                     to
                     fulfill the customer request. For MTO, ATP is used to access critical raw materials,
                     components, or capacity before the customer order is promised.

                  
                  
                  
                  Accurate and usable ATP information is critical to
                     customer order promising. Given proper software and mature enough manufacturing
                     planning and control processes, an organization can also promise its available
                     capacity, which is called capable-to-promise (CTP). Further discussion of CTP is
                     beyond the scope of these materials.

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Final
            Assembly Scheduling

         
         
         
         
            
            
            The final assembly schedule (FAS) process steps are addressed. We cover using
               the FAS, which involves working with actual customer orders while balancing
               capacity. We also discuss how to plan and coordinate FAS changes and monitor FAS
               performance.

            
            

         
         
         
         
         
            
            
            FAS Overview

            
            
            
            
               
               
               The ASCM Supply
                     Chain Dictionary defines final assembly
                     schedule (FAS) as:

               
               
               
               
                  
                  
                     A schedule of end-items to finish the product for specific customers’ orders in a
                        make-to-order (MTO) or assemble-to-order (ATO) environment. It is also referred to
                        as the finishing schedule because it may involve operations other than the final assembly,
                        such as final mixing, cutting, or packaging. The FAS is prepared after receipt of
                        a customer order and is constrained by the availability of material and capacity.
                        It schedules the operations required to complete the product from the level where
                        it is stocked (or master scheduled) to the end-item level.
                     

                  

               
               

            
            
            
            
               
               
               Why FAS Is Needed for MTO and ATO Products

               
               
               
               
                  
                  
                  A
                     final assembly schedule is not needed for make-to-stock (MTS) products.
                     With MTS, the raw materials are numerous but there are comparatively
                     few end products, so the master production schedule (MPS) is created
                     for the end items. Engineer-to-order also doesn’t use an FAS because
                     the product, such as a building, is fully specified before manufacturing
                     begins.

                  
                  
                  
                  FAS is needed for make-to-order (MTO) and assemble-to-order (ATO)
                     products because an important principle of master scheduling is to master-schedule
                     at the
                     point where the fewest product options exist. Exhibit 4-121
                     shows this concept.

                  
                  
                  
                  
                     Exhibit 4-121: Where to Locate MPS and FAS based on Point of Fewest Product Options[image: Three diagrams compare MTO, ATO, and MTS environments, showing how product options vary from raw material to end product, and where the MPS and FAS occur. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  A VATI analysis can also be used to make this clear. 

                  
                  
                  
                  For MTO, there are relatively few raw materials
                     but the possible range of products that can be custom-made is much
                     larger. Therefore, the MPS occurs at the raw materials stage and
                     the FAS is used instead to schedule the end products. For example, a
                     custom window manufacturer would create an MPS for glass sheets
                     that would later be cut to size, etc.

                  
                  
                  
                  For
                     ATO, the raw materials are many but they are narrowed down into
                     relatively few modules or optional features, so the MPS is created
                     for the modules or options. Then an FAS becomes necessary to schedule
                     the custom configurations of end products.

                  
                  
                  
                  The rationale behind placing the MPS at the choke point of
                     where there are the fewest things to plan is about managing complexity and improving
                     forecasting.

                  
                  

               
               
               
               
                  
                  
                  Product Flow Analysis (VATI Analysis)

                  
                  
                  
                  
                     
                     
                     A product flow analysis indicates the logical flow of
                        manufacturing processes as raw materials are transformed into finished goods. While
                        the results of this analysis do not require using a particular manufacturing
                        environment, process type, and layout, the logical flow of materials may be an
                        influencing factor.

                     
                     
                     
                     A product flow analysis is often called a VATI analysis
                        because there are four basic conceptual flows that materials transformation
                        processes can use at a plant, and the shapes of the letters V, A, T, and I indicate
                        how materials flow through the process. Exhibit 4-122 shows these flows graphically. Note how the MPS would be scheduled at
                        the point where the fewest product options exist. If one of these were used for
                        make-to-order or assemble-to-order, then the FAS would also be used, and this would
                        occur later (e.g., at the top of the T).

                     
                     
                     
                     
                        Exhibit 4-122: Product Flow Analysis (VATI Analysis)[image: The image depicts logical product diagrams represented in four distinct shapes: V, A, T, and I. Each shape illustrates a different type of manufacturing process flow. Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     The ASCM Supply
                           Chain Dictionary defines a VATI analysis as
                        follows:

                     
                     
                     
                     
                        
                        In theory of constraints, a procedure for determining the general flow of parts and
                              products from raw materials to finished products (logical product structure). A V
                              logical structure starts with one or a few raw materials, and the product expands
                              into a number of different products as it flows through divergent points in its routings.
                              The shape of an A logical structure is dominated by converging points. Many raw materials
                              are fabricated and assembled into a few finished products. A T logical structure consists
                              of numerous similar finished products assembled from common assemblies, subassemblies,
                              and parts. An I logical structure is the simplest of production flows, in which resources
                              are shared between or among different products and the flow is in a straight-line
                              sequence (e.g., an assembly line). Once the general parts flow is determined, the
                              system control points (gating operations, convergent points, divergent points, constraints,
                              and shipping points) can be identified and managed.

                        

                     
                     
                     
                     The flows are as follows:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           
                              
                                 V-plants.
                                 
                              A basic raw
                                 material (the bottom of the V) is split into two or more products that
                                 diverge rather than being interrelated later. For example, an
                                 organization that harvests trees might make various types of
                                 lumber.
                              

                           
                           

                        
                        
                        
                        	
                           
                           
                           
                              
                                 A-plants.
                                 
                              Various raw
                                 materials are transformed in their own production processes and converge
                                 (at the top of the A) into one or more final materials, for example,
                                 complex products assembled from multiple subcomponents such as
                                 automobile engines.
                              

                           
                           

                        
                        
                        
                        	
                           
                           
                           
                              
                                 T-plants.
                                 
                              Raw materials
                                 are transformed using a single logical flow production line, but at some
                                 point, a limited number of basic units can be configured into many
                                 different end products (at the top of the T), such as computers.
                              

                           
                           

                        
                        
                        
                        	
                           
                           
                           
                              
                                 I-plants.
                                 
                              This is a
                                 basic linear flow for operations that use a production line or
                                 continuous flow process to produce one type of end product such as
                                 consumer packaged food.
                              

                           
                           

                        
                        

                     
                     
                     
                     Organizations that make multiple products
                        might use several of these flows.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  FAS and Order Decoupling Point

                  
                  
                  
                  
                     
                     
                     The final assembly schedule (FAS) involves
                        finishing custom end items to customer expectations. The job of the FAS is to drive
                        the staging of components and parts to feed a series of work centers or an assembly
                        line, where each item has unique options specific to individual customer orders.
                        This brings in the concept of the order decoupling point, or the point where
                        planning or scheduling are no longer driven by constrained demand (derived from
                        forecasts) and are instead driven by actual customer orders. This is also called
                        moving from push to pull.

                     
                     
                     
                     Exhibit 4-123 shows how, for
                        make-to-order (MTO) and assemble-to-order (ATO), the forecast drives the planning
                        bill of material (BOM) for an “average” product of the given family at the MPS
                        level. For MTO, the unit of control is the customer order (the “average” customer
                        order). For ATO, the unit of control is the options, modules, or components
                        customers can select (the “average” options). For reference (since MTS does not need
                        a FAS), make-to-stock is planned at the MPS level and finished goods are planned.
                        

                     
                     
                     
                     On the customer-order-driven side of the order decoupling point,
                        MTO’s decoupling point is the customer order backlog. The backlog needs to take into
                        account preproduction engineering activities as well as final assembly scheduling
                        operations. This is the basis for customer order delivery date promising. For ATO,
                        the decoupling point is the final assembly schedule. All that remains to be done is
                        assemble the specific options or modules so this schedule drives order delivery date
                        promising. 

                     
                     
                     
                     
                        Exhibit 4-123: Final Assembly Schedule and Order Decoupling Point[image: Diagram comparing MTO, ATO, and MTS with push steps before each decoupling point and pull steps after. Decoupling points shift rightward from MTO to MTS as fulfillment becomes more standardized. Go to long description for details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     The order decoupling point is sometimes described as the penetration of the customer
                        order into the supply chain. Therefore, the penetration of the order is covered by
                        the FAS partly for MTO and entirely for ATO.

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            FAS Process

            
            
            
            
               
               
               Here we go
                  into detail on the steps in the final assembly scheduling process,
                  as shown in Exhibit 4-124.

               
               
               
               
                  Exhibit 4-124: FAS Process Steps[image: A flowchart showing five steps in the final assembly scheduling process. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               FAS schedules
                  the operations required to complete the product from the level where it
                  is stocked (or master-scheduled) to the end-item level. An important
                  distinction is that the master production schedule (MPS) is the
                  anticipated build schedule while the FAS is the actual build schedule.

               
               
               
               Step 1 is the customer order. FAS schedules
                  only things that are actually ordered. No forecasting is involved.

               
               
               
               Step 2 is a capacity check, and this usually occurs at the
                  rough-cut capacity planning level.

               
               
               
               Step
                  3 for make-to-order (MTO) involves determining raw material availability.
                  Since customers have considerable influence over the final design,
                  MTO production has higher risks of production disruptions than assemble-to-order
                  (ATO). Step 3 for ATO involves determining module or component availability.
                  Since customers have no influence to customize the modules or components
                  themselves, this reduces risks of production disruptions. ATO organizations
                  may use a two-level MPS to help with order promising at this point.

               
               
               
               Step 4 is where the
                  FAS is created.

               
               
               
               Step 5 involves ensuring
                  that the production totals in the FAS are within the overall constraints
                  set in the MPS. For MTO, this is ensuring that raw materials or semifinished
                  components match production targets. For ATO, it is the same, except that
                  it looks at modules or features.

               
               

            
            
            
            
               
               
               Collecting Order Specifications

               
               
               
               
                  
                  
                  The sources of demand to be considered
                     in the FAS depend on the purpose of the FAS. For MTO and ATO manufacturing,
                     customer orders could come from any point of contact with the customer,
                     for example, online orders, orders at retail stores (e.g., an order
                     for custom blinds entered with the assistance of a sales representative
                     or through a kiosk), or from contractors through bids that have
                     been accepted by a customer. The FAS can also be used in the distribution
                     system, for example, bulk goods that are assembled into smaller
                     package sizes after orders come in. In this case, the customer may
                     be a retailer or other supply chain intermediary.

                  
                  
                  
                  Order specifications for MTO will need
                     to have associated constraints, such as raw material types or a
                     maximum length or width that can be ordered. These constraints could
                     be based on raw material availability or dimensions, engineering
                     requirements, and/or production equipment limitations. There should
                     also be a process of ensuring that custom orders can be produced
                     while maintaining profitability. Materials with longer lead times
                     could be disclosed to the customer to enable informed selection. Ordering
                     systems can have these constraints built into the order form. Here
                     are some examples of types of MTO order specifications:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Choice of raw materials
                           (e.g., fabric)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Size,
                           grade, and aesthetics

                        
                        

                     
                     
                     
                     	
                        
                        
                        Paint
                           or finish

                        
                        

                     
                     
                     
                     	
                        
                        
                        Packaging
                           and customized services (e.g., transportation mode)

                        
                        

                     
                     

                  
                  
                  
                  Order specifications
                     for ATO will be much simpler, since there will be a limited number
                     of options that are themselves not subject to customer influence.
                     Here are examples of ATO order specifications:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Modules or features
                           selected (size, grade, color, finishes, etc., built into the options)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Packaging
                           (e.g., number of items per unit) and service options

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Determining Capacity Required

               
               
               
               
                  
                  
                  In addition to reviewing critical work center
                     capacity against the load that the final assembly schedule represents, it is
                     also important for planners to review current external sources of supply for
                     items not kept in inventory in the required quantity.

                  
                  

               
               

            
            
            
            
               
               
               Two-level MPS and ATP/CTP

               
               
               
               
                  
                  
                  Customer order promising information uses
                     some version of available-to-promise (ATP) or capable-to-promise (CTP). For
                     make-to-stock, the ATP or CTP information in the master schedule grid (plus possibly
                     information on inventory in the supply chain) is all that is needed. However, for
                     make-to-order (MTO) or assemble-to-order (ATO), this level of ATP and CTP
                     information is not specific enough to ensure reliable order promising. Customer
                     order promising can be unreliable because the MPS is based on a planning bill of
                     material (BOM) that defines an average unit. There could be uncertainty in component
                     availability for a specific component or module. A common reason this could occur
                     is
                     if lead times for component production vary considerably such as because lot sizes
                     are small. 

                  
                  
                  
                  One way that ATO operations (and possibly MTO operations)
                     improve order promising and also enable larger lot sizes is to use a two-level
                     MPS.

                  
                  
                  
                  A two-level MPS is a system that runs an MPS for a planning bill of material
                     (BOM) at the master scheduling level and then uses the final assembly schedule (FAS)
                     of each configuration of options plus a second level of master scheduling grids for
                     components to set the exact end items to build once the components to assemble are
                     known given actual customer orders. This results in two planning systems that need
                     to be synchronized and integrated. One result integrating will be to enable reliable
                     order promising in ATO (or MTO). In this case, the FAS system will need to calculate
                     ATP (or CTP) for each specific option desired by the customer. 

                  
                  
                  
                  The ATO/MTO order promising process is as follows: 

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Check ATP for the final assembly schedule to determine ATP for planning bill
                           common parts.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Check the ATP data for each option the customer wants.

                        
                        

                     
                     
                     
                     	
                        
                        
                        If steps 1 and 2 have sufficient ATP for the order in that period, book the
                           order. If not, check the next period out, and so on, until the common parts
                           and the parts for all selected options are sufficient.

                        
                        

                     
                     

                  
                  
                  
                  Exhibit 4-125 shows a planning bill for our
                     motorcycle manufacturer. Note that common parts have zero safety stock, but options
                     do have safety stock. Safety stock can be promised to orders so these will impact
                     option-level ATP calculations.

                  
                  
                  
                  
                     Exhibit 4-125: Planning Bill of Material for Product Family B[image: Hierarchy showing Family B 750–900cc motorcycle options: Common parts (100%, 0 safety stock), Powertrain split into 750cc (60%, 15 units) and 900cc (40%, 10 units), and Rider Packages: Commuter (50%,12), Sport (35%,8), Touring (15%,6).]
                  
                  
                  
                  
                  Exhibit 4-126 shows a final
                     assembly schedule for Family B motorcycles. It uses level production and a lot size
                     of 50 units. Note that it looks a lot like a master schedule, except that the top
                     line says production plan and it has a final assembly schedule (FAS) line rather
                     than an MPS line. The projected available balance (PAB) is calculated in this case
                     as the beginning or prior period PAB, plus the FAS, less the customer orders for
                     each row. Discrete ATP is the beginning inventory (for the first period) plus the
                     FAS, less the sum of customer orders before the next MPS (due to the level schedule
                     this is just the customer orders for that period). 

                  
                  
                  
                  
                     Exhibit 4-126: Final Assembly Schedule for Family B, 750-900cc Parallel Twin Motorcycle[image: Table titled “Family B Motorcycle FAS: ATO Level Production” showing weeks 0–5 with rows for production plan, customer orders, projected available balance, final assembly schedule, and discrete ATP values. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Exhibit 4-127 shows a master schedule for one of the
                     options listed in the prior planning bill, a 900cc parallel twin engine option.
                     Since this option was forecast as 40 percent of demand going to this engine type,
                     the demand for this option is forecast as 20 units per period (0.4 x 50 units = 20
                     units). This option has safety stock of 10 units and is produced in lots of 60
                     units. The discrete ATP for the first period is 27 units and includes the 10 units
                     of safety stock (from the beginning inventory). ATP period 1 is calculated as 10
                     units beginning inventory plus 60 units MPS minus the sum of customer orders before
                     the next MPS (23 + 20 = 43): 10 + 60 - 43 = 27 units ATP. A second MPS is scheduled
                     in period 3 since the PAB would have dropped to 7 units (below the 10 unit safety
                     stock minimum). Note: this organization chose to use the greater of customer order
                     or forecast when calculating PAB.

                  
                  
                  
                  
                     Exhibit 4-127: Master Production Schedule for Family B 900cc Parallel Twin Engine[image: Table titled “Family B 900cc Parallel Twin Engine” showing forecast, customer orders, projected available balance, MPS, and ATP across weeks 1–5 with beginning inventory 10, safety stock 10, and lot size 60. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  A component master schedule can accommodate both safety stock and variations in lot
                     sizes. This allows the organization to avoid overplanning for the family in general
                     or carrying large amounts of common component safety stock. They instead generate
                     safety stocks just for various options and can set the safety stock levels of each
                     option appropriately. Similarly, they can ensure a production run is efficient by
                     setting the lot size appropriately.

                  
                  
                  
                  Let’s say that a dealership (customer) wants to order 10 units of Family B
                     motorcycles that have the 900cc parallel twin engines and a touring pack. Since
                     there is no ATP in period 1 for the common parts (Exhibit 4-126), the salesperson checks for delivery in period 2. The
                     salesperson first views the ATP information in the Family B Motorcycle 750-900cc
                     Parallel Twin final assembly schedule and discovers that 10 units are available to
                     be promised in period 2. This ensures that all common parts will be available for
                     this order. Then the salesperson checks the Family B 900cc Parallel Twin Engine MPS
                     and discovers that 27 units are ATP (the period 1 value is used for period 2 ATP).
                     Then the salesperson will check the master schedule for the Touring Pack (not
                     shown), and if this has at least 10 units ATP for period 2, then the order can be
                     booked. Placing this order will increase the customer orders line and reduce the PAB
                     and ATP values for the corresponding master schedules. 

                  
                  

               
               

            
            
            
            
               
               
               Developing the FAS

               
               
               
               
                  
                  
                  Creating the FAS to
                     support the demand plan involves determining the necessary operations
                     and scheduling their sequence. An FAS becomes the final set of requirements
                     for material requirements planning. In addition, the FAS will drive detailed
                     scheduling at work centers.

                  
                  
                  
                  The FAS at
                     the detailed scheduling level needs to address when orders are due. Forward,
                     backward, or hybrid forms of scheduling will be used at work centers
                     to determine when operations should be initiated to meet the due
                     date. The work center orders will include pick lists for parts and
                     an indented bill of material or product structure that indicates
                     the sequence of operations to develop subassemblies, final assembly
                     steps, painting or finishing steps, and packaging steps.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Using the FAS

            
            
            
            
               
               
               Using
                  and maintaining the final assembly schedule (FAS) involves adjusting
                  planning factors or customer and supplier orders. The goal is to
                  keep the FAS in alignment with actual capacity and material constraints
                  set at the master production schedule (MPS) level while keeping
                  production efficient. Let’s start by seeing what can happen if the FAS
                  is unrealistic.

               
               

            
            
            
            
               
               
               Consequences of an Unrealistic FAS

               
               
               
               
                  
                  
                  A final assembly schedule
                     is typically based on the backlog of work in the final assembly
                     area. This will be driven by actual customer orders, and most organizations will
                     make customer order promises based on how much backlog they currently
                     have. The backlog is typically expressed in periods such as days
                     or weeks of work.

                  
                  
                  
                  The
                     consequences of producing an unrealistic FAS are similar to those
                     of producing an unrealistic MPS in that production priorities will
                     not be able to be honored, production efficiency and worker morale
                     may suffer, and customer orders will be negatively impacted. However,
                     the consequences of an unrealistic FAS can potentially be more severe
                     than those of an unrealistic MPS, because an FAS is based entirely
                     on actual customer orders and has no forecasted component, meaning
                     that any change will directly impact a customer order. Safety stocks
                     may exist only in the form of raw materials or modules. If so, the
                     only way to expedite an order will be to move it in front of other
                     customer orders, because everything needs manufacturing or assembly.

                  
                  
                  
                  Managing the consequences
                     of an unrealistic FAS can involve planning and coordinating changes
                     in various planning factors or other areas. Measuring FAS performance
                     is a proactive step to promote creation of a feasible and cost-effective FAS
                     in the first place.

                  
                  

               
               

            
            
            
            
               
               
               Planning and Coordinating Changes

               
               
               
               
                  
                  
                  The FAS process may
                     require changes to fix short-term issues or proactive steps to reduce
                     the chance of future failures.

                  
                  
                  
                  In the short term, the primary way to change the FAS is to
                     re-prioritize customer orders by changing their operations sequencing. This may
                     require discussions with customers to determine which customers will be willing to
                     accept a lead time longer than originally promised. When customer orders are shifted
                     in sequence such as to accommodate a major customer order, it is important to also
                     review the impact on incoming supplies, since these may have already been ordered.
                     It may be necessary to expedite some orders and request delays on others. Focusing
                     on one or more larger customer orders might fix a supply/demand imbalance without
                     impacting other orders significantly.

                  
                  
                  
                  Planning and coordinating longer-term changes
                     can involve changes in the following areas:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Inventory levels. MTO and ATO
                           organizations can adjust inventory levels of raw materials or components
                           by adjusting target ending inventories or revising safety stock
                           levels. This can create a buffer to enable FAS changes at the cost
                           of higher inventory levels.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Backlog sizes. If orders are
                           consistently being completed late, the maximum size of the production
                           queue can be reduced to more realistic levels. In this way, order promising
                           would schedule new orders in later periods. This can also help keep raw
                           materials and component inventory levels low since materials will
                           not be ordered until closer to when they will actually be produced
                           (rather than being ordered and then waiting in a queue).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Capacity. Rather than increasing
                           lead times, the organization can invest in more resources to alleviate
                           bottleneck areas. Since bottleneck areas might shift regularly due
                           to the variability of demand, this needs careful consideration.
                           Excess capacity has a cost, and the organization might also reduce
                           capacity in little-used work centers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Time fences. Since only customer
                           orders are considered in the frozen zone defined by the demand time
                           fence, the FAS should be finalized by this period. In the slushy
                           zone, orders for raw materials and modules have been placed for purchase
                           or manufacture based on their master production schedules. Adjustments
                           may be made to the duration of the planning time fence to ensure that
                           the cumulative lead time for the longest potential configuration
                           of options can be accommodated.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Product and process designs. If
                           certain product configurations result in undesirable lead times
                           or production inefficiencies, unprofitable options or hard-to-source
                           raw materials might be removed from product options. Processes might be
                           redesigned to enable assembly to be faster. ATO works best with
                           products that have short lead times.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Supply factors. Order lot sizes
                           or supplier safety stock levels could be renegotiated, or closer
                           suppliers with shorter lead times might be found to ensure that
                           cumulative lead times for various configurations are short and consistent.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Measuring FAS Performance

               
               
               
               
                  
                  
                  The only way
                     to know how and if the FAS process needs to be improved is to measure actual
                     performance against the FAS. The frequency and magnitude of variances
                     from the plan should be monitored over time. Here are some potential
                     FAS performance measurements:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Order
                           accuracy

                        
                        

                     
                     
                     
                     	
                        
                        
                        Product
                           quality

                        
                        

                     
                     
                     
                     	
                        
                        
                        Order
                           lead time

                        
                        

                     
                     
                     
                     	
                        
                        
                        Order
                           profitability

                        
                        

                     
                     
                     
                     	
                        
                        
                        Number
                           of orders requiring rescheduling

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Section H: Changes and Supply Disruptions

         
         
         
         
            
            
            
               After completing
                  this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Reprioritize internal orders and supplier orders within
                     established time fences to respond to supply and demand changes 

                  
                  

               
               
               
               	
                  
                  
                  Understand how
                     supply and demand can have both timing and quantity variability

                  
                  

               
               
               
               	
                  
                  
                  Review and adjust internal and supplier (external) lead
                     time, lot size, safety stock quantity, replenishment quantities, cycle
                     times, and other parameters as needed in relevant planning systems to
                     reflect product life cycles, current conditions, and operational strategy 

                  
                  

               
               
               
               	
                  
                  
                  Utilize analytics to evaluate potential trade-offs to
                     changes in existing supply plan and external supply plan 

                  
                  

               
               
               
               	
                  
                  
                  Monitor the status of internal and external redundancies
                     and buffers

                  
                  

               
               

            
            
            
            This section addresses different types of supply and demand
               variability and how these can create a short-term need to replan order priorities
               as
               well as a longer-term need to revise planning parameters to fine-tune the system.
               Fine-tuning, when done with a system that is already well established, can reduce
               either the variability or the impact of the variability if these things are not too
               severe. Changes can also be made to reduce overall costs. Proactive planning or
               execution steps are also discussed, including what-if analysis, simulation, AI, and
               monitoring buffer status.

            
            

         
         
         
         
   
      
         
         
         
         Supply Disruptions Overview

         
         
         
         

         
         
         
         
         
            
            
            Supply Disruptions
               and Changes

            
            
            
            
               
               
               Supply
                  disruptions and changes may occur due to any number of circumstances, from
                  shorter-lived or region-specific phenomena like labor disputes and tropical storms
                  to global events such as the COVID-19 pandemic, which affected the supply chains of
                  94 percent of Fortune 1000 companies, according to Accenture. Another type of supply
                  disruption is if the cost of a given material exceeds a maximum cost threshold.
                  Therefore planners monitor costs so the organization can manage them such as by
                  evaluating potential new sources of supply, selecting alternative materials, or
                  passing on costs to customers. Product costing is addressed elsewhere.

               
               
               
               Accenture states that organizations must
                  continually cycle through mobilizing, sensing, analyzing, configuration,
                  and operation steps as they respond to disruptions. These steps
                  are marked by the following actions:

               
               
               
               
                  
                  
                  	
                     
                     
                     Mobilizing includes enacting
                        the initial response plan and establishing rules for how to respond
                        to further disruptions and manage contingencies. This may involve setting
                        up a dedicated response team.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Sensing involves reprioritization
                        of risks and responses depending on the newly arising challenges.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Analyzing is a process of working
                        through what-if scenarios and protocols for sourcing, planning,
                        manufacturing, and distribution of products as well as any services
                        the organization offers or may offer in response to the disruption.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Configuration requires the
                        organization to change the existing supply chain network and product
                        flows to follow the protocols that were developed in the previous
                        step. Organizations should develop metrics to track the success
                        of the configuration process and the protocols that have been enacted.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Operation is the process of
                        executing the plans and protocols and tracking the results that
                        have been measured following the organization’s efforts.

                     
                     

                  
                  

               
               
               
               Depending on the size and duration of the disruption,
                  organizations may have to cycle repeatedly through these steps as the disruption
                  progresses. What an organization chooses to do initially may no longer be the best
                  course of action as other members of the supply chain respond and the effects of the
                  disruption change over time.

               
               
               
               Wharton University
                  writes that organizations that have prioritized low-cost suppliers may
                  find utility in supply sources that can be increased to deal with
                  demand fluctuations and supply issues due to disruptions such as
                  the COVID-19 pandemic. Focusing on resiliency is wise; organizations
                  may do this by increasing inventories of crucial parts and materials
                  or finding new suppliers.

               
               
               
               One example of this
                  may be using local suppliers or suppliers from multiple different global
                  regions even if some of them may result in increased costs. This
                  could help an organization continue to operate normally if suppliers
                  in specific countries or regions are forced to temporarily shut
                  down production or shipping operations.

               
               
               
               Wharton University
                  notes that organizations that wait to enact these changes until
                  the disruption occurs may struggle to find new suppliers or redesign
                  products or processes in time to make a positive impact. Organizations
                  that have proactively developed plans are better able to respond
                  to disruptions that would otherwise threaten organizational viability,
                  remaining in business when others do not.

               
               

            
            

         
         
   
      
         
         
         
         Replanning
            and Revision

         
         
         
         
            
            
            Here we discuss the need for replanning order priorities due to internal or
               external supply variability or demand variability. We also show how, in the longer
               term, planning parameters can be revised to reduce the need for frequent replanning,
               to insulate against a certain degree of variability, or to reduce costs. What-if
               analysis, simulations, AI, and monitoring buffer status are discussed after that as
               examples of proactive ways to maintain the material requirements planning system.
               The goal is to ensure that plans are feasible and make financial sense and that
               execution is smooth and avoids system nervousness.

            
            

         
         
         
         
         
            
            
            Replanning Order Priorities

            
            
            
            
               
               
               If the master schedule changes, the affected material
                  requirements planning (MRP) grids also will be replanned as a consequence of that
                  change.

               
               
               
               Each MRP grid represents the order priority for a given material.
                  If both demand and supply are stable in terms of timing and quantity, then MRP will
                  also be stable. However, as Exhibit 4-128 and Exhibit 4-129 show, both supply and demand are subject to changes in
                  quantity and in order timing (or both). The degree to which such variation exists
                  drives the need to replan order priorities to respond to these supply and demand
                  changes. Note that the material in this example has a safety stock of 0.

               
               
               
               
                  Exhibit 4-128: MRP Grid Before Replanning[image: A table titled “MRP Before Replanning.” Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               
                  Exhibit 4-129: MRP Variability Sources[image: Four MRP tables compare demand and supply variability. Top: quantity shifts and timing shifts in requirements. Bottom: quantity and timing variability in supply. Go to long description for details.]
               
                  Go to long description.
                  

               
               
               
               
               Potential reasons for each of the four types of
                  variability are discussed next.

               
               

            
            
            
            
               
               
               Demand Quantity

               
               
               
               
                  
                  
                  MRP demand quantities
                     can change when the master production schedule changes for one or more related
                     end units, which in turn may be based on customer order or forecast changes. If
                     multiple end units use the material, demand quantity changes will appear more
                     random. If just one or a few end products use the material, demand could
                     increase or decrease in a more predictable trend related to the demand trend for
                     the end products.

                  
                  
                  
                  Changes in
                     inventory levels could also impact MRP demand quantity variability.

                  
                  
                  
                  Another major source of MRP demand variability is when
                     quantities for higher-level MRP items in the product structure change. A change
                     in a level 1 item will change demand for linked items at level 2 and below, and
                     some of these changes, when compounded by lot sizing or safety stock parameters,
                     could result in more extreme changes at lower levels, much like the bullwhip
                     effect. This is how system nervousness becomes a serious problem.

                  
                  

               
               

            
            
            
            
               
               
               Demand Timing

               
               
               
               
                  
                  
                  Demand timing
                     variability can occur if customer order promise dates change for an end item
                     linked to the MRP material. A change in a planned order for a higher-level MRP
                     item would also change MRP demand timing.

                  
                  

               
               

            
            
            
            
               
               
               Supply Quantity

               
               
               
               
                  
                  
                  Supply quantity
                     variability occurs after an order is released, since, before that, supply is
                     just a plan that can change. After receiving orders, suppliers may provide a
                     change in a projected ship date or a partial shipment, or some portion of the
                     materials could be damaged in shipment or fail to meet quality requirements. The
                     shop floor could have variability in its scrap factor, creating variability in
                     yield. Another common cause is when lack of availability of a lower-level
                     material prevents manufacture of a higher-level material. Shop floor overruns
                     could result in oversupply.

                  
                  

               
               

            
            
            
            
               
               
               Supply Timing

               
               
               
               
                  
                  
                  Supply timing
                     variability also occurs after an order is released. Suppliers or the shop floor
                     could deliver late or early. A partial delivery that is also late or early could
                     cause timing and quantity variability.

                  
                  

               
               

            
            
            
            
               
               
               Replanning Order Priorities

               
               
               
               
                  
                  
                  In
                     the short term, issues created by supply or demand variability need to be
                     addressed by replanning order priorities. This will typically involve a manual
                     override of the production activity control job sequencing rules to move jobs
                     that lack the required resources down in priority in favor of jobs that do have
                     the required resources.

                  
                  
                  
                  In the
                     longer term, well-functioning MRP systems can be fine-tuned to mitigate risks
                     created by supply and demand variability or to make the system able to respond
                     faster to change. This fine-tuning is done by revising planning
                     parameters.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Revising Planning
               Parameters

            
            
            
            
               
               
               Planning parameters can be revised
                  to reflect changes in product life cycles, current conditions, and organizational
                  strategy. In material requirements planning (MRP)-based systems, these planning
                  parameters include lead times, lot sizes, safety stock quantities, yield factors,
                  and cycle times between discrete units of production. In lean systems, in addition
                  to adjusting many of these things, kanban quantities can also be revised.

               
               
               
               When considering revising
                  planning parameters, there is a critical prerequisite. Fine-tuning
                  can create as many problems as it fixes if the MRP system itself
                  has yet to be fully established and its users fully trained. The
                  MRP system needs to have all of the following in place before fine-tuning
                  is attempted:

               
               
               
               
                  
                  
                  	
                     
                     
                     The system is fully
                        functional and has all required linkages to other systems in the manufacturing
                        planning and control (MPC) hierarchy.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Management
                        processes exist to balance supply and demand at higher levels in
                        the MPC hierarchy, such as an effective sales and operations planning
                        process.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Shop
                        floor and purchasing systems automatically receive MRP outputs,
                        and related personnel are fully trained in interpreting priorities,
                        understand buffers in place, and have a formal scheduling process.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Data
                        integrity levels are high.

                     
                     

                  
                  
                  
                  	
                     
                     
                     MRP
                        users are fully trained in normal system operations and exception
                        handling.

                     
                     

                  
                  

               
               
               
               Assuming a suitably
                  mature MRP system and system users, revision of planning parameters
                  should begin with the end in mind. Goals of changing planning parameters could
                  be to reduce the risk of needing to replan frequently, to improve
                  system responsiveness and ability to be agile in the face of change,
                  and/or to optimize the system by minimizing system costs, including
                  ordering costs and inventory carrying costs. For example, if a product
                  is entering the decline life cycle stage, the goal may be to drive
                  costs out of the process to enable the product to remain profitable
                  for a longer period. This may entail changing lot sizing and minimizing
                  or eliminating safety stocks.

               
               
               
               Lead time changes (other
                  than safety lead times) require changes to sourcing and/or changing
                  manufacturing cycle times. Shorter lead times enable more agility.
                  Changing lot sizing is discussed more next as an example. Changes
                  to safety lead times, safety stock quantities, yield factors, and
                  kanban quantities are types of buffers, and these are discussed
                  elsewhere.

               
               

            
            
            
            
               
               
               Revising Lot Sizes

               
               
               
               
                  
                  
                  A common reason to
                     revise lot sizes in MRP is to minimize the sum of inventory ordering
                     costs plus inventory carrying costs. If there are high ordering
                     costs, a lot-for-lot system will quickly become expensive in periods
                     with low, but not zero, demand. If simple lot-sizing rules are used,
                     such as a fixed order quantity, the ordering costs will be minimized
                     but inventory holding costs could become expensive.

                  
                  
                  
                  Lot-sizing optimizing processes also exist.
                     Here is a brief overview of these optimizing models, some of which
                     are discussed in Manufacturing Planning
                        and Control for Supply Chain Management:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Economic order quantity (EOQ). EOQ
                           is addressed elsewhere as a method of lot sizing for distribution
                           systems. It relies on an assumption of constant uniform demand,
                           which is unlikely in MRP systems. One input to the EOQ equation
                           is average demand, and using this as an input ignores situations
                           where demand may exist in several distinct tiers (e.g., a high average
                           and a low average). However, calculating different EOQs is a very
                           complex prospect. Also, during low demand, excess inventory holding
                           costs will add up, while during high demand, the EOQ amount will
                           often need to be exceeded.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Period
                              order quantity (POQ). POQ is simply the EOQ formula divided
                           by average (mean) demand. Rather than determining an economic order
                           quantity, this method determines the most economical time between
                           orders. The lot size can then be lot-for-lot, but rather than just
                           the current period’s requirements, it is the requirements for the
                           current period plus the future periods until the next order period
                           that are summed. If the POQ is 2.8 days, for example, then three
                           days of requirements are summed and ordered when requirements exist.
                           This method can reduce inventory carrying costs as well as ordering
                           costs but may miss some opportunities for further cost savings because,
                           like EOQ, it has no room in the formula for some of the information
                           contained in the MRP grid.

                        
                        

                     
                     
                     
                     	
                        
                        
                        There are a number of dynamically
                           calculated lot-sizing techniques that can help optimize lot sizes. These
                           include least total cost, part period balancing, Silver-Meal Heruristic
                           (least period cost), and the Wagner-Whitin algorithm. Interested learners
                           can find definitions for these techniques in the ASCM Supply Chain
                              Dictionary.
                           

                        
                        

                     
                     

                  
                  
                  
                  The cost savings of using an optimization model
                     can be significant when the logic is applied to all MRP items. However,
                     if the model is very complex, this could create change management
                     issues. Users will need to be able to make sense of the logic in order
                     to spot exceptions.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Revising Buffers

            
            
            
            
               
               
               Buffers may be required between process
                  steps, bill-of-material levels, or other areas of interface to absorb
                  the effects of variability from one process or level to the other. For
                  example, without buffers, if a product that is normally produced
                  in the hundreds of units has two units scrapped at material requirements
                  planning (MRP) level 2, then MRP would need to increase the schedule
                  by two units, which might affect MRP levels 3 through 6. In a different
                  week, if orders were 288 units rather than the forecast of 300 units,
                  the schedule would be reduced by 12 units. Frequent small changes
                  up and down through the levels in MRP is the primary cause of MRP
                  system nervousness. Buffers therefore act as shock absorbers to
                  absorb minor variability in supply and demand quantity and timing
                  so that replanning is not so frequently needed.

               
               
               
               Despite their necessity, buffers are inherently
                  problematic, because they are basically giving the MRP system false
                  inputs. An MRP system is effective because it determines the actual
                  timing and quantity requirements for a vast number of materials.
                  Rather than telling the MRP operators what the real need is in terms
                  of timing and amounts, the buffers create artificial required dates
                  or artificial quantity requirements. If operators cannot trust the
                  schedules, this might lead to an informal schedule of actual needs,
                  which could itself become a problem. Use of buffers requires all
                  operators to understand their purpose. If the system can operate
                  correctly with smaller and fewer buffers, this should be the goal.

               
               
               
               There
                  are a number of types of buffers that can be used. Safety lead time, safety stock,
                  and yield factors are discussed next.

               
               

            
            
            
            
               
               
               Safety Lead Time

               
               
               
               
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines safety lead time as:

                  
                  
                  
                  
                     
                     
                        An element of time added to normal lead time to protect against fluctuations in lead
                           time so that an order can be completed before its real need date. When used, the material
                           requirements planning (MRP) system, in offsetting for lead time, will plan both order
                           release and order completion for earlier dates than it would otherwise. Syns.: protection
                           time, safety time.
                        

                     

                  
                  
                  
                  Safety lead time involves ordering a material or scheduling production a
                     certain number of periods earlier than is actually needed. MRP systems should be
                     able to accommodate changes to both the planned due date and the planned release
                     date so that the order is still due in the desired period. 

                  
                  
                  
                  Safety lead time helps mitigate timing uncertainty better
                     than safety stock can. It is commonly used for purchased items based on historical
                     supplier delivery reliability. Safety lead time is the preferred option for
                     dependent demand items (over using safety stock) because there is only demand
                     uncertainty, just delivery reliability uncertainty. If used for demand uncertainty,
                     safety lead time that becomes a regular part of the system would result in higher
                     average inventory than does the use of safety stock. Also, these changes would later
                     need to be reversed if the adjustment is meant to be temporary, and this step could
                     be forgotten, so safety lead time should be reviewed on a scheduled basis (as is
                     also the case for safety stock).

                  
                  

               
               

            
            
            
            
               
               
               Safety Stock

               
               
               
               
                  
                  
                  MRP
                     systems can easily accommodate safety stock, as it simply deducts
                     the safety stock from the projected available balance before calculating
                     net requirements. Revising safety stock levels is best done using
                     a data-driven approach. However, if a situation is rapidly changing,
                     such as a product moving from the introduction life cycle phase
                     to the growth phase, the historical data may not show the trend
                     and may need to be adjusted using data from other products that
                     have experienced the same trend or by trial and error.

                  
                  

               
               

            
            
            
            
               
               
               Yield Factors

               
               
               
               
                  
                  
                  Yield
                     factors affect supply quantity in terms of the net yield after considering
                     the scrap produced. Yield factors can be built in to lot sizes by
                     increasing the lot size by the given percentage amount so the process
                     output results in the desired lot size. Yield factors can create
                     confusion on the shop floor as to whether the amount specified on shop
                     papers and the scheduled receipt is the starting quantity or the
                     expected ending quantity. Clarifying that this is the starting quantity
                     tends to work better in actual practice, since operators know how
                     much material to input but would have to estimate how much would
                     be output. Specifying the starting quantity requires actual scrap
                     amounts to be entered into the system at the end of the operation
                     so that later operations will have accurate input amounts. A benefit
                     of this extra work up front is that operators can have good data
                     on the amount of scrap being created and can work to reduce it and
                     the related yield factors over time.

                  
                  

               
               

            
            

         
         
         
         
            
            
            What-if Analysis, Simulation, and AI

            
            
            
            
               
               
               Planners can use analytics
                  such as what-if analysis or simulation to evaluate the feasibility and
                  cost-effectiveness of alternatives before changing the existing material plan. These
                  tools can be features within the material requirements planning (MRP) system or the
                  enterprise resources planning system that get data from these systems. Even a
                  spreadsheet can be used to perform these analyses, given an experienced data analyst
                  and the right data inputs.

               
               
               
               Both what-if analysis and simulation involve
                  starting with a model of the system. (This could be the actual system
                  but in test mode.) A model has inputs (the variables), a process
                  (the MRP calculations), and outputs (the simulated material requirements plan).

               
               
               
               A what-if analysis starts by defining a
                  question, such as “What if a key supplier needs a longer lead time
                  by one period?” or “What if we accommodate this customer order change
                  request that would occur within the demand time fence?” The analysis
                  would then change just the input or inputs related to that question.

               
               
               
               A simulation differs
                  from a what-if analysis in that multiple inputs are allowed to change
                  within predefined ranges to simulate real conditions. Such tests
                  might be run many times with randomly determined inputs (within
                  the preset ranges), and a probability distribution of results can
                  be created.

               
               
               
               A key difference between these types of analyses and doing
                  simpler calculations is that they simulate the effects over time as the plans roll
                  forward from period to period. Manufacturing Planning
                     and Control for Supply Chain Management includes an analysis of four
                  different lot-sizing optimization methods: economic order quantity (EOQ), period
                  order quantity, part period balancing, and the Wagner-Whitin algorithm. When the
                  analysis was just a static analysis for a 12-period planning horizon, EOQ had the
                  highest costs and each of the other methods had lower costs than the next, in the
                  order in which they were just listed. When they were put into a simulation, in an
                  experiment that omitted supply and demand variability, these same results held up.
                  When a second experiment was run but this time with levels of supply and demand
                  variability typical in many industries, the differences between the methods was very
                  small (not statistically significant). The authors concluded from this that
                  fine-tuning of lot sizes to that degree would be helpful only if the system already
                  had good data integrity and high stability (e.g., processes in place to minimize
                  uncertainty). Another takeaway from this is that what-if analysis and simulations
                  can reveal things that static calculations fail to capture.

               
               
               
               Artificial intelligence (AI) can analyze vast amounts of data, capture and extend
                  subject matter expertise, and automate, enhance, and continuously improve
                  decision-making processes. AI learns from its mistakes, refining its logic over
                  time. For internal and external supply and demand disruptions, AI is being used in
                  many ways, including: 

               
               
               
               
                  
                  
                  	
                     
                     
                     Helping set up and perform analytics to evaluate potential trade-offs to
                        changes in the existing supply plan and external supply plan, such as by
                        using AI to set up simulations, what-if scenarios, or suggest new
                        scenarios.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Using the internet of things (IoT) (networked devices that report sensor data
                        and can be updated remotely) and digital twins (online versions of real
                        supply chain assets) to provide AI with real-time data to enable:

                     
                     
                     
                     
                        
                        	
                           
                           
                           Tracking material or ingredient usage in real time.

                           
                           

                        
                        
                        	
                           
                           
                           AI to create a detailed virtual model of the supply chain so that
                              disruptions or shortages can be simulated and predicted. 

                           
                           

                        
                        
                        	
                           
                           
                           Performing predictive maintenance on equipment by sensing things such
                              as excessive vibration or high pressure. This can reduce downtime
                              and extend lives of still useful parts rather than just replacing
                              them on a schedule. 

                           
                           
                           
                           It can give a true idea of equipment utilization rates (under- or
                              over-utilized equipment).

                           
                           

                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     Enabling manufacturing to be more agile and to replan more frequently with
                        fewer disruptions because the impact of a change can be virtually tested
                        out. Because AI can process and consider vast amounts of data, it is ideal
                        for improving manufacturing, which generates huge volumes of data.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Enabling more organizations to offer mass customization without slowing down
                        throughput.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Improving robotics and other manufacturing automation tools, such as by
                        enabling a cobot (a collaborative robot designed to work alongside human
                        workers) to respond to training or verbal instructions.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Using AI-driven order fulfillment to anticipate things such as seasonal
                        demand changes to enable redirecting inventory proactively and reducing
                        waste. If empowered to do so, AI can automatically adjust things such as
                        safety stock levels or buffers.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Identifying bottlenecks and recommending proactive adjustments to minimize
                        them.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Improving failure mode and effect analysis (FMEA) to find and eliminate
                        issues with product or process designs. These and similar analyses can
                        improve product life cycle management.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Quickly locating spare parts or finding the correct documentation.

                     
                     

                  
                  
                  
                  	
                     
                     
                     A closed-loop system can be developed that allows AI agents to control
                        decision making, learn from experience, and continuously improve.

                     
                     

                  
                  

               
               
               
               Some of these tools are becoming embedded in enterprise resources planning systems
                  or
                  other manufacturing planning and control systems. Dedicated AI planning tools for
                  operations also exist. A benefit of using dedicated tools is that the organization’s
                  internal data can be fed into the system without risking sharing that information
                  externally. Note that many organizations have a skills gap in terms of being able
                  to
                  implement and leverage these advanced technologies. Organizations need to invest in
                  their people, too, so they can get the most from these tools.

               
               

            
            

         
         
         
         
            
            
            Monitoring
               Buffer Status

            
            
            
            
               
               
               In theory of constraints environments,
                  buffers are established to prevent variability from disrupting flows
                  and throughput. Buffers should be monitored by the planner. Often
                  buffers have calculated green, yellow, and red status codes (like
                  a traffic light). Green means that most of the buffer remains, yellow
                  means that much of the buffer has been consumed by variability,
                  and red means that most of the buffer has been consumed. For example,
                  a buffer such as finished goods safety stock may become depleted
                  by an unexpectedly large customer order. Regular monitoring of buffer status
                  in this or another way can help with prioritizing production orders
                  and can trigger replanning as required. The planner would need to
                  ensure that these buffers are refreshed in a way that does not de-prioritize
                  actual customer requirements. This might be done by building up
                  safety stocks and production buffers more slowly than the system
                  might recommend.

               
               
               
               Abnormality control
                  is a concept from lean that can apply to production monitoring in any
                  environment. The concept is that when things are going smoothly,
                  there is little need for correction, but the planners need to frequently
                  check the status of operations so they can spring into action to
                  correct course before the course gets too far astray. The faster
                  the throughput of the operations, the more frequent the checking
                  and response needs to be.

               
               
               
               It is also important for materials requirements
                  planning (MRP) planners to monitor the effectiveness of buffers
                  in general. Buffers are a means to an end, and, if those ends are
                  not being achieved, it is time to revise the buffers.

               
               
               
               Another way to be proactive
                  is to stay on top of communications with operators and on top of
                  training, especially for new staff. A properly trained planner can
                  detect problems with buffers (or other planning parameters) and
                  determine the best adjustment to make. Investing in training and
                  better communication are key ways to reduce MRP system nervousness.

               
               

            
            

         
         
   
      
         
         
         Long Description Appendix

         
         
            
            This appendix provides more detailed descriptions for some of the images found in
               the text. Return to the image location in the text by clicking the link at the end
               of each description.

            
            
            
               
               Exhibit 4-12: Manufacturing Environments by Volume and Variety
[image: The graph represents how different manufacturing strategies align with varying levels of product variety and volume, helping to understand the appropriate strategy for different production scenarios. Go to long description for more details.]
                  
                  
                  The Y-Axis represents Product variety and ranges from Low
                     (bottom) to High (top). The X-Axis represents Product volume and ranges from
                     Low (left) to High (right).

                  
                  
                  
                  The different manufacturing strategies are plotted on the graph as
                     follows:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Engineer-to-order: Located at the top-left, indicating high
                           product variety and low product volume.

                        
                        

                     
                     
                     	
                        
                        
                        Make-to-order/configure-to-order: Positioned slightly lower
                           and towards the right of Engineer-to-order, indicating moderate
                           product variety and volume.

                        
                        

                     
                     
                     	
                        
                        
                        Mass customization: Positioned near the middle-right,
                           indicating high product variety and volume.

                        
                        

                     
                     
                     	
                        
                        
                        Assemble-to-order: Positioned lower and to the right,
                           indicating low to moderate product variety and moderate to high
                           product volume.

                        
                        

                     
                     
                     	
                        
                        
                        Make-to-stock: Located at the bottom-right, indicating low
                           product variety and high product volume.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-13: Lead Time per Manufacturing Environment
[image: A flowchart illustrating lead times for different manufacturing strategies: Engineer-to-order, Make-to-order/configure-to-order, Assemble-to-order, and Make-to-stock. Go to long description for more details.]
                  
                  
                  
                     
                     	
                        
                        
                        Engineer-to-order (ETO):

                        
                        
                        
                        
                           
                           	
                              
                              Steps: Designing → Purchasing → Production → Assembly
                                 → Shipping

                              

                           
                           
                           	
                              
                              Lead Time: ETO lead time includes all steps from
                                 designing to shipping, representing the longest lead time
                                 due to the customization involved.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Make-to-order/configure-to-order (MTO):

                        
                        
                        
                        
                           
                           	
                              
                              Steps: Raw material inventory → Production → Assembly
                                 → Shipping

                              

                           
                           
                           	
                              
                              Lead Time: MTO lead time includes steps from
                                 production to shipping. It is shorter than ETO since it
                                 skips the designing and purchasing steps.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Assemble-to-order (ATO):

                        
                        
                        
                        
                           
                           	
                              
                              Steps: Production → WIP inventory (components) →
                                 Assembly → Shipping

                              

                           
                           
                           	
                              
                              Lead Time: ATO lead time includes steps from assembly
                                 to shipping, focusing on the assembly of pre-manufactured
                                 components.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Make-to-stock (MTS):

                        
                        
                        
                        
                           
                           	
                              
                              Steps: Production → Assembly → FG inventory →
                                 Shipping

                              

                           
                           
                           	
                              
                              Lead Time: MTS lead time is the shortest, including
                                 shipping, as products are made in advance and stocked.

                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-5: Demand Management in Different Environments
[image: A table comparing how orders are fulfilled in four manufacturing environments: ETO, MTO, ATO, and MTS. Go to long description for details.]
                  
                  
                  The image is a four-column table titled Manufacturing
                        environments with a left header column labeled Demand management
                        characteristics. The single row shown is Orders fulfilled
                        from, and each manufacturing environment lists its source of
                     fulfillment: ETO from raw material at the supplier’s suppliers, MTO from
                     some or most material stored at the supplier, ATO from on-hand subassemblies
                     and raw material, and MTS from finished goods inventory.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-7: Market Customer Expectations
[image: A table showing impact on master scheduling vs. market/customer expectations. It compares different types of production strategies (MTO/ETO, ATO, MTS) against various market/customer expectations. Go to long description for more details.]
                  
                  
                  For “Market/Customer Expectations,” under “Product”, there
                     are columns for “Design,” “Variety,” and “Volume per period,” and under
                     “Delivery,” there are columns for “Speed/product availability,” and
                     “Reliability.” For “Impact on master scheduling,” the rows are “MTO/ETO,”
                     “ATO,” and “MTS.”

                  
                  
                  
                  MTO/ETO:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Design: Custom

                        
                        

                     
                     
                     	
                        
                        
                        Variety: Broad

                        
                        

                     
                     
                     	
                        
                        
                        Volume per period: Low

                        
                        

                     
                     
                     	
                        
                        
                        Speed/product availability: Slow/variable

                        
                        

                     
                     
                     	
                        
                        
                        Reliability: As promised

                        
                        

                     

                  
                  
                  
                  ATO:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Design: Falls between Standard and Custom

                        
                        

                     
                     
                     	
                        
                        
                        Variety: Falls between Predetermined, narrow and Broad

                        
                        

                     
                     
                     	
                        
                        
                        Volume per period: Falls between High and Low

                        
                        

                     
                     
                     	
                        
                        
                        Speed/product availability: Final assembly lead time

                        
                        

                     
                     
                     	
                        
                        
                        Reliability: Falls between Predictable and As promised

                        
                        

                     

                  
                  
                  
                  MTS:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Design: Standard

                        
                        

                     
                     
                     	
                        
                        
                        Variety: Predetermined, narrow

                        
                        

                     
                     
                     	
                        
                        
                        Volume per period: High

                        
                        

                     
                     
                     	
                        
                        
                        Speed/product availability: In stock, fast

                        
                        

                     
                     
                     	
                        
                        
                        Reliability: Predictable

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-9: Product-Process Matrix and Manufacturing Environments
[image: The diagram serves to illustrate the relationship between the variety of products and the volume of production in different manufacturing environments. Read long description below.]
                  
                  
                  There are two axes: Volume (horizontal axis) and Variety
                     (vertical axis). The environments are represented as overlapping ovals
                     labeled ETO, MTO, ATO, and MTS. The ETO environment is positioned at the top
                     left, indicating high variety and low volume. MTO is slightly lower and to
                     the right, ATO is even lower and further right, and MTS is at the bottom
                     right, indicating low variety and high volume. Additionally, there are
                     vertical arrows indicating “Customer lead time,” “Tasks,” and “Frequency,”
                     with descriptions ranging from “Very long” to “Very short,” “Diverse and
                     complex” to “Repeated and divided,” and “Project” to “Flow,”
                     respectively.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-18: Manufacturing Process Layouts
[image: Matrix chart showing different manufacturing process types (Fixed position, Functional, Cellular, Product-based) along axes of product variety and volume, with examples of each process type. Go to long description for more details.]
                  
                  
                  This matrix chart categorizes different manufacturing process types based on
                     the variety and volume of products they handle. The x-axis represents
                     product volume (Low to High) and the y-axis represents product variety (High
                     to Low). The chart includes examples of each manufacturing process type:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Fixed Position (High Variety, Low Volume): Illustrated by a
                           graphic showing a central point with multiple arrows pointing
                           inward, representing a fixed position layout where the product
                           remains stationary, and workers and equipment come to the
                           product.

                        
                        

                     
                     
                     	
                        
                        
                        Functional (Moderate Variety, Low Volume): Illustrated by a
                           graphic showing a network of numbered nodes connected by arrows,
                           representing a functional layout where similar processes are grouped
                           together, and products move between these functional areas.

                        
                        

                     
                     
                     	
                        
                        
                        Cellular (Moderate Variety, Moderate Volume): Illustrated by a
                           graphic showing two product lines (Product line A and Product line
                           B) with numbered nodes arranged in a sequential manner, representing
                           a cellular layout where products move through a linear sequence of
                           operations within a cell.

                        
                        

                     
                     
                     	
                        
                        
                        Product-based (Low Variety, High Volume): Illustrated by a
                           graphic showing a straight line of numbered nodes from input to
                           output, representing a product-based layout where products move
                           through a continuous and linear process, typical in high-volume
                           manufacturing.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-24: Cellular Layout
[image: Diagram showing a transition from a functional layout to multiple cellular layouts, illustrating the reorganization of workstations for increased efficiency. Read long description below.]
                  
                  
                  This diagram visualizes the transition from a functional layout to
                     various cellular layouts in a manufacturing process:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Functional Layout (Left Side): Depicted by a network of 10
                           workstations (numbered 1 to 10) connected by arrows showing the
                           flow of materials. This layout represents a traditional
                           functional arrangement where similar processes are grouped
                           together, and products move between these functional areas. The
                           connections are complex and varied, illustrating a less
                           efficient flow of work.

                        
                        

                     
                     
                     	
                        
                        
                        Cellular Layouts (Right Side): Shows three separate
                           product lines (Product line A, B, and C) each configured into a
                           cellular layout:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Product line A: Workflow consists of workstations
                                 1, 2, 3, 4.

                              
                              

                           
                           
                           	
                              
                              
                              Product line B: Workflow consists of workstations
                                 5, 6, 2, 7, 3, 4.

                              
                              

                           
                           
                           	
                              
                              
                              Product line C: Workflow consists of workstations
                                 8, 1, 9, 2, 6, 7, 3, 10, 4.

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-15: Manufacturing Process Types
[image: A graph depicting manufacturing process types arranged by product variety and volume, showing the relationship between project, work center, batch, line, and continuous manufacturing processes.]
                  
                  
                  This graph illustrates different manufacturing process types based on product
                     variety and volume. The x-axis represents product volume, ranging from low
                     to high. The y-axis represents product variety, ranging from high to
                     low.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Project: Positioned at the top left, indicating high product
                           variety and low product volume.

                        
                        

                     
                     
                     	
                        
                        
                        Work Center: Below the project, indicating slightly lower
                           product variety and slightly higher product volume than
                           projects.

                        
                        

                     
                     
                     	
                        
                        
                        Batch: Positioned in the middle, indicating moderate product
                           variety and volume.

                        
                        

                     
                     
                     	
                        
                        
                        Line: Positioned towards the bottom right, indicating lower
                           product variety and higher product volume. 

                        
                        

                     
                     
                     	
                        
                        
                        Continuous: Positioned at the bottom right, indicating the
                           lowest product variety and highest product volume.

                        
                        

                     

                  
                  
                  
                  The graph visually emphasizes how manufacturing processes evolve from highly
                     customized, low-volume production (project) to highly standardized,
                     high-volume production (continuous).

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-11: Manufacturing Environments and Production Process Types
[image: A matrix representing the relationship between product variety and volume in different manufacturing environments and processes. Go to long description for more details.]
                  
                  
                  The Y-Axis represents Variety and ranges from Low at the
                     bottom to High at the Top. The X-Axis represents Volume and ranges from Low
                     on the left to High on the right.

                  
                  
                  
                  The matrix contains several elements:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Manufacturing environments: ETO, MTO, ATO, and MTS

                        
                        

                     
                     
                     	
                        
                        
                        Manufacturing process types: Project, Work center, Batch, Line, and
                           Continuous

                        
                        

                     
                     
                     	
                        
                        
                        Manufacturing process layouts: Fixed position, Functional, Cellular,
                           and Product-based

                        
                        

                     

                  
                  
                  
                  Additionally, there are arrows on the left side indicating the nature of the
                     tasks, frequency, and customer lead time associated with increasing variety
                     and volume.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Customer lead time: From Very short (bottom) to Very long (top)

                        
                        

                     
                     
                     	
                        
                        
                        Tasks: From Repeated and divided (bottom) to Diverse and complex
                           (top)

                        
                        

                     
                     
                     	
                        
                        
                        Frequency: From Flow (bottom) to Intermittent to Project (top)

                        
                        

                     

                  
                  
                  
                  This matrix helps visualize how different manufacturing strategies align with
                     the type of production environment, task complexity, and customer
                     requirements based on product variety and production volume.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-37: Tuckman Ladder of Team Development
[image: The image represents the stages of team development as steps moving upward, illustrating the progression of a team’s development over time. Go to long description for more details.]
                  
                  
                  The stages of team development, from left to right are:
                     Forming (little sharing, low understanding of project), Storming (growing
                     competition and conflict), Norming (increased trust and collaboration),
                     Performing (peak productivity and focus on improvement), and Adjourning
                     (cultural strengthening, knowledge management).

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-38: Project Costs by Phase
[image: The image shows the relationship between the impact on project costs and project time across four phases: Initiating, Planning, Executing, and Closing. Read long description below.]
                  
                  
                  The image illustrates that the power to alter costs is
                     highest during the Initiating and Planning phases, then decreases as the
                     project progresses. Conversely, accumulated project costs increase
                     steadily throughout the project duration, peaking during the Executing
                     phase and leveling off in the Closing phase.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-31: Service Design Matrix
[image: A graph illustrating the relationship between the degree of customer contact and the trade-off between sales opportunity and production efficiency in different service models. Go to long description for more details.]
                  
                  
                  This graph visualizes the trade-offs between sales opportunity and
                     production efficiency across various levels of customer interaction and
                     service customization. The vertical axis represents the degree of
                     contact between the customer and the service provider, ranging from high
                     to low. The horizontal axis depicts the trade-off between sales
                     opportunity and production efficiency, with sales opportunity decreasing
                     and production efficiency increasing as you move from left to right.

                  
                  
                  
                  
                     
                     	
                        
                        
                        High Customer Interaction and Reactive to
                              Requirements:

                        
                        
                        
                        
                           
                           	
                              
                              
                              In person, fully customizable service (Top left):
                                 Positioned in the highest sales opportunity and lowest
                                 production efficiency area.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Customer Interaction but No Customization:

                        
                        
                        
                        
                           
                           	
                              
                              
                              In person, service options allowed (Spanning two
                                 categories): This box overlaps the boundary between
                                 “Customer interaction and reactive to requirements” and
                                 “Customer interaction but no customization”.

                              
                              

                           
                           
                           	
                              
                              
                              In person, tightly specified services: Located
                                 within the “Customer interaction but no customization”
                                 category.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        No Direct Customer Interaction:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Phone or video contact (Spanning two categories):
                                 This box overlaps the boundary between “Customer
                                 interaction but no customization” and “No direct
                                 customer interaction”.

                              
                              

                           
                           
                           	
                              
                              
                              Internet and kiosks Located within the “No direct
                                 customer interaction” category.

                              
                              

                           
                           
                           	
                              
                              
                              Direct mailings: Positioned at the lowest point in
                                 customer interaction and the highest in production
                                 efficiency. This method involves no direct interaction
                                 with customers and maximizes production efficiency.

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-33: Service Gap Analysis Matrix
[image: A matrix diagram showing customer service attributes based on importance to the customer and customer perception of service quality. Read long description below.]
                  
                  
                  The matrix is divided into four quadrants:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Top Left (Non-value-added): Services that are perceived as
                           good but are unimportant to customers.

                        
                        

                     
                     
                     	
                        
                        
                        Top Right (Competitive strengths): Services that are
                           perceived as good and are important to customers.

                        
                        

                     
                     
                     	
                        
                        
                        Bottom Left (Slight irritations): Services that are
                           perceived as poor and are unimportant to customers.

                        
                        

                     
                     
                     	
                        
                        
                        Bottom Right (Critical improvement areas): Services that
                           are perceived as poor and are important to customers.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-34: PCN Diagram for a Hair Salon with Custom Products
[image: A diagram showing the amount of control over the process versus the type of interaction in a hair care supply chain. Go to long description for more details.]
                  
                  
                  The diagram is divided into five columns representing different levels of
                     interaction and control in the hair care supply chain process, from
                     direct interaction to independent processes.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Direct Interaction (Low Control): Activities include
                           developing hair care supply contracts, receiving supplies, and
                           producing products.

                        
                        

                     
                     
                     	
                        
                        
                        Indirect Interaction (Medium Control): Includes ordering
                           resupply online.

                        
                        

                     
                     
                     	
                        
                        
                        Independent Processes (High Control): Encompasses
                           developing services and hair care products, training employees,
                           preparing service spaces, forecasting sales and service
                           capacity, and maintaining supplies. Customizing and preparing
                           products is a central activity connected by multiple
                           processes.

                        
                        

                     
                     
                     	
                        
                        
                        Indirect Interaction (Medium Control): Focuses on
                           customizing and preparing hair care products.

                        
                        

                     
                     
                     	
                        
                        
                        Direct Interaction (Low Control): Involves consulting with
                           customers on hair and product options, providing hair care
                           services and products, and taking payment.

                        
                        

                     

                  
                  
                  
                  The diagram indicates that as the interaction moves from direct to
                     indirect and finally to independent processes, the amount of control
                     over the process increases.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-4: Supply Network Example
[image: A supply chain diagram illustrating the flow from suppliers to customers. Read long description below.]
                  
                  
                  Key elements and their relationships include:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Supplier 1 supplies goods to Manufacturer A and
                           Manufacturer B.

                        
                        

                     
                     
                     	
                        
                        
                        Supplier 2 (Owned by Manufacturer B) supplies goods to
                           Manufacturer B.

                        
                        

                     
                     
                     	
                        
                        
                        Supplier 3 supplies goods to Manufacturer C.

                        
                        

                     
                     
                     	
                        
                        
                        Manufacturer A and Manufacturer B both supply
                           products to the same Distributor.

                        
                        

                     
                     
                     	
                        
                        
                        Manufacturer B and Manufacturer C both supply
                           products to the same Distributor.

                        
                        

                     
                     
                     	
                        
                        
                        Both Distributors and Manufacturer B supply
                           products to a Retailer.

                        
                        

                     
                     
                     	
                        
                        
                        The Retailer sells products to the Customer.

                        
                        

                     
                     
                     	
                        
                        
                        Manufacturer A also sells products directly to the
                           Customer.

                        
                        

                     

                  
                  
                  
                  Arrows indicate the direction of product flow through the supply
                     chain.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-1: Strategy Hierarchy
[image: A hierarchical flowchart depicting four levels of strategies within an organization. Read long description below.]
                  
                  
                  A hierarchical flowchart includes, from top to bottom:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Corporate strategy: Plan to improve competitiveness of the organization as a
                           whole.

                        
                        

                     
                     
                     	
                        
                        
                        Business strategies: Plan to improve competitiveness of individual line of
                           business.

                        
                        

                     
                     
                     	
                        
                        
                        Functional area strategies: Plan to implement and support corporate (and
                           business) strategy at the functional level.

                        
                        

                     
                     
                     	
                        
                        
                        Operations strategies: Plan how the function will perform its work in a
                           manner consistent with the direction and priorities described at the corporate,
                           business, and functional area levels.

                        
                        

                     

                  
                  
                  
                  Arrows connect each level to the one above and below it, indicating a flow of strategic
                     planning from the corporate level down to operations.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-29: Process Technology and Manufacturing Process Types
[image: A diagram titled “Process Technology” showing the relationship between process technology and different types of production processes. Go to long description for more details.]
                  
                  
                  The diagram consists of three vertical columns and five horizontal rows.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Vertical Columns:

                        
                        
                        
                        
                           
                           	
                              
                              Scale: Ranges from “Many small process technology units” at the top to
                                 “Few large process technology units” at the bottom.

                              

                           
                           
                           	
                              
                              Automation: Ranges from “Reliance on human intelligence” at the top to
                                 “Reliance on robots” at the bottom.

                              

                           
                           
                           	
                              
                              Coupling: Ranges from “Disconnected” at the top to “Integrated” at the
                                 bottom.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Horizontal Rows:

                        
                        
                        
                        
                           
                           	
                              
                              Project: Aligns with “Many small process technology units,” “Reliance
                                 on human intelligence,” and “Disconnected.”

                              

                           
                           
                           	
                              
                              Work Center: Falls below Project, aligning more towards the middle of
                                 the columns.

                              

                           
                           
                           	
                              
                              Batch: Sits below Work Center, aligning towards more automation and
                                 integration.

                              

                           
                           
                           	
                              
                              Line: Aligns with larger scale, higher automation, and more
                                 integration.

                              

                           
                           
                           	
                              
                              Continuous: At the bottom, aligns with “Few large process technology
                                 units,” “Reliance on robots,” and “Integrated.”

                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-3: Technology Road Map for a Blockchain and IoT Initiative
[image: Roadmap showing business, product, process, equipment, and software goals and timelines, including utilization, shipbuilding schedule improvements, predictive maintenance, RFID upgrades, and analytics releases. Go to long description for details.]
                  
                  
                  The image presents a three-year strategic roadmap
                     organized in five horizontal categories—Business, Product, Process,
                        Equipment, and Software—with milestones shown as timeline bars
                     extending across Years 1, 2, and 3.

                  
                  
                  
                  Business

                  
                  
                  
                  
                     
                     	
                        
                        
                        Year 1: Meet budget and schedule; achieve asset utilization
                           goals using blockchain, QR, and RFID.

                        
                        

                     
                     
                     	
                        
                        
                        Year 2: Continuation of asset utilization work.

                        
                        

                     
                     
                     	
                        
                        
                        Year 3: Break-even analysis and asset optimization.

                        
                        

                     

                  
                  
                  
                  Product (ships being built)

                  
                  
                  
                  
                     
                     	
                        
                        
                        Year 1: Maintain on-time shipbuilding schedules during change;
                           evaluate asset availability–related project changes.

                        
                        

                     
                     
                     	
                        
                        
                        Year 2: Continue evaluation of project changes.

                        
                        

                     
                     
                     	
                        
                        
                        Year 3: Enable compressed shipbuilding project schedules.

                        
                        

                     

                  
                  
                  
                  Process

                  
                  
                  
                  
                     
                     	
                        
                        
                        Year 1: Develop and train personnel on asset checkout and
                           use.

                        
                        

                     
                     
                     	
                        
                        
                        Year 2: Develop and train predictive maintenance
                           processes.

                        
                        

                     
                     
                     	
                        
                        
                        Year 3: Develop and train asset optimization capabilities.

                        
                        

                     

                  
                  
                  
                  Equipment

                  
                  
                  
                  
                     
                     	
                        
                        
                        Year 1: Install readers and tag small assets with QR codes;
                           begin upgrading heavy equipment with RFID.

                        
                        

                     
                     
                     	
                        
                        
                        Year 2: Continue RFID upgrades.

                        
                        

                     
                     
                     	
                        
                        
                        Year 3: Adjust equipment levels based on internal demand
                           patterns.

                        
                        

                     

                  
                  
                  
                  Software

                  
                  
                  
                  
                     
                     	
                        
                        
                        Year 1: Develop blockchain minimum viable product.

                        
                        

                     
                     
                     	
                        
                        
                        Year 2: Release 1—equipment RFID interfaces.

                        
                        

                     
                     
                     	
                        
                        
                        Year 3: Release 2—analytic interfaces.

                        
                        

                     

                  
                  
                  
                  The roadmap visually aligns initiatives across functions, showing how early
                     foundational work (QR tagging, RFID, asset checkout) progresses into
                     predictive maintenance and optimization in later years.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-128: MRP Grid Before Replanning
[image: A table titled “MRP Before Replanning.” Go to long description for more details.]
                  
                  
                  The table displays the material requirements planning
                     (MRP) data for part number 221 with a lead time of 2 weeks and a lot size of
                     lot-for-lot (L4L). The table is organized by week (0 to 9) and includes
                     columns for gross requirements, scheduled receipts, projected available
                     inventory, net requirements, planned order receipts, and planned order
                     releases. Initially, there are 10 units available. The table shows how
                     inventory levels, requirements, and planned orders are managed over the
                     9-week period to meet the gross requirements while considering scheduled
                     receipts and available inventory.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-129: MRP Variability Sources
[image: Four MRP tables compare demand and supply variability. Top: quantity shifts and timing shifts in requirements. Bottom: quantity and timing variability in supply. Go to long description for details.]
                  
                  
                  This image shows four mini-MRP tables arranged in a
                     2×2 grid, illustrating how demand variability and supply
                        variability affect material requirements planning.

                  
                  
                  
                  Top Left: Demand Variability — Quantity Shifts

                  
                  
                  
                  
                     
                     	
                        
                        
                        Represents when required quantities change.

                        
                        

                     
                     
                     	
                        
                        
                        Gross requirements jump from 20 to 12, then 35, then 12 in later
                           weeks.

                        
                        

                     
                     
                     	
                        
                        
                        Projected available shifts accordingly: 10 → 10 → 10 → 10 → 0 → 0 →
                           0.

                        
                        

                     
                     
                     	
                        
                        
                        Net requirements become 2, 35, and 12 in affected weeks, triggering
                           corresponding planned order releases

                        
                        

                     

                  
                  
                  
                  Top Right: Demand Variability — Timing Shifts

                  
                  
                  
                  
                     
                     	
                        
                        
                        Requirements occur earlier or later than planned.

                        
                        

                     
                     
                     	
                        
                        
                        Gross requirements shift from week 4 into weeks 5 and 7.

                        
                        

                     
                     
                     	
                        
                        
                        Projected available and planned order releases move with the shifted
                           timing, illustrating impact on load and inventory.

                        
                        

                     

                  
                  
                  
                  Bottom Left: Supply Variability — Quantity Differences

                  
                  
                  
                  
                     
                     	
                        
                        
                        Supplier delivers too many or too few units.

                        
                        

                     
                     
                     	
                        
                        
                        Scheduled receipts show unexpected values 22 and 16 instead of
                           20.

                        
                        

                     
                     
                     	
                        
                        
                        Projected available increases to 12, then falls to 8 as later
                           receipts underdeliver.

                        
                        

                     
                     
                     	
                        
                        
                        Net requirements and planned order releases adjust to compensate for
                           shortages.

                        
                        

                     

                  
                  
                  
                  Bottom Right: Supply Variability — Timing Differences

                  
                  
                  
                  
                     
                     	
                        
                        
                        Supplier delivers too early or too late.

                        
                        

                     
                     
                     	
                        
                        
                        Scheduled receipt shifts from week 3 to week 2.

                        
                        

                     
                     
                     	
                        
                        
                        Projected available temporarily rises to 10, then becomes negative
                           when demand occurs before supply.

                        
                        

                     
                     
                     	
                        
                        
                        Planned order releases and receipts shift to restore alignment with
                           requirements.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-82: Bucketless MRP Example
[image: A table displaying inventory transactions for Part Number 12345 over several days in June, showing Forecasts, Customer Orders, MPS Receipts, and Planned MPS Receipts along with quantities and PAB. Go to long description for more details.]
                  
                  
                  This table provides detailed inventory management data for Part Number 12345,
                     described as “Widget.” The lead time for this part is 5 days, with a safety
                     stock of 10 units and a lot size of 50 units. The data includes specific
                     dates in June and records various transactions, quantities, and the
                     resulting Projected Available Balance (PAB).

                  
                  
                  
                  
                     
                     	
                        
                        
                        Part Number: 12345

                        
                        

                     
                     
                     	
                        
                        
                        Lead Time (Days): 5

                        
                        

                     
                     
                     	
                        
                        
                        Description: Widget

                        
                        

                     
                     
                     	
                        
                        
                        Safety Stock: 10

                        
                        

                     
                     
                     	
                        
                        
                        Lot Size: 50

                        
                        

                     

                  
                  
                  
                  Beginning of June:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Initial PAB: 100 units

                        
                        

                     

                  
                  
                  
                  Transactions:

                  
                  
                  
                  
                     
                     	
                        
                        
                        1-Jun: Forecast

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 20

                              
                              

                           
                           
                           	
                              
                              
                              PAB: 80

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        3-Jun: MPS Receipt

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 50

                              
                              

                           
                           
                           	
                              
                              
                              PAB: 130

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        4-Jun: Customer Order

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 100

                              
                              

                           
                           
                           	
                              
                              
                              PAB: 30

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        5-Jun: Customer Order

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 25

                              
                              

                           
                           
                           	
                              
                              
                              PAB: 5

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        5-Jun: Planned MPS Receipt

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 50

                              
                              

                           
                           
                           	
                              
                              
                              PAB: 55

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-81: Manufacturing Planning and Control
[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Read long description below.]
                  
                  
                  The flowchart includes:

                  
                  
                  
                  
                     
                     	
                        
                        Demand-Side Activities: Forecasting, Demand Management, and
                           Distribution Requirements Planning (DRP)

                        

                     
                     
                     	
                        
                        Strategic and Business Planning

                        

                     
                     
                     	
                        
                        Priority Planning: Sales and Operations Planning (S&OP) -
                           Production Plan; Master Scheduling (MS) - Master Production Schedule
                           (MPS); Material Requirements Planning (MRP) - Materials Requirements
                           Plan

                        

                     
                     
                     	
                        
                        Supply-Side Activities: Capacity Planning includes Resource
                           Planning (RP), Rough-Cut Capacity Planning (RCCP), and Capacity
                           Requirements Planning (CRP)

                        

                     
                     
                     	
                        
                        Purchasing

                        

                     
                     
                     	
                        
                        Production Activity Control (PAC): Scheduling,
                           Implementation, and Capacity Control

                        

                     

                  
                  
                  
                  The flow of information between these sections is depicted by arrows,
                     showing how data moves from one planning stage to another, ensuring
                     synchronization across the entire manufacturing process. The chart
                     captures the complexity and interconnectedness of manufacturing planning
                     activities, emphasizing the need for coordinated efforts across various
                     functions to meet production goals effectively.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-104: Gross Requirements for Items A and F and Component C
[image: MRP tables for Items A, F, and Component C showing weekly gross requirements and empty planning rows. Arrows indicate A and F requirements come from the MPS and service-part demand. Go to long description for details.]
                  
                  
                  The image shows three material requirements planning (MRP) tables: one for
                     Item A, one for Item F, and one for Component C. Each table displays eight
                     weekly buckets labeled 1 through 8, with rows for gross requirements,
                     scheduled receipts, projected available balance, net requirements, planned
                     order receipts, and planned order releases.

                  
                  
                  
                  Item A has lot-for-lot lot sizing (L4L) and a lead time of 2. Its
                     gross requirements are 10 in week 4, 100 in week 6, and 10 in week 8. All
                     other fields are blank.

                  
                  
                  
                  Item F also uses lot-for-lot sizing with a lead time of 1. Its gross
                     requirements are 20 in week 5, 20 in week 6, and 10 in week 8. All other
                     rows are blank.

                  
                  
                  
                  Component C is shown as a service part with a constant demand of 10
                     units per week across all eight weeks.

                  
                  
                  
                  Arrows along the right side indicate the sources of demand: gross
                     requirements for Items A and F come from the master production schedule
                     (MPS), while Component C’s demand comes from independent service-part
                     demand.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-105: BOM Explosion
[image: Product trees for items A and F show levels, quantities per assembly, and lead times, with components B, C, D, and E branching below them. Go to long description for details.]
                  
                  
                  The graphic shows two separate product structure trees. The left tree is for
                     Item A, which has a lead time of two weeks and sits at Level 0.
                     Below it at Level 1 are components B (quantity 1, one-week lead
                     time), C (quantity 2, two-week lead time), and D (quantity 2,
                     one-week lead time). Component B leads to a Level 2 component C
                     (quantity 2, two-week lead time). Component C also leads to E
                     (quantity 3, one-week lead time) at Level 2.

                  
                  
                  
                  The right tree is for Item F, with a one-week lead time at Level 0.
                     Below it at Level 1 are components B, D, and E, each
                     with quantity 1 and one-week lead times. Component B leads to C
                     (quantity 2, two-week lead time), and component D leads to E
                     (quantity 3, one-week lead time) at Level 2.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-106: Gross-to-Net Calculations for Item A
[image: MRP table for Item A showing gross requirements in weeks 4, 6, and 8 with lot-for-lot sizing, lead time of 2, zero projected available each week, and planned order releases matching requirements. Go to long description for details.]
                  
                  
                  The image shows an MRP record for Item A. Item A uses a
                     lot-for-lot (L4L) lot-sizing rule and has a lead time of two weeks. Across
                     weeks 1–8, gross requirements occur in week 4 (10 units), week 6 (100
                     units), and week 8 (10 units). Scheduled receipts are blank. Projected
                     available inventory is zero in all weeks because L4L replenishment exactly
                     matches requirements. Net requirements appear in weeks 4, 6, and 8 and equal
                     the gross requirements for those weeks. Planned order receipts also show 10
                     units in week 4, 100 units in week 6, and 10 units in week 8. Corresponding
                     planned order releases occur two weeks earlier: 10 units in week 2, 100
                     units in week 4, and 10 units in week 6.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-107: Gross Requirements for Component B
[image: MRP grids for Items A, F, and Component B showing gross requirements, planned orders, and how A and F planned order releases drive B’s gross requirements. Go to long description for details.]
                  
                  
                  The image shows three connected MRP tables: Item A, Item F, and Component
                     B.

                  
                  
                  
                  Item A has gross requirements of 10 units in period 4, 100 units in
                     period 6, and 10 units in period 8. It has planned order releases of 10
                     units in period 2, 100 units in period 4, and 10 units in period 6, which
                     drive dependent demand for components.

                  
                  
                  
                  Item F has gross requirements of 20 units in periods 5 and 6, and 10
                     units in period 8. Its planned order releases occur in periods 4, 5, and 7,
                     each corresponding to the required quantities.

                  
                  
                  
                  Component B requirements come from the planned order releases of A and
                     F, with each parent requiring one B per unit. The table sums B requirements
                     from A and F. In period 4, A releases 100 units and F releases 20 units,
                     creating a total gross requirement of 120 units for Component B, shown as a
                     highlighted value.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-108: Gross-to-Net Requirements for Component B
[image: Component B MRP table showing periods, gross requirements, projected available balances, net requirements, and planned orders with circled values highlighting inventory changes. Go to long description for details.]
                  
                  
                  The table provides detailed data for Component B, (Lot
                     size = L4L and Lead time = 1) organized by week and including various
                     categories of requirements and receipts. The table illustrates the on-hand
                     balance due to a canceled order and how the planned order releases and
                     projected available quantities are calculated.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Gross requirements: Week 1 (0), Week 2 (10), Week 3 (0), Week 4
                           (120), Week 5 (20), Week 6 (10), Week 7 (10), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        Scheduled receipts: All weeks (0)

                        
                        

                     
                     
                     	
                        
                        
                        Projected available: Before Week 1 (100), Week 1 (100), Week 2 (90),
                           Week 3 (90), Week 4 (0), Week 5 (0), Week 6 (0), Week 7 (0), Week 8
                           (0)

                        
                        

                     
                     
                     	
                        
                        
                        Net requirements: Week 1 (0), Week 2 (0), Week 3 (0), Week 4 (30),
                           Week 5 (20), Week 6 (10), Week 7 (10), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        Planned order releases: Week 1 (0), Week 2 (0), Week 3 (0), Week 4
                           (30), Week 5 (20), Week 6 (10), Week 7 (10), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        Planned order releases: Week 1 (0), Week 2 (0), Week 3 (30), Week 4
                           (20), Week 5 (10), Week 6 (10), Week 7 (0), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        On-hand balance due to canceled order: This annotation is
                           highlighted at the bottom left of the table and refers to the
                           initial projected available balance of 100 units due to a canceled
                           order.

                        
                        

                     
                     
                     	
                        
                        
                        Arrows: There are arrows showing the flow from projected
                           available to gross requirements and net requirements.

                        
                        

                     
                     
                     	
                        
                        
                        Circled Values: Certain values in the table are circled to
                           highlight key points in the inventory planning process:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Projected available: 100 units in Week 0 and 90 units in Week
                                 2

                              
                              

                           
                           
                           	
                              
                              
                              Net requirements: 30 units in Week 4

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-109: Gross Requirements for Component C
[image: A table showing the gross requirements, net requirements, planned order receipts, and planned order releases for Item A, Component B, and Component C over an 8-week period. Read long description below.]
                  
                  
                  Table Header

                  
                  
                  
                     
                     	
                        
                        
                        Period: 1 to 8

                        
                        

                     

                  
                  
                  Rows for Item A (L4L, lead time = 2)

                  
                  
                  
                     
                     	
                        
                        
                        Gross requirements Item A: Week 1 (10), Week 2 (0), Week 3
                           (0), Week 4 (10), Week 5 (100), Week 6 (10), Week 7 (0), Week 8
                           (10)

                        
                        

                     
                     
                     	
                        
                        
                        Net requirements: Week 1 (10), Week 2 (0), Week 3 (0), Week 4
                           (10), Week 5 (100), Week 6 (10), Week 7 (0), Week 8 (10)

                        
                        

                     
                     
                     	
                        
                        
                        Planned order receipts: Week 1 (10), Week 2 (0), Week 3 (0),
                           Week 4 (10), Week 5 (100), Week 6 (10), Week 7 (0), Week 8 (10)

                        
                        

                     
                     
                     	
                        
                        
                        Planned order releases (boxes with values are shaded): Week 1
                           (0), Week 2 (10), Week 3 (0), Week 4 (100), Week 5 (0), Week 6 (10),
                           Week 7 (0), Week 8 (0)

                        
                        

                     

                  
                  
                  Rows for Component B requirements (Lot size = LFT, Lead time = 1)

                  
                  
                  
                  
                     
                     	
                        
                        
                        Gross requirements: Week 1 (0), Week 2 (10), Week 3 (0), Week
                           4 (120), Week 5 (20), Week 6 (10), Week 7 (10), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        Scheduled receipts: All weeks (0)

                        
                        

                     
                     
                     	
                        
                        
                        Projected available: Before Week 1 (100), Week 1 (100), Week 2
                           (90), Week 3 (90), Week 4 (0), Week 5 (0), Week 6 (0), Week 7 (0),
                           Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        Net requirements: Week 1 (0), Week 2 (0), Week 3 (0), Week 4
                           (30), Week 5 (20), Week 6 (10), Week 7 (10), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        Planned order receipts: Week 1 (0), Week 2 (0), Week 3 (0),
                           Week 4 (30), Week 5 (20), Week 6 (10), Week 7 (10), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        Planned order releases (boxes with values are shaded): Week 1
                           (0), Week 2 (0), Week 3 (30), Week 4 (20), Week 5 (10), Week 6 (10),
                           Week 7 (0), Week 8 (0)

                        
                        

                     

                  
                  
                  
                  Rows for Component C

                  
                  
                  
                     
                     	
                        
                        
                        From item A P/O at 2 per: Week 1 (0), Week 2 (2), Week 3 (0),
                           Week 4 (200), Week 5 (0), Week 6 (20), Week 7 (0), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        From component B P/O at 2 per: Week 1 (0), Week 2 (0), Week 3
                           (60), Week 4 (40), Week 5 (20), Week 6 (20), Week 7 (0), Week 8
                           (0)

                        
                        

                     
                     
                     	
                        
                        
                        Service part demand: All weeks (0)

                        
                        

                     
                     
                     	
                        
                        
                        Gross requirements for Component C: Week 1 (10), Week 2 (30),
                           Week 3 (70), Week 4 (250), Week 5 (30), Week 6 (50), Week 7 (10),
                           Week 8 (10)

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-110: Gross-to-Net Requirements for Component C
[image: A table illustrating the material requirements planning (MRP) for Component C with a lot size of 150, safety stock of 15, and lead time of 2 weeks. Go to long description for more details.]
                  
                  
                  The table presents the planning details for Component C
                     over an 8-week period, including gross requirements, scheduled receipts,
                     projected available, net requirements, planned order receipts, and planned
                     order releases.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Gross requirements: Week 1 (10), Week 2 (30), Week 3 (70),
                           Week 4 (250), Week 5 (30), Week 6 (50), Week 7 (10), Week 8 (10)

                        
                        

                     
                     
                     	
                        
                        
                        Scheduled receipts: All weeks (0)

                        
                        

                     
                     
                     	
                        
                        
                        Projected available: Before week 1 (120), Week 1 (110), Week 2
                           (80), Week 3 (160), Week 4 (60), Week 5 (30), Week 6 (130), Week 7
                           (120), Week 8 (110)

                        
                        

                     
                     
                     	
                        
                        
                        Net requirements: Week 1 (0), Week 2 (0), Week 3 (5), Week 4
                           (105), Week 5 (0), Week 6 (35), Week 7 (0), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        Planned order receipts: Week 1 (0), Week 2 (0), Week 3 (150),
                           Week 4 (150), Week 5 (00), Week 6 (150), Week 7 (0), Week 8 (0)

                        
                        

                     
                     
                     	
                        
                        
                        Planned order releases: Week 1 (150), Week 2 (150), Week 3
                           (0), Week 4 (150), Week 5 (0), Week 6 (0), Week 7 (0), Week 8
                           (0)

                        
                        

                     
                     
                     	
                        
                        
                        Circles highlight critical data points, including the lot size (150),
                           safety stock (15), gross requirements (70 in week 3), projected
                           available (80 in week 2), net requirements (5 in week 3), and
                           planned order receipts (150 in week 3).

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-111: Incomplete MRP Grid
[image: A table titled “Incomplete MRP Grid.” Go to long description for more details.]
                  
                  
                  Table showing MRP data for Part 221 with a 2-week lead
                     time and Lot for Lot (L4L) order size. The columns represent Weeks 0
                     through 9. The rows detail Gross Requirements, Scheduled Receipts,
                     Projected Available inventory, Net Requirements, Planned Order Receipts,
                     and Planned Order Releases. Week 0 starts with a Projected Available
                     inventory of 10 units. Gross Requirements start at Week 5, with 20 units
                     each for Weeks 5, 6, and 8.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-112: Completed MRP Grid
[image: A table titled “Completed MRP Grid.” Go to long description for more details.]
                  
                  
                  Table showing the Material Requirements Planning (MRP)
                     data for Part 221 with a lead time of 2 weeks and a Lot-for-Lot (L4L)
                     order size. The columns represent Weeks 0 through 9. Week 0 starts with
                     a Projected Available inventory of 10 units. Gross Requirements start at
                     Week 5, with 20 units each for Weeks 5, 6, and 8. The Projected
                     Available inventory adjusts to 0 in Week 5. Net Requirements and Planned
                     Order Receipts are 10 units in Week 5, and 20 units each in Weeks 6 and
                     8. Planned Order Releases are scheduled 2 weeks prior to meet lead time
                     requirements (10 units in Week 3 and 20 units each in Weeks 4 and
                     6.)

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-101: Preliminary MRP Calculations with Projected Available
[image: MRP table showing gross requirements, receipts, projected available, and planned orders over weeks for parts C, E, G, and H, with a small product structure above. Go to long description for details.]
                  
                  
                  The image combines a product structure diagram and several material
                     requirements planning (MRP) record tables for parts C, E,
                     G, and H.

                  
                  
                  
                  At the top, a multilevel product structure chart shows how different
                     components relate. Each component box includes the part identifier and the
                     required quantity in parentheses. Part A is the finished product.
                     Beneath it are several components: B (quantity 2), C (quantity
                     4), D (quantity 2), E (quantity 2), F (quantity 2),
                     G (quantities 4 and 3 depending on level), and H (quantity
                     1). Lines indicate parent–child relationships between items.

                  
                  
                  
                  Below the structure, four MRP tables are displayed—one for each component (C,
                     E, G, H). Each table lists:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Lead time (C, E, G = 2 weeks; H = 1 week)

                        
                        

                     
                     
                     	
                        
                        
                        Gross requirements, which appear in specific weeks based on
                           parent demand

                        
                        

                     
                     
                     	
                        
                        
                        Scheduled receipts, where applicable

                        
                        

                     
                     
                     	
                        
                        
                        Projected available balance, showing on-hand inventory updated
                           each week

                        
                        

                     
                     
                     	
                        
                        
                        Net requirements, calculated when projected balances fall
                           below zero

                        
                        

                     
                     
                     	
                        
                        
                        Planned order receipts and planned order releases,
                           which would normally be inserted to cover shortages but are not
                           filled in this example

                        
                        

                     

                  
                  
                  
                  For Part C, projected available inventory starts at 2 units and
                     becomes negative by week 5.

                  
                  
                  
                   For Part E, projected available starts at 4 units and becomes
                     negative by week 4.

                  
                  
                  
                   For Part G, projected available starts at 8 units and falls into
                     deficit starting in week 3.

                  
                  
                  
                   For Part H, projected available starts at 1 unit and becomes negative
                     by week 3.

                  
                  
                  
                  The tables illustrate how dependent demand across multiple levels causes
                     shortages unless planned orders are created.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-102: Preliminary MRP Calculations with Net Requirements
[image: A table titled “Preliminary MRP Calculations with Net Requirements.” Go to long description for more details.]
                  
                  
                  The table tracks material requirements planning (MRP) for
                     four different parts (C, E, G, and H) over a 6-week period. It includes
                     columns for each week and rows for gross requirements, scheduled receipts,
                     projected available inventory, net requirements, planned order receipts, and
                     planned order releases. Each part has a specified lead time, and the table
                     details how the inventory levels are managed to meet production needs. The
                     data shows the balance of projected available inventory against gross
                     requirements and scheduled receipts, with necessary adjustments made through
                     net requirements and planned orders to maintain inventory levels and ensure
                     timely production.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-103: Completed MRP Record
[image: A table titled “Completed MRP Record.” Go to long description for more details.]
                  
                  
                  This table outlines the Material Requirements Planning
                     (MRP) data for four different parts (C, E, G, and H) over a 6-week period.
                     For each part, the table includes columns for gross requirements, scheduled
                     receipts, projected available inventory, net requirements, planned order
                     receipts, and planned order releases. Each part has a specific lead time,
                     indicating the time required to procure or produce the part. The data shows
                     how inventory levels are managed, with gross requirements reflecting the
                     demand for each part, and scheduled receipts showing incoming inventory. The
                     projected available inventory is calculated based on the initial inventory
                     and incoming inventory minus the demand. Net requirements indicate
                     additional quantities needed to meet the demand, and planned order receipts
                     and releases show the timing and quantity of orders to be placed to ensure
                     that the inventory is available when needed.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-95: MRP Record Listing Part 202, Door, Family A
[image: A table titled “MRP Record Listing Part 202, Door, Family A.” Go to long description for more details.]
                  
                  
                  The table outlines the material requirements planning
                     (MRP) for a specific part over a 13-week period. It includes lead time, lot
                     size, gross requirements, scheduled receipts, projected available inventory,
                     net requirements, planned order receipts, and planned order releases. The
                     table tracks weekly inventory and production needs, showing how scheduled
                     receipts and planned orders are used to meet varying gross requirements and
                     maintain appropriate inventory levels. Net requirements and projected
                     available inventory are calculated to ensure production demands are met
                     consistently throughout the period.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-98: Product Tree with Exploded Requirements
[image: A hierarchical diagram showing the levels of components and their quantities required for the assembly of a product, with purchased components highlighted and their total quantities calculated. Go to long description for more details.]
                  
                  
                  The diagram visually represents the breakdown of components and their
                     quantities for product assembly across multiple levels, and calculates
                     the total quantities required for each component. The levels are
                     organized as follows:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Level 0: A (Top-level product)

                        
                        

                     
                     
                     	
                        
                        
                        Level 1: B (2); C (4); D (2)

                        
                        

                     
                     
                     	
                        
                        
                        Level 2:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Under B: E (2)

                              
                              

                           
                           
                           	
                              
                              
                              Under D: F (2); G (3); H (1)

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Level 3:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Under F: C (1); E (2); G (4)

                              
                              

                           

                        
                        

                     

                  
                  
                  
                  The purchased components are C, E, G, and H. The calculations for each
                     component are detailed on the right side of the diagram:

                  
                  
                  
                  
                     
                     	
                        
                        
                        C:

                        
                        
                        
                        
                           
                           	
                              
                              
                              1 x 4 Cs = 4 Cs (direct requirement from A)

                              
                              

                           
                           
                           	
                              
                              
                              2 Ds x 2 Fs x 1 C = 4 Cs (total from F under D)

                              
                              

                           
                           
                           	
                              
                              
                              SUM: 4 + 4 = 8 Cs

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        E:

                        
                        
                        
                        
                           
                           	
                              
                              
                              2 Bs x 2 Es = 4 Es (total from E under B)

                              
                              

                           
                           
                           	
                              
                              
                              2 Ds x 2 Fs x 2 Es = 8 Es (total from F under D)

                              
                              

                           
                           
                           	
                              
                              
                              SUM: 4 + 8 = 12 Es

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        G:

                        
                        
                        
                        
                           
                           	
                              
                              
                              2 Ds x 3 Gs = 6 Gs (total from G under D)

                              
                              

                           
                           
                           	
                              
                              
                              2 Ds x 2 Fs x 4 Gs = 16 Gs (total from F under D)

                              
                              

                           
                           
                           	
                              
                              
                              SUM: 6 + 16 = 22 Gs

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        H:

                        
                        
                        
                        
                           
                           	
                              
                              
                              2 Ds x 1 H = 2 Hs (total from H under D)

                              
                              

                           
                           
                           	
                              
                              
                              SUM: 2 Hs

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-99: Product Tree with Lead Times
[image: A hierarchical diagram showing the levels of components and their lead times for the assembly of a product, with gross requirements for component G indicated on a timeline. Read long description below.]
                  
                  
                  The diagram visually represents the breakdown of components, their
                     quantities, and lead times for product assembly across multiple levels. It
                     also includes a timeline indicating the gross requirements for component G
                     over several weeks.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Level 0:

                        
                        
                        
                        
                           
                           	
                              
                              
                              A: Lead time = 1 week

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Level 1:

                        
                        
                        
                        
                           
                           	
                              
                              
                              B (2): Lead time = 1 week

                              
                              

                           
                           
                           	
                              
                              
                              C (4): Lead time = 2 weeks

                              
                              

                           
                           
                           	
                              
                              
                              D (2): Lead time = 1 week

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Level 2:

                        
                        
                        
                        
                           
                           	
                              
                              
                              E (2) (under B): Lead time = 2 weeks

                              
                              

                           
                           
                           	
                              
                              
                              F (2) (under D): Lead time = 1 week

                              
                              

                           
                           
                           	
                              
                              
                              G (3) (under D): Lead time = 2 weeks

                              
                              

                           
                           
                           	
                              
                              
                              H (1) (under D): Lead time = 1 week

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Level 3:

                        
                        
                        
                        
                           
                           	
                              
                              
                              C (1) (under F): Lead time = 2 weeks

                              
                              

                           
                           
                           	
                              
                              
                              E (2) (under F): Lead time = 2 weeks

                              
                              

                           
                           
                           	
                              
                              
                              G (4) (under F): Lead time = 2 weeks

                              
                              

                           

                        
                        

                     

                  
                  
                  
                  The timeline at the bottom of the diagram shows the gross requirements for
                     component G over six weeks, specifically indicating:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Week 3: 16 units

                        
                        

                     
                     
                     	
                        
                        
                        Week 4: 6 units

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-100: Offsetting Planned Order Releases from Receipts
[image: A table showing the planned order receipts and releases for various part numbers over a six-week period, with shading and arrows indicating offsetting and the source of exploded requirements. Go to long description for more details.]
                  
                  
                  The table outlines the planned order receipts and releases for different part
                     numbers (A, B, C, D, E, F, G, H) over a six-week period. Each part number
                     has an associated lead time, and the table is used to schedule when orders
                     should be released and received to meet demand.

                  
                  
                  
                  Shading in the table highlights the offsetting process, where the planned
                     order releases are scheduled to ensure that the planned order receipts occur
                     on time. Arrows indicate the source of exploded requirements, showing how
                     the demand for one part influences the need for other parts.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-113: Manufacturing Planning and Control
[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
                  
                  
                  The flowchart includes:

                  
                  
                  
                  
                     
                     	
                        
                        Demand-Side Activities: Forecasting, Demand Management, and
                           Distribution Requirements Planning (DRP)

                        

                     
                     
                     	
                        
                        Strategic and Business Planning

                        

                     
                     
                     	
                        
                        Priority Planning: Sales and Operations Planning (S&OP) -
                           Production Plan; Master Scheduling (MS) - Master Production Schedule
                           (MPS); Material Requirements Planning (MRP) - Materials Requirements
                           Plan

                        

                     
                     
                     	
                        
                        Supply-Side Activities: Capacity Planning includes Resource
                           Planning (RP), Rough-Cut Capacity Planning (RCCP), and Capacity
                           Requirements Planning (CRP)

                        

                     
                     
                     	
                        
                        Purchasing

                        

                     
                     
                     	
                        
                        Production Activity Control (PAC): Scheduling, Implementation,
                           and Capacity Control

                        

                     

                  
                  
                  
                  The flow of information between these sections is depicted by arrows, showing
                     how data moves from one planning stage to another, ensuring synchronization
                     across the entire manufacturing process. The chart captures the complexity
                     and interconnectedness of manufacturing planning activities, emphasizing the
                     need for coordinated efforts across various functions to meet production
                     goals effectively.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-86: Bill of Material
[image: Bill of materials for Family A all-glass vandalproof double door listing part numbers, descriptions, quantities, and units for doors, handles, lockset, frame, hydraulic closers, and hardware kit. Go to long description for details.]
                  
                  
                  The table presents a bill of materials (BOM) for:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Family A: In-Stock All-Glass Vandalproof Commercial Doors

                        
                        

                     
                     
                     	
                        
                        
                        Product: Family A Double Door (A-DD)

                        
                        

                     
                     
                     	
                        
                        
                        Part Number: 100

                        
                        

                     
                     
                     	
                        
                        
                        Description: Vandalproof glass double doors with silver
                           trim

                        
                        

                     

                  
                  
                  
                  The BOM lists six component parts with their corresponding part numbers,
                     descriptions, quantities per unit, and measurement units:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Part 202 – Door, Family A

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 422 – Handle and crashbar, silver

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Kit

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 323 – Lockset

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Kit

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 735 – Door frame, double, silver

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 1

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 682 – Hydraulic closer, silver

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 502 – Hardware Kit

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 1

                              
                              

                           
                           
                           	
                              
                              
                              Units: Kit

                              
                              

                           

                        
                        

                     

                  
                  
                  
                  The table summarizes all components required to assemble one vandalproof
                     all-glass double door unit, showing both mechanical and hardware items.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-87: Bill of Material in Product Tree Format
[image: Diagram of a bill of material with parent item Family A Double Door 100 and six child parts—Door, Handle, Lockset, Frame, Closer, Hardware—each with required quantities. Independent demand drives dependent demand. Go to long description for details.]
                  
                  
                  The image displays a bill of material (BOM) structure illustrating
                     independent and dependent demand.

                  
                  
                  
                  At the top is the parent item, labeled Family A Double Door
                        100. This item is classified as Level 0 and represents the
                     finished product. Its demand is shown under the heading Independent
                        Demand, indicating that demand originates from customer orders or
                     forecasts rather than from requirements of another item.

                  
                  
                  
                  Below the parent item is a horizontal row of six child components,
                     each connected upward to the parent by a line. These components form
                     Level 1 of the BOM and represent the parts needed to build the
                     double door. Each box lists:

                  
                  
                  
                  
                     
                     	
                        
                        
                        The component name

                        
                        

                     
                     
                     	
                        
                        
                        The quantity required per parent unit (in parentheses)

                        
                        

                     
                     
                     	
                        
                        
                        The component part number

                        
                        

                     

                  
                  
                  
                  The components are:

                  
                  
                  
                  
                     
                     	
                        
                        Door – Quantity 2, Part number 202

                        

                     
                     
                     	
                        
                        Handle – Quantity 2, Part number 422

                        

                     
                     
                     	
                        
                        Lockset – Quantity 2, Part number 323

                        

                     
                     
                     	
                        
                        Frame – Quantity 1, Part number 735

                        

                     
                     
                     	
                        
                        Closer – Quantity 2, Part number 682

                        

                     
                     
                     	
                        
                        Hardware – Quantity 1, Part number 502

                        

                     

                  
                  
                  
                  These components fall under the heading Dependent Demand, highlighting
                     that their requirements are derived directly from the need for the parent
                     item. An arrow points downward to emphasize this dependency.

                  
                  
                  
                  Overall, the diagram visualizes how demand for a finished product drives the
                     calculated requirements for its components in material requirements planning
                     (MRP).

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-91: Sample Item Master Data, Inventory Record, and Transaction History
[image: An inventory management record for a part number 10564, titled “gear housing.” It includes detailed information about the part’s status data, planning factors, and transaction history. Go to long description for more details.]
                  
                  
                  The Item master record contains the following data:

                  
                  
                  
                  
                     
                     	
                        
                        Part #: 10564

                        

                     
                     
                     	
                        
                        Description: gear housing

                        

                     
                     
                     	
                        
                        Unit of measure: EA (each)

                        

                     
                     
                     	
                        
                        Order policy: FOQ

                        

                     
                     
                     	
                        
                        Order quantity: 50; indicated as planning factor

                        

                     
                     
                     	
                        
                        Source code: M

                        

                     
                     
                     	
                        
                        ABC code: B

                        

                     
                     
                     	
                        
                        Lead time: 3; indicated as planning factor

                        

                     
                     
                     	
                        
                        Standard cost: 108.44

                        

                     
                     
                     	
                        
                        
                        Safety stock: 0; indicated as planning factor

                        
                        

                     
                     
                     	
                        
                        
                        Scrap factor: 0.10; indicated as planning factor

                        
                        

                     

                  
                  
                  
                  The Inventory record contains the following data:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Prime location: 12C3

                        
                        

                     
                     
                     	
                        
                        
                        Drawing: 10564B

                        
                        

                     
                     
                     	
                        
                        
                        Revision: F1

                        
                        

                     
                     
                     	
                        
                        
                        Planner/buyer: D

                        
                        

                     
                     
                     	
                        
                        
                        Last cycle: 03/22

                        
                        

                     
                     
                     	
                        
                        
                        Last receipt: 04/01

                        
                        

                     
                     
                     	
                        
                        
                        Last issue: 04/06

                        
                        

                     
                     
                     	
                        
                        
                        YTD usage: 190; transaction history and usage data provided

                        
                        

                     
                     
                     	
                        
                        
                        MTD usage: 23; transaction history and usage data provided

                        
                        

                     
                     
                     	
                        
                        
                        On hand: 17; indicated as status data

                        
                        

                     
                     
                     	
                        
                        
                        Allocations: 7; indicated as status data

                        
                        

                     
                     
                     	
                        
                        
                        Available: 10

                        
                        

                     
                     
                     	
                        
                        
                        On order: 22; indicated as status data

                        
                        

                     

                  
                  
                  
                  A transaction history file is also provided for 6 dates with rows for
                     Reference, Initials, Receipts, Issues, Adjust, Stores, Location, and
                     Balance.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-94: Firm Planned Order in Week 2
[image: A table titled “Firm Planned Order in Week 2,” showing the Material Requirements Planning (MRP) for Part C over a six-week period. Go to long description for more details.]
                  
                  
                  The table outlines the Material Requirements Planning (MRP) for Part C
                     over a six-week period. It details the gross requirements, scheduled
                     receipts, projected available inventory, net requirements, planned order
                     receipts, and planned order releases. Gross requirements fluctuate
                     between 40 and 60 units each week. Scheduled receipts show a receipt of
                     50 units in week 2. The projected available inventory starts at 40
                     units, drops to zero by week 1, and then shows 40 units in week 3,
                     before dropping to 0 again by Week 4. Net requirements are 60 units in
                     Week 3 and 50 units in Week 5. Planned order receipts are set for 100
                     units in week 3 and 50 units in week 5, with corresponding planned order
                     releases of 100 units in week 1 and 50 firm units in week 2, ensuring
                     that the inventory levels are sufficient to meet the production
                     demands.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-88: Single-Level BOM for Part 202
[image: Table showing the components of the product “Door, Family A” with the description “Vandalproof glass door, silver trim” and part number 202. Table includes columns for part number, description, quantity, and units. Go to long description for details.]
                  
                  
                  
                     
                     	
                        
                        
                        Part Number: 701

                        
                        
                        
                        
                           
                           	
                              
                              
                              Description: Vandalproof glass, 0.8m x 1.2m

                              
                              

                           
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part Number: 670

                        
                        
                        
                        
                           
                           	
                              
                              
                              Description: Top frame, silver

                              
                              

                           
                           
                           	
                              
                              
                              Quantity: 1

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part Number: 113

                        
                        
                        
                        
                           
                           	
                              
                              
                              Description: Bottom frame, silver

                              
                              

                           
                           
                           	
                              
                              
                              Quantity: 1

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part Number: 808

                        
                        
                        
                        
                           
                           	
                              
                              
                              Description: Center frame, silver

                              
                              

                           
                           
                           	
                              
                              
                              Quantity: 1

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part Number: 754

                        
                        
                        
                        
                           
                           	
                              
                              
                              Description: Side frame, silver

                              
                              

                           
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part Number: 232

                        
                        
                        
                        
                           
                           	
                              
                              
                              Description: Molding, gray

                              
                              

                           
                           
                           	
                              
                              
                              Quantity: 8

                              
                              

                           
                           
                           	
                              
                              
                              Units: Meters

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part Number: 799

                        
                        
                        
                        
                           
                           	
                              
                              
                              Description: Caulk, silicone, clear

                              
                              

                           
                           
                           	
                              
                              
                              Quantity: 10

                              
                              

                           
                           
                           	
                              
                              
                              Units: Meters

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-89: Single-Level BOM for Part 202 in Product Tree Format
[image: Bill of material diagram showing Door (2), part 202, with seven child components—Glass, Top, Bottom, Center, Side, Molding, Caulk—each with required quantities and part numbers beneath. Go to long description for details.]
                  
                  
                  The image shows a level-1 bill of material for part 202 Door, which requires a
                     quantity of 2 per parent. Beneath the Door are seven connected child components
                     displayed in labeled boxes. Each box lists the component name, the quantity required
                     per
                     door, and the part number.

                  
                  
                  
                  The components are:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Glass – quantity 2, part 701

                        
                        

                     
                     
                     	
                        
                        
                        Top – quantity 1, part 670

                        
                        

                     
                     
                     	
                        
                        
                        Bottom – quantity 1, part 113

                        
                        

                     
                     
                     	
                        
                        
                        Center – quantity 1, part 808

                        
                        

                     
                     
                     	
                        
                        
                        Side – quantity 2, part 754

                        
                        

                     
                     
                     	
                        
                        
                        Molding – quantity 8, part 232

                        
                        

                     
                     
                     	
                        
                        
                        Caulk – quantity 10, part 799

                        
                        

                     

                  
                  
                  
                  Lines connect the Door to each component, showing a single-level breakdown of required
                     parts for the assembly.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-90: Multilevel Bill of Material in Product Tree Format
[image: A hierarchical diagram showing the structure of an in-stock double door. The structure is divided into different levels indicating the components and subcomponents of the door. Read long description below.]
                  
                  
                  
                     
                     	
                        
                        
                        Level 0:

                        
                        
                        
                        
                           
                           	
                              
                              Family A Double Door (100)

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Level 1:

                        
                        
                        
                        
                           
                           	
                              
                              Door (2) 202

                              

                           
                           
                           	
                              
                              Handle (2) 422

                              

                           
                           
                           	
                              
                              Lockset (2) 323

                              

                           
                           
                           	
                              
                              Frame (1) 735

                              

                           
                           
                           	
                              
                              Closer (2) 682

                              

                           
                           
                           	
                              
                              Hardware (1) 502

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Level 2 (Subcomponents of Door):

                        
                        
                        
                        
                           
                           	
                              
                              Glass (2) 701

                              

                           
                           
                           	
                              
                              Top (1) 670

                              

                           
                           
                           	
                              
                              Bottom (1) 113

                              

                           
                           
                           	
                              
                              Center (1) 808

                              

                           
                           
                           	
                              
                              Side (2) 754

                              

                           
                           
                           	
                              
                              Molding (8) 232

                              

                           
                           
                           	
                              
                              Caulk (10) 799

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Level 3 (Subcomponents of Glass):

                        
                        
                        
                        
                           
                           	
                              
                              Glass (2) 656

                              

                           
                           
                           	
                              
                              Polycarb. recycled (0.0024) 961

                              

                           
                           
                           	
                              
                              Polycarb. virgin (0.0012) 962

                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-121: Where to Locate MPS and FAS based on Point of Fewest Product Options
[image: Three diagrams compare MTO, ATO, and MTS environments, showing how product options vary from raw material to end product, and where the MPS and FAS occur. Go to long description for details.]
                  
                  
                  The image presents three side-by-side charts illustrating how product variety and
                     scheduling points differ among make-to-order (MTO), assemble-to-order (ATO), and
                     make-to-stock (MTS) environments.

                  
                  
                  
                  In the MTO chart, product options increase steadily from raw materials to the
                     final product. The Master Production Schedule (MPS) is positioned early in the process,
                     while the Final Assembly Schedule (FAS) occurs near the end.

                  
                  
                  
                  In the ATO chart, product options decrease from raw materials into subassemblies
                     and then rise again toward final products, forming a V-shaped profile. The MPS occurs
                     mid-process at the point where subassemblies converge, and the FAS occurs close to
                     final
                     assembly.

                  
                  
                  
                  In the MTS chart, product options drop from raw materials to finished goods,
                     indicating high standardization. The MPS appears near the end of the process, where
                     finished goods are stocked before customer demand occurs.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-122: Product Flow Analysis (VATI Analysis)
[image: The image depicts logical product diagrams represented in four distinct shapes: V, A, T, and I. Each shape illustrates a different type of manufacturing process flow. Read long description below.]
                  
                  
                  The diagrams use three symbols: grey squares for finished
                     products, orange circles for processes, and brown diamonds for raw
                     materials.

                  
                  
                  
                  
                     
                     	
                        
                        V-shaped diagram: Raw materials converge through multiple
                           processes into several finished products.

                        

                     
                     
                     	
                        
                        A-shaped diagram: Multiple raw materials undergo various
                           processes, converging into a single finished product.

                        

                     
                     
                     	
                        
                        T-shaped diagram: Multiple raw materials undergo linear processes
                           to produce multiple finished products.

                        

                     
                     
                     	
                        
                        I-shaped diagram: A linear process where a single raw material
                           goes through sequential processes to become a finished product.

                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-123: Final Assembly Schedule and Order Decoupling Point
[image: Diagram comparing MTO, ATO, and MTS with push steps before each decoupling point and pull steps after. Decoupling points shift rightward from MTO to MTS as fulfillment becomes more standardized. Go to long description for details.]
                  
                  
                  The image compares push–pull decoupling points across
                     three manufacturing environments: make-to-order (MTO), assemble-to-order
                     (ATO), and make-to-stock (MTS). Each environment is shown as a horizontal
                     band divided into stages labeled Plan, Order, Transform, Assemble, and
                     Fulfill. A triangular icon marks the decoupling point—the stage where the
                     process shifts from push-based planning to pull-based customer-driven
                     activity. In MTO, the decoupling point appears early, just after the order
                     stage, meaning most work is triggered directly by customer orders. In ATO,
                     the decoupling point is positioned at final assembly, indicating components
                     are produced to forecast but assembled only after receiving customer orders.
                     In MTS, the decoupling point is at the final fulfillment stage, showing that
                     products are built in advance and held in inventory until customer demand
                     pulls them into shipment. Each band lists “Push” activities on the
                     left—forecasting, S&OP, constrained demand planning—and “Pull”
                     activities on the right, such as customer backlog, final assembly
                     scheduling, or customer/replenishment orders. The diagram visually
                     highlights that the farther downstream the decoupling point is, the more the
                     system relies on forecasting and finished-goods inventory.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-124: FAS Process Steps
[image: A flowchart showing five steps in the final assembly scheduling process. Go to long description for more details.]
                  
                  
                  
                     
                     	
                        
                        
                        Step 1: Collect Order Specifications: Customer requirements
                           for the end item are collected, including options selected.

                        
                        

                     
                     
                     	
                        
                        
                        Step 2: Determine Capacity Required: Check availability of the
                           required capacity.

                        
                        

                     
                     
                     	
                        
                        
                        Step 3: Determine Components: Identify subassemblies and parts
                           from inventory.

                        
                        

                     
                     
                     	
                        
                        
                        Step 4: Develop FAS: Establish the sequence of operations,
                           either forward or backward scheduling.

                        
                        

                     
                     
                     	
                        
                        
                        Step 5: Link FAS to MPS: Linking is optional.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-126: Final Assembly Schedule for Family B, 750-900cc Parallel Twin Motorcycle
[image: Table titled “Family B Motorcycle FAS: ATO Level Production” showing weeks 0–5 with rows for production plan, customer orders, projected available balance, final assembly schedule, and discrete ATP values. Go to long description for details.]
                  
                  
                  This table presents the final assembly schedule (FAS) for
                     Family B motorcycles in an assemble-to-order (ATO) environment. It lists
                     weekly values from week 0 through week 5. Each week has a production plan of
                     50 units. Customer orders decrease over time—from 50 in week 1 to 40 in week
                     2, 20 in week 3, and zero in weeks 4 and 5. The projected available balance
                     begins at zero and grows each week as production exceeds orders, resulting
                     in balances of 10, 40, 90, and 140 units by weeks 2 through 5. The final
                     assembly schedule mirrors the production plan at 50 units each week.
                     Discrete available-to-promise (ATP) values rise accordingly, starting at 0
                     and increasing to 10, 30, 50, and 50 units as customer commitments decrease
                     and inventory accumulates.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-127: Master Production Schedule for Family B 900cc Parallel Twin Engine
[image: Table titled “Family B 900cc Parallel Twin Engine” showing forecast, customer orders, projected available balance, MPS, and ATP across weeks 1–5 with beginning inventory 10, safety stock 10, and lot size 60. Go to long description for details.]
                  
                  
                  The table displays planning data for the Family B 900cc
                     Parallel Twin Engine across weeks 0 through 5. Beginning inventory is 10
                     units, safety stock is 10 units, and the lot size is 60 units. The weekly
                     forecast remains constant at 20 units for weeks 1 through 5. Customer orders
                     are 23 units in week 1, 20 in week 2, 8 in week 3, and zero in weeks 4 and
                     5. The projected available balance starts at 10 units in week 0, then
                     changes to 47 in week 1, 27 in week 2, 67 in week 3, 47 in week 4, and 27 in
                     week 5. Master production schedule quantities of 60 units occur in weeks 1
                     and 3. Available-to-promise values are 27 units in week 1 and 52 units in
                     week 3.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-45: Planning Bill of Material for Product Family B
[image: Hierarchy for Family B custom all-glass vandalproof doors showing options: common parts, frame choices with percentages, door finish options, and exit handle options including crashbar and handle variations. Go to long description for details.]
                  
                  
                  The diagram shows a product-family option structure for
                     Family B custom all-glass vandalproof doors. At the top is the family header
                     branching into four option categories: Common Parts, Frame, Door Finish, and
                     Exit Handle. Common parts apply to 100% of units. The Frame category
                     includes four choices—single silver (45%), single bronze (20%), double
                     silver (25%), and double bronze (10%). Door Finish offers silver (70%) and
                     bronze (30%). Exit Handle options include crashbar silver (40%), crashbar
                     bronze (20%), handle silver (30%), and handle bronze (10%). The structure
                     illustrates how forecast percentages are assigned to each option for
                     planning.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-46: Modular Planning Bill
[image: Diagram showing a motorcycle at Level 0 and six Level-1 modules: base chassis, engine options, emission kits, paint/finish, clutch options, and transmission, each with listed option counts. Go to long description for details.]
                  
                  
                  The diagram shows a motorcycle as the Level 0 item at the
                     top. Beneath it, Level 1 consists of six module groups. From left to right,
                     these are: a base rolling chassis common parts module with one option; an
                     engine option class with three engine choices; an emission kit module
                     offering three regional configurations; a paint and finish option class with
                     five available finishes; a clutch option class with three choices; and a
                     transmission module with four possible options.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-39: Manufacturing Planning and Control
[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
                  
                  
                  The flowchart includes:

                  
                  
                  
                  
                     
                     	
                        
                        Demand-Side Activities: Forecasting, Demand Management, and
                           Distribution Requirements Planning (DRP)

                        

                     
                     
                     	
                        
                        Strategic and Business Planning

                        

                     
                     
                     	
                        
                        Priority Planning: Sales and Operations Planning (S&OP) -
                           Production Plan; Master Scheduling (MS) - Master Production Schedule
                           (MPS); Material Requirements Planning (MRP) - Materials Requirements
                           Plan

                        

                     
                     
                     	
                        
                        Supply-Side Activities: Capacity Planning includes Resource
                           Planning (RP), Rough-Cut Capacity Planning (RCCP), and Capacity
                           Requirements Planning (CRP)

                        

                     
                     
                     	
                        
                        Purchasing

                        

                     
                     
                     	
                        
                        Production Activity Control (PAC): Scheduling, Implementation,
                           and Capacity Control

                        

                     

                  
                  
                  
                  The flow of information between these sections is depicted by arrows, showing
                     how data moves from one planning stage to another, ensuring synchronization
                     across the entire manufacturing process. The chart captures the complexity
                     and interconnectedness of manufacturing planning activities, emphasizing the
                     need for coordinated efforts across various functions to meet production
                     goals effectively.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-42: Inputs and Outputs of Master Scheduling
[image: Flowchart showing inputs and outputs of master scheduling. S&OP, DRP, customer orders, item forecasts, and master data act as inputs; RCCP supports capacity checks; outputs include PAB, MPS, ATP, and staffing. Go to long description for details.]
                  
                  
                  
                     
                     	
                        
                        
                        Forecasting: Feeding into “Demand Management.”

                        
                        

                     
                     
                     	
                        
                        
                        Demand Management: Receiving inputs from “Forecasting” and
                           “Distribution Requirements Planning (DRP)”. Providing “Input:
                           item-level forecast (sales mix of family)” to “Master Scheduling
                           Process.”

                        
                        

                     
                     
                     	
                        
                        
                        Distribution Requirements Planning (DRP): Providing “Customer
                           orders (e.g, orders from DCs)” to “Master Scheduling Process” and
                           feeding into “Demand Management.”

                        
                        

                     
                     
                     	
                        
                        
                        Rough-Cut Capacity Planning (RCCP): Both feeding into and
                           receiving from “Master Scheduling Process.”

                        
                        

                     
                     
                     	
                        
                        
                        Sales and Operations Planning (S&OP): includes “Input:
                           S&OP production plan (family volume to build) and feeding into
                           “Master Scheduling Process.”

                        
                        

                     
                     
                     	
                        
                        
                        Master Scheduling (MS) Process: Receiving inputs from “Demand
                           Management,” “Sales and Operations Planning (S&OP),” “Inputs to
                           MS from master data,” and “Rough-Cut Capacity Planning (RCCP)” and
                           providing “Outputs."

                        
                        
                        
                        
                           
                           	
                              
                              
                              Inputs to MS from master data: includes Inventory
                                 levels, Supply lot size, and Production lead time

                              
                              

                           
                           
                           	
                              
                              
                              Master Scheduling Process:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Disaggregate S&OP production plan into
                                       preliminary item master schedules.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Aggregate master schedules for related end items.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Perform RCCP.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Resolve differences and publish the MPS.

                                    
                                    

                                 

                              
                              

                           
                           
                           	
                              
                              
                              Master Scheduling Outputs:
                                 

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Projected available balance

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    MPS (amounts to be produced)

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Quantity available-to-promise

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Staffing levels

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-117: Master Scheduling Grid with Available-to-Promise Line Added
[image: Table shows constrained demand, customer orders, projected available balance, ATP, and MPS across frozen, slushy, and liquid zones with demand and planning time fences. Go to long description for more details.]
                  
                  
                  This master scheduling grid illustrates the forecast, customer orders, projected
                     available balance (PAB), and available-to-promise (ATP) across 10 periods. The chart
                     is
                     divided into three zones—Frozen (periods 1–3), Slushy (periods 4–8), and Liquid (periods
                     9–10)—each separated by time fences.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Frozen Zone (Periods 1–3): This zone operates under strict conditions, with
                           little to no room for adjustments to the production schedule.

                        
                        

                     
                     
                     	
                        
                        
                        Slushy Zone (Periods 4–8): This zone offers more flexibility for adjusting
                           schedules based on customer demand and forecast fluctuations.

                        
                        

                     
                     
                     	
                        
                        
                        Liquid Zone (Periods 9–10): The most flexible zone allows for easier
                           schedule changes.

                        
                        

                     

                  
                  
                  
                  The Demand Time Fence between the Frozen and Slushy zones and the Planning Time Fence
                     between the Slushy and Liquid zones define the operational flexibility available to
                     the
                     production planner.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-118: Discrete vs. Cumulative With and Without Look-Ahead
[image: Table showing constrained demand, customer orders, projected available balance, discrete and cumulative ATP values across Frozen, Slushy, and Liquid Zones for periods 1–10. Includes demand and planning time fences. Go to long description for details.]
                  
                  
                  This table presents production planning data divided into three time zones: Frozen
                     Zone, Slushy Zone, and Liquid Zone. Each zone represents different levels of flexibility
                     in production scheduling:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Frozen Zone (Periods 1 to 3):

                        
                        
                        
                        
                           
                           	
                              
                              
                              Before Period 1, the PAB is 50.

                              
                              

                           
                           
                           	
                              
                              
                              Period 1: Constrained Demand 20, Customer Orders 19, PAB 31, Discrete ATP 14,
                                 Cumulative ATP with look-ahead 14, Cumulative ATP without look-ahead 14.

                              
                              

                           
                           
                           	
                              
                              
                              Period 2: Constrained Demand 22, Customer Orders 17, PAB 14.

                              
                              

                           
                           
                           	
                              
                              
                              Period 3: Constrained Demand 21, Customer Orders 15, PAB 49, Discrete ATP 24,
                                 Cumulative ATP with look-ahead 38, Cumulative ATP without look-ahead 49, MPS
                                 50.

                              
                              

                           
                           
                           	
                              
                              
                              The Demand Time Fence is indicated at the end of the Frozen Zone. 

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Slushy Zone (Periods 4 to 8):

                        
                        
                        
                        
                           
                           	
                              
                              
                              Period 4: Constrained Demand 25, Customer Orders 11, PAB 24.

                              
                              

                           
                           
                           	
                              
                              
                              Period 5: Constrained Demand 24, Customer Orders 9, PAB 50, Discrete ATP 34,
                                 Cumulative ATP with look-ahead 72, Cumulative ATP without look-ahead 90, MPS
                                 50.

                              
                              

                           
                           
                           	
                              
                              
                              Period 6: Constrained Demand 23, Customer Orders 5, PAB 27.

                              
                              

                           
                           
                           	
                              
                              
                              Period 7: Constrained Demand 21, Customer Orders 2, PAB 6.

                              
                              

                           
                           
                           	
                              
                              
                              Period 8: Constrained Demand 21, Customer Orders 1, PAB 35, Discrete ATP 49,
                                 Cumulative ATP with look-ahead 121, Cumulative ATP without look-ahead 139, MPS
                                 50.

                              
                              

                           
                           
                           	
                              
                              
                              The Planning Time Fence is indicated at the end of the Slushy Zone.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Liquid Zone (Periods 9 to 10):

                        
                        
                        
                        
                           
                           	
                              
                              
                              Period 9: Constrained Demand 25, Customer Orders 0, PAB 10.

                              
                              

                           
                           
                           	
                              
                              
                              Period 10: Constrained Demand 25, Customer Orders 0, PAB 35, Discrete ATP 50,
                                 Cumulative ATP with look-ahead 171, Cumulative ATP without look-ahead 189, MPS
                                 50.

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-119: Incomplete ATP Calculations on Master Schedule
[image: A table titled “Master Schedule: Make-to-stock Chase Production Example” showing production metrics across multiple weeks. Go to long description for more details.]
                  
                  
                  This table presents a master schedule example for a make-to-stock chase production
                     system with a beginning inventory of 70 units, safety stock of 0 units, and a lot
                     size
                     of 100 units. The table shows data for weeks 0 through 16 and includes the following
                     metrics: Constrained Demand, Customer Orders, Projected Available Balance, Master
                     Production Schedule, and Available-to-Promise.

                  
                  
                  
                  Values:

                  
                  
                  
                  
                     
                     	
                        
                        Week 0: PAB 70

                        

                     
                     
                     	
                        
                        Week 1: Constrained Demand 50, Customer Orders 48, PAB 22, ATP 22

                        

                     
                     
                     	
                        
                        Week 2: Constrained Demand 60, Customer Orders 66, PAB 56, MPS 100, ATP 34

                        

                     
                     
                     	
                        
                        Week 3: Constrained Demand 70, Customer Orders 57, PAB 99, MPS 100, ATP -19

                        

                     
                     
                     	
                        
                        The Demand Time Fence is indicated after week 3

                        

                     
                     
                     	
                        
                        Week 4: Constrained Demand 90, Customer Orders 62, PAB 9

                        

                     
                     
                     	
                        
                        Week 5: Constrained Demand 70, Customer Orders 30, PAB 39, MPS 100, ATP 70

                        

                     
                     
                     	
                        
                        Week 6: Constrained Demand 20, Customer Orders 0, PAB 19

                        

                     
                     
                     	
                        
                        Week 12: Constrained Demand 20, Customer Orders 0, PAB 99, MPS 100, ATP 100

                        

                     
                     
                     	
                        
                        Week 13: Constrained Demand 20, Customer Orders 0, PAB 79

                        

                     
                     
                     	
                        
                        The Planning Time Fence is indicated after week 13.

                        

                     
                     
                     	
                        
                        Week 14: Constrained Demand 20, Customer Orders 0, PAB 59

                        

                     
                     
                     	
                        
                        Week 15: Constrained Demand 20, Customer Orders 0, PAB 39

                        

                     
                     
                     	
                        
                        Week 16: Constrained Demand 20, Customer Orders 0, PAB 19

                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-120: Completed ATP Calculations on Master Schedule
[image: A table titled “Master Schedule: Make-to-stock Chase Production Example” showing production metrics across multiple weeks. Go to long description for more details.]
                  
                  
                  This table presents a master schedule example for a make-to-stock chase production
                     system with a beginning inventory of 70 units, safety stock of 0 units, and a lot
                     size
                     of 100 units. The table shows data for weeks 0 through 16 and includes the following
                     metrics: Constrained Demand, Customer Orders, Projected Available Balance, Master
                     Production Schedule, and Available-to-Promise.

                  
                  
                  
                  Values:

                  
                  
                  
                  
                     
                     	
                        
                        Week 0: PAB 70

                        

                     
                     
                     	
                        
                        Week 1: Constrained Demand 50, Customer Orders 48, PAB 22, ATP 22

                        

                     
                     
                     	
                        
                        Week 2: Constrained Demand 60, Customer Orders 66, PAB 56, MPS 100, ATP 15

                        

                     
                     
                     	
                        
                        Week 3: Constrained Demand 70, Customer Orders 57, PAB 99, MPS 100, ATP 0

                        

                     
                     
                     	
                        
                        The Demand Time Fence is indicated after week 3

                        

                     
                     
                     	
                        
                        Week 4: Constrained Demand 90, Customer Orders 62, PAB 9

                        

                     
                     
                     	
                        
                        Week 5: Constrained Demand 70, Customer Orders 30, PAB 39, MPS 100, ATP 70

                        

                     
                     
                     	
                        
                        Week 6: Constrained Demand 20, Customer Orders 0, PAB 19

                        

                     
                     
                     	
                        
                        Week 12: Constrained Demand 20, Customer Orders 0, PAB 99, MPS 100, ATP 100

                        

                     
                     
                     	
                        
                        Week 13: Constrained Demand 20, Customer Orders 0, PAB 79

                        

                     
                     
                     	
                        
                        The Planning Time Fence is indicated after week 13.

                        

                     
                     
                     	
                        
                        Week 14: Constrained Demand 20, Customer Orders 0, PAB 59

                        

                     
                     
                     	
                        
                        Week 15: Constrained Demand 20, Customer Orders 0, PAB 39

                        

                     
                     
                     	
                        
                        Week 16: Constrained Demand 20, Customer Orders 0, PAB 19

                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-47: Sample Master Scheduling Grid
[image: Make-to-stock chase production table showing beginning inventory of 70, zero safety stock, lot size 100, weekly demand for weeks 1–6, projected available balances, and scheduled production of three 100-unit lots. Go to long description for details.]
                  
                  
                  The table has the heading “Master Schedule: Make-to-stock Chase Production Example.”
                     It
                     outlines a production schedule with the following parameters: beginning inventory
                     of 70
                     units, safety stock of 0 units, and a lot size of 100 units. The data is organized
                     by
                     week, from week 0 to week 6.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Constrained Demand: The constrained demand for each week is listed as
                           follows:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 1: 50 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 60 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: 90 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: 20 units

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Projected Available Balance: This row shows the projected available balance
                           of inventory for each week:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 0: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 1: 20 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 60 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 90 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: 0 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 30 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: 10 units

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Master Production Schedule: This row shows the planned production schedule
                           for each week:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 1: Not provided

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 100 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 100 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: Not provided

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 100 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: Not provided

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-48: Partially Completed Master Schedule
[image: Make-to-stock chase production table showing beginning inventory of 70, zero safety stock, lot size 100, constrained demand for weeks 1–6, and projected available balances falling from 70 to −40. Go to long description for details.]
                  
                  
                  The table has the heading “Master Schedule: Make-to-stock Chase Production Example.”
                     It
                     outlines a production schedule with the following parameters: beginning inventory
                     of 70
                     units, safety stock of 0 units, and a lot size of 100 units. The data is organized
                     by
                     week, from week 0 to week 6.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Constrained Demand: The constrained demand for each week is listed as
                           follows:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 1: 50 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 60 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: 90 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: 20 units

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Projected Available Balance: This row shows the projected available balance
                           of inventory for each week:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 0: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 1: 20 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: -40 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: Not provided

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: Not provided

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: Not provided

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: Not provided

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Master Production Schedule: This row is intended to show the planned
                           production schedule, but it is not filled in for any week.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-49: Completed Master Schedule
[image: Make-to-stock chase production table showing beginning inventory of 70, zero safety stock, lot size 100, weekly demand for weeks 1–6, projected available balances, and scheduled production of three 100-unit lots. Go to long description for details.]
                  
                  
                  The table has the heading “Master Schedule: Make-to-stock Chase Production Example.”
                     It
                     outlines a production schedule with the following parameters: beginning inventory
                     of 70
                     units, safety stock of 0 units, and a lot size of 100 units. The data is organized
                     by
                     week, from week 0 to week 6.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Constrained Demand: The constrained demand for each week is listed as
                           follows:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 1: 50 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 60 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: 90 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: 20 units

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Projected Available Balance: This row shows the projected available balance
                           of inventory for each week:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 0: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 1: 20 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 60 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 90 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: 0 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 30 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: 10 units

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Master Production Schedule: This row shows the planned production schedule
                           for each week:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 1: Not provided

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 100 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 100 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: Not provided

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 100 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: Not provided

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-50: Product Family A Make-to-Stock Level Production Plan
[image: A table labeled “Product Family A Make-to-Stock Level Production Plan.” Go to long description for more details.]
                  
                  
                  The table has the header “Family A: Vandalproof Commercial Doors, In-Stock
                     All-Glass.” It presents data on the sales plan, leveled production, ending
                     inventory, and average inventory for each month of the year.

                  
                  
                  
                  
                     
                     	
                        
                        Columns: Each column represents a month, from 0 (initial) to 12,
                           with a final “SUM” column.

                        

                     
                     
                     	
                        
                        Rows:

                        
                        
                        
                           
                           	
                              
                              Sales Plan: Planned sales for each month:

                              
                              
                              
                                 
                                 	
                                    
                                    Month 0: 460 units; Month 1: 450 units; Month 2: 410
                                       units; Month 3: 350 units; Month 4: 320 units; Month 5:
                                       280 units; Month 6: 250 units; Month 7: 190 units; Month
                                       8: 150 units; Month 9: 180 units; Month 10: 270 units;
                                       Month 11: 410 units

                                    

                                 
                                 
                                 	
                                    
                                    SUM: 3,720 units

                                    

                                 

                              

                           
                           
                           	
                              
                              Production (Leveled): Leveled production amount for each
                                 month:

                              
                              
                              
                                 
                                 	
                                    
                                    Each month (1-12): 300 units

                                    

                                 
                                 
                                 	
                                    
                                    SUM: 3,600 units

                                    

                                 

                              

                           
                           
                           	
                              
                              Ending Inventory: Projected ending inventory for each
                                 month:

                              
                              
                              
                                 
                                 	
                                    
                                    Month 0: 520 units; Month 1: 360 units; Month 2: 210
                                       units; Month 3: 100 units; Month 4: 50 units; Month 5:
                                       30 units; Month 6: 50 units; Month 7: 100 units; Month
                                       8: 210 units; Month 9: 360 units; Month 10: 480 units;
                                       Month 11: 510 units; Month 12: 400 units

                                    

                                 

                              

                           
                           
                           	
                              
                              Average Inventory: Average inventory for each month:

                              
                              
                              
                                 
                                 	
                                    
                                    Month 1: 440 units; Month 2: 285 units; Month 3: 155
                                       units; Month 4: 75 units; Month 5: 40 units; Month 6: 40
                                       units; Month 7: 75 units; Month 8: 155 units; Month 9:
                                       285 units; Month 10: 420 units; Month 11: 495 units;
                                       Month 12: 455 units

                                    

                                 

                              

                           

                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-51: Product Family A 13-Week Forecast by End Item
[image: A table labeled “Product Family A 13-Week Forecast by End Item.” Go to long description for more details.]
                  
                  
                  The table has the header “Family A: Vandalproof Commercial Doors, In-Stock
                     All-Glass, January 1 to March 31” and shows the weekly forecast by product
                     type.

                  
                  
                  
                  
                     
                     	
                        
                        Columns: Each column represents a week, from 1 to 13, with a
                           final “SUM” column for totals.

                        

                     
                     
                     	
                        
                        Rows:

                        
                        
                        
                           
                           	
                              
                              Family A Single Door (A-SD): Weekly forecast for single
                                 doors:

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Week 1: 50 units; Week 2: 70 units; Week 3: 70 units;
                                       Week 4: 60 units; Week 5: 70 units; Week 6: 60
                                       units; Week 7: 60 units; Week 8: 70 units; Week 9:
                                       40 units; Week 10: 70 units; Week 11: 50 units; Week
                                       12: 40 units; Week 13: 30 units

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    SUM: 740 units

                                    
                                    

                                 

                              

                           
                           
                           	
                              
                              Family A Double Door (A-DD): Weekly forecast for double
                                 doors:

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Week 1: 50 units; Week 2: 40 units; Week 3: 60 units;
                                       Week 4: 40 units; Week 5: 50 units; Week 6: 60
                                       units; Week 7: 50 units; Week 8: 40 units; Week 9:
                                       50 units; Week 10: 30 units; Week 11: 30 units; Week
                                       12: 40 units; Week 13: 40 units

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    SUM: 580 units

                                    
                                    

                                 

                              

                           
                           
                           	
                              
                              SUM: Combined weekly forecast for both product types:

                              
                              
                              
                                 
                                 	
                                    
                                    Week 1: 100 units; Week 2: 110 units; Week 3: 130 units;
                                       Week 4: 100 units; Week 5: 120 units; Week 6: 120 units;
                                       Week 7: 110 units; Week 8: 110 units; Week 9: 90 units;
                                       Week 10: 100 units; Week 11: 80 units; Week 12: 80
                                       units; Week 13: 70 units

                                    

                                 
                                 
                                 	
                                    
                                    SUM: 1,320 units

                                    

                                 

                              

                           
                           
                           	
                              
                              Monthly SUMs (not exact):

                              
                              
                              
                                 
                                 	
                                    
                                    End of Week 4: 440 units

                                    

                                 
                                 
                                 	
                                    
                                    End of Week 8: 460 units

                                    

                                 
                                 
                                 	
                                    
                                    End of Week 13: 420 units

                                    

                                 
                                 
                                 	
                                    
                                    SUM: 1,320 units

                                    

                                 

                              

                           

                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-52: Master Schedules for Two Items in Family A
[image: Master schedule table for Family A in-stock all-glass doors showing weekly leveled production, forecasts, projected available balances, and MPS quantities for single and double doors across weeks 0–13. Go to long description for details.]
                  
                  
                  The table presents a master production schedule (MPS) for Family A
                        vandalproof commercial doors (in-stock, all-glass), with two product
                     types: Single Door (A-SD) and Double Door (A-DD). The planning
                     horizon covers weeks 0–13. Batch size is 100 units, and totals
                     reflect the period 1/1–3/31.

                  
                  
                  
                  Top Rows

                  
                  
                  
                     
                     	
                        
                        
                        Days in Week: Varies between 4 and 5 days across the 14
                           weeks (total 62 days).

                        
                        

                     
                     
                     	
                        
                        
                        Weekly Leveled Production: Alternates mainly between 57
                           and 72 units, totaling 889 units.

                        
                        

                     

                  
                  
                  
                  Single Door (A-SD)

                  
                  
                  
                  
                     
                     	
                        
                        
                        Forecast: Weekly demand ranges from 30 to 70 units (total
                           740 units).

                        
                        

                     
                     
                     	
                        
                        
                        Projected Available: Starts at 310 units, decreasing
                           each week as forecast demand is consumed.

                        
                        

                     
                     
                     	
                        
                        
                        A-SD MPS: Production lots scheduled intermittently—e.g., 57 in
                           week 1, 43 in week 2, 58 in week 4, 72 in week 8—totaling 489
                              units.

                        

                     

                  
                  
                  
                  Double Door (A-DD)

                  
                  
                  
                  
                     
                     	
                        
                        
                        Forecast: Weekly demand ranges from 30 to 60 units
                           (total 580 units).

                        
                        

                     
                     
                     	
                        
                        
                        Projected Available: Begins at 210 units, then
                           reduces based on usage and replenishment.

                        
                        

                     
                     
                     	
                        
                        
                        A-DD MPS: Production lots include 29 in week 1, 57 in
                           week 2, 30 in week 4, 70 in week 6, and 31 and 69 in later
                           weeks—totaling 400 units.

                        

                     

                  
                  
                  
                  Summary Rows

                  
                  
                  
                  
                     
                     	
                        
                        
                        Forecast SUM: 1,320 units.

                        
                        

                     
                     
                     	
                        
                        
                        Projected Available SUM: Values shown each
                           week reflecting beginning inventory and
                           consumption.

                        
                        

                     
                     
                     	
                        
                        
                        Production SUM: 889 units.

                        
                        

                     

                  
                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-44: Master Scheduling Grid
[image: Make-to-stock chase production table showing beginning inventory of 70, zero safety stock, lot size 100, weekly demand for weeks 1–6, projected available balances, and scheduled production of three 100-unit lots. Go to long description for details.]
                  
                  
                  The table has the heading “Master Schedule: Make-to-stock Chase Production
                     Example.” It outlines a production schedule with the following parameters:
                     beginning inventory of 70 units, safety stock of 0 units, and a lot size of
                     100 units. The data is organized by week, from week 0 to week 6.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Constrained Demand: The constrained demand for each week is
                           listed as follows:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 1: 50 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 60 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: 90 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: 20 units

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Projected Available Balance: This row shows the projected
                           available balance of inventory for each week:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 0: 70 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 1: 20 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 60 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 90 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: 0 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 30 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: 10 units

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Master Production Schedule: This row shows the planned
                           production schedule for each week:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Week 1: Not provided

                              
                              

                           
                           
                           	
                              
                              
                              Week 2: 100 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 3: 100 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 4: Not provided

                              
                              

                           
                           
                           	
                              
                              
                              Week 5: 100 units

                              
                              

                           
                           
                           	
                              
                              
                              Week 6: Not provided

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-69: Time Fences and Zones
[image: Timeline showing frozen, slushy, and liquid planning zones managed by the executive, master scheduler, and demand manager. Demand and planning time fences mark when changes require approval across weeks 1–12. Go to long description for details.]
                  
                  
                  The image illustrates how change approval works across different planning horizons
                     in a
                     master scheduling environment. The timeline runs from week 1 through week 12.

                  
                  
                  
                  From weeks 1 to 4, the schedule is in the Frozen Zone, managed by the
                     Executive. This period is defined by the Demand Time Fence, which is set
                     by management.

                  
                  
                  
                  From weeks 5 to 8, the schedule enters the Slushy Zone, overseen by the
                     Master Scheduler. This zone is bounded by the Planning Time Fence, which
                     is based on the longest cumulative lead time.

                  
                  
                  
                  From weeks 9 to 12, the schedule is in the Liquid Zone, managed by the Demand
                        Manager, where changes are flexible and easily made because production commitments
                     have not yet been finalized.

                  
                  
                  
                  Icons—a snowflake, dotted pattern, and water droplet—represent the frozen, slushy,
                     and
                     liquid states of schedule flexibility.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-71: Zones and Time Fences
[image: Flowchart showing time fences and change approval levels for MTO and MTS production environments. It shows demand and planning time fences, finishing lead time, and cumulative lead time across a 12-week timeline. Go to long description for details.]
                  
                  
                  
                     
                     	
                        
                        
                        Change Approval Levels:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Executive: Associated with the “Frozen” state, symbolized by a snowflake
                                 icon.

                              
                              

                           
                           
                           	
                              
                              
                              Master Scheduler: Associated with the “Slushy” state, symbolized by
                                 dotted snowflake icons.

                              
                              

                           
                           
                           	
                              
                              
                              Demand Manager: Associated with the “Liquid” state, symbolized by a
                                 droplet icon.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        MTO Time Fence:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Demand Time Fence (management determined): Labeled “Frozen,” controlled
                                 by the Executive, with a horizontal line extending up to week 4.

                              
                              

                           
                           
                           	
                              
                              
                              Planning Time Fence (longest cumulative lead time): Labeled “Slushy,”
                                 controlled by the Master Scheduler, with a horizontal line extending up to week
                                 8.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        MTS Time Fence:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Demand Time Fence (management determined): Labeled “Frozen,” controlled
                                 by the Executive, with a horizontal line extending up to week 3.

                              
                              

                           
                           
                           	
                              
                              
                              Planning Time Fence (longest cumulative lead time): Labeled “Slushy,”
                                 controlled by the Master Scheduler, with a horizontal line extending up to week
                                 9.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Timeline:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Positioned at the bottom.

                              
                              

                           
                           
                           	
                              
                              
                              Labeled “Weeks,” numbered from 1 to 12.

                              
                              

                           
                           
                           	
                              
                              
                              MTO Cumulative Lead Time: Horizontal bar starting from week 1 and
                                 extending to week 8.

                              
                              

                           
                           
                           	
                              
                              
                              MTS Cumulative Lead Time: Horizontal bar starting from week 1 and
                                 extending to week 9.

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-74: Master Production Schedule with Demand Time Fence and Customer Orders
[image: Make-to-stock chase master schedule showing constrained demand, customer orders, projected available balance, and MPS from weeks 0–16. Demand and planning time fences appear after weeks 3 and 13. Go to long description for details.]
                  
                  
                  This table shows a make-to-stock chase production master schedule with beginning
                     inventory of 70 units, no safety stock, and a production lot size of 100. The schedule
                     spans weeks 0 through 16 and includes four rows of data: constrained demand, customer
                     orders, projected available balance (PAB), and the master production schedule (MPS).

                  
                  
                  
                  From weeks 1 through 6, constrained demand rises from 50 to 90 units before falling
                     to
                     20. Customer orders follow a similar pattern, starting at 48 units in week 1 and
                     dropping to zero by week 6. Inventory is consumed quickly: PAB moves from 70 units
                     in
                     week 0 to 22 in week 1, then 56 in week 2, and 99 in week 3 after an MPS release of
                     100
                     units. Another planned order is scheduled in week 5, again replenishing inventory
                     by 100
                     units.

                  
                  
                  
                  A Demand Time Fence is placed after week 3, indicating the point inside which
                     changes to the master schedule are highly restricted. After week 6, the table jumps
                     to
                     week numbers 12 through 16, where constrained demand remains constant at 20 units
                     and
                     customer orders remain at zero. Projected available balance declines again and is
                     replenished by another MPS release in week 13.

                  
                  
                  
                  A Planning Time Fence appears after week 13, marking the boundary inside which
                     material plans and capacity commitments begin to limit flexibility. The table
                     demonstrates how the schedule transitions from more fixed and controlled early periods
                     to more flexible, longer-range periods beyond the planning time fence.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-53: Aggregated MPS Lines for Related End Items
[image: A table labeled “Aggregated MPS Lines for Related End Items.” Go to long description for more details.]
                  
                  
                  The table with the header “Master Schedules for Families
                     A, B, and C: Vandalproof Doors” details the weekly master production
                     schedules (MPS) for different door types over a 13-week period from January
                     1 to March 31. For Family A (In Stock), the Family A Single Doors have a
                     total MPS of 489 units, while the Family A Double Doors have 400 units.
                     Family B (Custom) includes Family B Single Doors with a total MPS of 320
                     units and Family B Double Doors with 250 units. Family C (Custom) includes
                     Family C Single Doors with a total MPS of 300 units and Family C Double
                     Doors with 340 units. Each week’s total MPS (MPS SUM) ranges from 127 to 172
                     units, with a grand total of 2,099 units over the 13 weeks.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-56: Bill of Material for Family A Double Door
[image: Bill of materials for Family A all-glass vandalproof double door listing part numbers, descriptions, quantities, and units for doors, handles, lockset, frame, hydraulic closers, and hardware kit. Go to long description for details.]
                  
                  
                  The table presents a bill of materials (BOM) for:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Family A: In-Stock All-Glass Vandalproof Commercial Doors

                        
                        

                     
                     
                     	
                        
                        
                        Product: Family A Double Door (A-DD)

                        
                        

                     
                     
                     	
                        
                        
                        Part Number: 100

                        
                        

                     
                     
                     	
                        
                        
                        Description: Vandalproof glass double doors with silver
                           trim

                        
                        

                     

                  
                  
                  
                  The BOM lists six component parts with their corresponding part numbers,
                     descriptions, quantities per unit, and measurement units:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Part 202 – Door, Family A

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 422 – Handle and crashbar, silver

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Kit

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 323 – Lockset

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Kit

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 735 – Door frame, double, silver

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 1

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 682 – Hydraulic closer, silver

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 2

                              
                              

                           
                           
                           	
                              
                              
                              Units: Each

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Part 502 – Hardware Kit

                        
                        
                        
                        
                           
                           	
                              
                              
                              Quantity: 1

                              
                              

                           
                           
                           	
                              
                              
                              Units: Kit

                              
                              

                           

                        
                        

                     

                  
                  
                  
                  The table summarizes all components required to assemble one vandalproof
                     all-glass double door unit, showing both mechanical and hardware items.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-57: Routing for Family A, B, and C End Items and Level 1 Components
[image: Table listing lot sizes, operations, work centers, setup hours, setup per unit, run time per unit, and total hours per unit for finished items and component parts, frames, doors, locksets, and hardware. Go to long description for details.]
                  
                  
                  The image shows a detailed routing and capacity bill
                        table for multiple finished goods and component parts. Columns
                     include:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Lot Size

                        
                        

                     
                     
                     	
                        
                        
                        Operation

                        
                        

                     
                     
                     	
                        
                        
                        Work Center

                        
                        

                     
                     
                     	
                        
                        
                        Standard Setup (hours)

                        
                        

                     
                     
                     	
                        
                        
                        Standard Setup per Unit (hours)

                        
                        

                     
                     
                     	
                        
                        
                        Standard Run Time per Unit (hours)

                        
                        

                     
                     
                     	
                        
                        
                        Total per Unit (hours)

                        
                        

                     

                  
                  
                  
                  The table is divided into two major sections: Items (finished goods)
                     and Comp. (components).

                  
                  
                  
                  Finished Items

                  
                  
                  
                  Each has a lot size of 20 units and uses Work Center 33:

                  
                  
                  
                  
                     
                     	
                        
                        
                        99 A-SD: 0.10 setup hrs, 0.005 setup per unit, 0.20 run time,
                           0.30 total per unit.

                        
                        

                     
                     
                     	
                        
                        
                        100 A-DD: 0.30 setup hrs, 0.015 setup per unit, 0.40 run time,
                           0.70 total.

                        
                        

                     
                     
                     	
                        
                        
                        101 B-SD: 0.30 setup hrs, 0.015 setup per unit, 0.10 run time,
                           0.40 total.

                        
                        

                     
                     
                     	
                        
                        
                        102 B-DD: 0.55 setup hrs, 0.0275 setup per unit, 0.30 run
                           time, 0.85 total.

                        
                        

                     
                     
                     	
                        
                        
                        103 C-SD: 0.05 setup hrs, 0.0025 setup per unit, 0.10 run
                           time, 0.15 total.

                        
                        

                     
                     
                     	
                        
                        
                        104 C-DD: 0.10 setup hrs, 0.005 setup per unit, 0.30 run time,
                           0.40 total.

                        
                        

                     

                  
                  
                  
                  Components

                  
                  
                  
                  Components have lot sizes of 40 or 80 units and use various work centers (13,
                     14):

                  
                  
                  
                  
                     
                     	
                        
                        
                        202 A-Door: 0.20 setup hrs, 0.005 per unit, 0.20 run time,
                           0.40 total.

                        
                        

                     
                     
                     	
                        
                        
                        203 B-Door: Made in two operations:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Operation 1 (WC 13): 0.20 setup, 0.005 per unit, 0.15 run
                                 time

                              
                              

                           
                           
                           	
                              
                              
                              Operation 2 (WC 14): 0.20 setup, 0.005 per unit, 0.15 run
                                 time

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        204 C-Door: 0.10 setup hrs, 0.0025 per unit, 0.05 run time,
                           0.15 total.

                        
                        

                     
                     
                     	
                        
                        
                        422 Handle/crashbar, 323 Lockset, 734 Single
                              frame, 735 Double frame, 682 Hydraulic closer,
                           502 Kit: Each has 0.20 setup hrs, 0.0025 per unit,
                           0.10–0.60 run times, with totals ranging from 0.30 to 0.80
                           hours.

                        
                        

                     

                  
                  
                  
                  The table summarizes labor and setup requirements for capacity planning
                     across different product and component routings.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-58: Bill of Resources for Labor by End Item
[image: Table showing total time per unit by item across work centers 33, 13, and 14. Times are listed for items A-SD, A-DD, B-SD, B-DD, C-SD, and C-DD, with summed hours per unit ranging from 1.8 to 5.2. Go to long description for details.]
                  
                  
                  The table summarizes total labor hours per unit
                     required for six items across three work centers. Items (columns) are:

                  
                  
                  
                  
                     
                     	
                        
                        
                        99 (A-SD)

                        
                        

                     
                     
                     	
                        
                        
                        100 (A-DD)

                        
                        

                     
                     
                     	
                        
                        
                        101 (B-SD)

                        
                        

                     
                     
                     	
                        
                        
                        102 (B-DD)

                        
                        

                     
                     
                     	
                        
                        
                        103 (C-SD)

                        
                        

                     
                     
                     	
                        
                        
                        104 (C-DD)

                        
                        

                     

                  
                  
                  
                  Row entries show time in hours per unit:

                  
                  
                  
                  Work Center 33

                  
                  
                  
                  
                     
                     	
                        
                        
                        A-SD: 0.30

                        
                        

                     
                     
                     	
                        
                        
                        A-DD: 0.70

                        
                        

                     
                     
                     	
                        
                        
                        B-SD: 0.40

                        
                        

                     
                     
                     	
                        
                        
                        B-DD: 0.85

                        
                        

                     
                     
                     	
                        
                        
                        C-SD: 0.15

                        
                        

                     
                     
                     	
                        
                        
                        C-DD: 0.40

                        
                        

                     

                  
                  
                  
                  Work Center 13

                  
                  
                  
                  
                     
                     	
                        
                        
                        A-SD: 1.90

                        
                        

                     
                     
                     	
                        
                        
                        A-DD: 3.70

                        
                        

                     
                     
                     	
                        
                        
                        B-SD: 1.85

                        
                        

                     
                     
                     	
                        
                        
                        B-DD: 3.60

                        
                        

                     
                     
                     	
                        
                        
                        C-SD: 1.65

                        
                        

                     
                     
                     	
                        
                        
                        C-DD: 3.20

                        
                        

                     

                  
                  
                  
                  Work Center 14

                  
                  
                  
                  
                     
                     	
                        
                        
                        A-SD: 0

                        
                        

                     
                     
                     	
                        
                        
                        A-DD: 0

                        
                        

                     
                     
                     	
                        
                        
                        B-SD: 0.35

                        
                        

                     
                     
                     	
                        
                        
                        B-DD: 0.70

                        
                        

                     
                     
                     	
                        
                        
                        C-SD: 0

                        
                        

                     
                     
                     	
                        
                        
                        C-DD: 0

                        
                        

                     
                     
                     	
                        
                        
                        C-DD: 0.40

                        
                        

                     

                  
                  
                  
                  Sum (Total hours per unit)

                  
                  
                  
                  
                     
                     	
                        
                        
                        A-SD: 2.2

                        
                        

                     
                     
                     	
                        
                        
                        A-DD: 4.4

                        
                        

                     
                     
                     	
                        
                        
                        B-SD: 2.6

                        
                        

                     
                     
                     	
                        
                        
                        B-DD: 5.2

                        
                        

                     
                     
                     	
                        
                        
                        C-SD: 1.8

                        
                        

                     
                     
                     	
                        
                        
                        C-DD: 3.6

                        
                        

                     

                  
                  
                  
                  The table provides a concise view of the workload distribution for each item
                     across the three work centers, supporting capacity planning and
                     bill-of-resources analysis.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-59: Aggregated MPS for Related End Items
[image: A table labeled “Aggregated MPS Lines for Related End Items.” Go to long description for more details.]
                  
                  
                  The table with the header “Master Schedules for Families
                     A, B, and C: Vandalproof Doors” details the weekly master production
                     schedules (MPS) for different door types over a 13-week period from January
                     1 to March 31. For Family A (In Stock), the Family A Single Doors have a
                     total MPS of 489 units, while the Family A Double Doors have 400 units.
                     Family B (Custom) includes Family B Single Doors with a total MPS of 320
                     units and Family B Double Doors with 250 units. Family C (Custom) includes
                     Family C Single Doors with a total MPS of 300 units and Family C Double
                     Doors with 340 units. Each week’s total MPS (MPS SUM) ranges from 127 to 172
                     units, with a grand total of 2,099 units over the 13 weeks.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-60: Capacity Requirements for Labor Hours Critical Resource for 13-Week
                  Period
[image: Table showing weekly labor-hour requirements for vandalproof doors across 3 work centers for weeks 1–13, with total hours of 948, 5,484, and 287 respectively, and work-center percentages of 14%, 82%, and 4%. Go to long description for details.]
                  
                  
                  The table summarizes weekly labor-hour requirements for
                     producing Families A, B, and C vandalproof doors across a 13-week period. It
                     lists hours needed at three work centers—33, 13, and 14—for each week, along
                     with totals and percentage of overall workload. Work Center 33 shows
                     moderate, steady requirements ranging from the low 50s to upper 90s each
                     week, totaling 948 hours or 14% of the total. Work Center 13 carries the
                     majority of the load, with weekly requirements generally between 323 and 535
                     hours and a total of 5,484 hours, representing 82% of all labor hours
                     needed. Work Center 14 has minimal load, with weekly hours ranging from 11
                     to 35 and a total of 287 hours, or 4%. The bottom row aggregates these
                     values to show total labor requirements per week across all work centers,
                     which range from 403 to 662 hours, with an overall total of 6,719 hours for
                     the 13-week period.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-61: Bill of Resources Exploded to Item Level
[image: A table titled “Bill of Resources Exploded to Item Level.” Go to long description for more details.]
                  
                  
                  The table has the header “Families A, B and C: Vandalproof
                     Glass Commercial Doors” and details the consumption of polycarbonate
                     (recycled in tons), labor (standard hours), and Work Center 23 (standard
                     hours) for various product categories.

                  
                  
                  
                  Columns:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Product

                        
                        

                     
                     
                     	
                        
                        
                        Polycarbonate, Recycled (tons)

                        
                        

                     
                     
                     	
                        
                        
                        Labor (standard hours)

                        
                        

                     
                     
                     	
                        
                        
                        Work Center 23 (standard hours)

                        
                        

                     

                  
                  
                  
                  Rows:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Family A: In-Stock All-Glass

                        
                        
                        
                        
                           
                           	
                              
                              
                              Family A Single Door: 0.0024 tons, 2.2 labor hours, 0.4 Work
                                 Center hours

                              
                              

                           
                           
                           	
                              
                              
                              Family A Double Door: 0.0048 tons, 4.4 labor hours, 0.8 Work
                                 Center hours

                              
                              

                           
                           
                           	
                              
                              
                              Total for Family A: 0.0036 tons, 3.3 labor hours, 0.7 Work
                                 Center hours

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Family B: Custom All-Glass

                        
                        
                        
                        
                           
                           	
                              
                              
                              Family B Single Door: 0.0025 tons, 2.6 labor hours, 0.5 Work
                                 Center hours

                              
                              

                           
                           
                           	
                              
                              
                              Family B Double Door: 0.0051 tons, 5.2 labor hours, 0.9 Work
                                 Center hours

                              
                              

                           
                           
                           	
                              
                              
                              Total for Family B: 0.0038 tons, 3.9 labor hours, 0.7 Work
                                 Center hours

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Family C: Custom Small Window

                        
                        
                        
                        
                           
                           	
                              
                              
                              Family C Single Hung: 0.0003 tons, 1.8 labor hours, 0.1 Work
                                 Center hours

                              
                              

                           
                           
                           	
                              
                              
                              Family C Double Hung: 0.0015 tons, 3.6 labor hours, 0.3 Work
                                 Center hours

                              
                              

                           
                           
                           	
                              
                              
                              Total for Family C: 0.0009 tons, 2.7 labor hours, 0.2 Work
                                 Center hours

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-62: Calculating Load on Critical Resources
[image: A table titled “Calculating Load on Critical Resources.” Go to long description for more details.]
                  
                  
                  The table has the header “Families A, B & C:
                     Vandalproof Glass Commercial Doors” and shows data for Week 1 Master
                     Production Schedule (MPS) with corresponding load rates for polycarbonate
                     (recycled), labor, and Work Center 23. Go to long description for more
                     details.

                  
                  
                  
                  Columns:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Product

                        
                        

                     
                     
                     	
                        
                        
                        Week 1 MPS

                        
                        

                     
                     
                     	
                        
                        
                        Polycarbonate, Recycled (tons)

                        
                        
                        
                        
                           
                           	
                              
                              
                              Rate

                              
                              

                           
                           
                           	
                              
                              
                              Load

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Labor (standard hours)

                        
                        
                        
                        
                           
                           	
                              
                              
                              Rate

                              
                              

                           
                           
                           	
                              
                              
                              Load

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Week 1 Work Center 23 (standard hours)

                        
                        
                        
                        
                           
                           	
                              
                              
                              Rate

                              
                              

                           
                           
                           	
                              
                              
                              Load

                              
                              

                           

                        
                        

                     

                  
                  
                  
                  Rows:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Family A: In-Stock All-Glass

                        
                        
                        
                        
                           
                           	
                              
                              
                              Family A Single Door: 57 units MPS, 0.0024 tons rate, 0.1368
                                 tons load, 2.2 hours labor rate, 125.4 hours labor load, 0.4
                                 hours Work Center 23 rate, 22.8 hours Work Center 23
                                 load

                              
                              

                           
                           
                           	
                              
                              
                              Family A Double Door: 0 units MPS, 0.0048 tons rate, 0 tons
                                 load, 4.4 hours labor rate, 0 hours labor load, 0.8 hours
                                 Work Center 23 rate, 0 hours Work Center 23 load

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Family B: Custom All-Glass

                        
                        
                        
                        
                           
                           	
                              
                              
                              Family B Single Door: 0 units MPS, 0.0025 tons rate, 0 tons
                                 load, 2.6 hours labor rate, 0 hours labor load, 0.5 hours
                                 Work Center 23 rate, 0 hours Work Center 23 load

                              
                              

                           
                           
                           	
                              
                              
                              Family B Double Door: 20 units MPS, 0.0051 tons rate, 0.102
                                 tons load, 5.2 hours labor rate, 104 hours labor load, 0.9
                                 hours Work Center 23 rate, 18 hours Work Center 23 load

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Family C: Custom Small Window

                        
                        
                        
                        
                           
                           	
                              
                              
                              Family C Single Door: 0 units MPS, 0.0003 tons rate, 0 tons
                                 load, 1.8 hours labor rate, 0 hours labor load, 0.1 hours
                                 Work Center 23 rate, 0 hours Work Center 23 load

                              
                              

                           
                           
                           	
                              
                              
                              Family C Double Door: 50 units MPS, 0.0015 tons rate, 0.075
                                 tons load, 3.6 hours labor rate, 180 hours labor load, 0.3
                                 hours Work Center 23 rate, 15 hours Work Center 23 load

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Overall Sums:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Polycarbonate Load: 0.3138 tons

                              
                              

                           
                           
                           	
                              
                              
                              Labor Load: 409.4 hours

                              
                              

                           
                           
                           	
                              
                              
                              Work Center 23 Load: 55.8 hours

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-54: Manufacturing Planning and Control
[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
                  
                  
                  The flowchart includes:

                  
                  
                  
                  
                     
                     	
                        
                        Demand-Side Activities: Forecasting, Demand Management, and
                           Distribution Requirements Planning (DRP)

                        

                     
                     
                     	
                        
                        Strategic and Business Planning

                        

                     
                     
                     	
                        
                        Priority Planning: Sales and Operations Planning (S&OP) -
                           Production Plan; Master Scheduling (MS) - Master Production Schedule
                           (MPS); Material Requirements Planning (MRP) - Materials Requirements
                           Plan

                        

                     
                     
                     	
                        
                        Supply-Side Activities: Capacity Planning includes Resource
                           Planning (RP), Rough-Cut Capacity Planning (RCCP), and Capacity
                           Requirements Planning (CRP)

                        

                     
                     
                     	
                        
                        Purchasing

                        

                     
                     
                     	
                        
                        Production Activity Control (PAC): Scheduling, Implementation,
                           and Capacity Control

                        

                     

                  
                  
                  
                  The flow of information between these sections is depicted by arrows, showing
                     how data moves from one planning stage to another, ensuring synchronization
                     across the entire manufacturing process. The chart captures the complexity
                     and interconnectedness of manufacturing planning activities, emphasizing the
                     need for coordinated efforts across various functions to meet production
                     goals effectively.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-64: Load Profile
[image: Graph showing the scheduling of an assembly work center over a span of weeks with released orders and firm planned orders against available capacity and uncommitted capacity. Go to long description for more details.]
                  
                  
                  This image presents a graph illustrating the scheduling of
                     Assembly work center 1226 over a period from week 32 to week 35. The y-axis
                     represents hours, ranging from 0 to 60. The x-axis represents the week
                     number.

                  
                  
                  
                  
                     
                     	
                        
                        
                        The graph has a shaded area representing the cumulative hours of
                           released orders and firm planned orders.

                        
                        

                     
                     
                     	
                        
                        
                        The total height of the shaded area at any point shows the total
                           hours allocated to orders.

                        
                        

                     
                     
                     	
                        
                        
                        A horizontal line at the 60-hour mark represents the available
                           capacity for the work center.

                        
                        

                     
                     
                     	
                        
                        
                        An arrow labeled “Released orders” points down from the available
                           capacity line to the top of the shaded area.

                        
                        

                     
                     
                     	
                        
                        
                        An arrow labeled “Available capacity” points at the horizontal line
                           at 60 hours.

                        
                        

                     
                     
                     	
                        
                        
                        An arrow labeled “Uncommitted capacity” points down to the gap
                           between the top of the shaded area and the available capacity
                           line.

                        
                        

                     
                     
                     	
                        
                        
                        The graph highlights “Released orders” and “Firm planned orders” in
                           the shaded area.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-65: Revised MPS and RCCP Report
[image: Three tables showing the Master Production Schedule (MPS) for weeks 32 to 35, both original and revised, along with an RCCP report detailing adjusted load and capacity in hours per week for work center 1226. Go to long description for more details.]
                  
                  
                  The image contains four tables and arrows indicating the
                     flow of information from the original RCCP report and original MPS to the
                     revised MPS and then to the revised RCCP report.

                  
                  
                  
                  
                     
                     	
                        
                        
                        RCCP report, prior to adjustment: weeks 32 to 35, in hours per
                              week: This table provides details on standard hours,
                           available capacity, and over/under load for work center 1226.

                        
                        
                        
                        
                           
                           	
                              
                              
                              Standard hours for each week 32-35: 64.80, 64.80, 55.80,
                                 42.98, (total 228.38)

                              
                              

                           
                           
                           	
                              
                              
                              Capacity available: 58.25 each week (total 233.00)

                              
                              

                           
                           
                           	
                              
                              
                              Over(under) load for each week 35-35: 6.55, 6.55, (2.45),
                                 (15.27), (total 4.62)

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        MPS for weeks 32 to 35, in units: This table lists the
                           production units for three products (Product 1, Product 2, and
                           Product 3) for work center 1226 across weeks 32 to 35.

                        
                        
                        
                        
                           
                           	
                              
                              
                              Product 1: 180 units for weeks 32 and 33 (total 360)

                              
                              

                           
                           
                           	
                              
                              
                              Product 2: 180 units in week 34 and 36 units in week 35
                                 (total 216)

                              
                              

                           
                           
                           	
                              
                              
                              Product 3: 144 units in week 35 (total 144)

                              
                              

                           
                           
                           	
                              
                              
                              Total for products each week 32-35: 180 units

                              
                              

                           
                           
                           	
                              
                              
                              Total of all products combined: 720 units

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Revised MPS for weeks 32 to 35, in units: This table lists the
                           revised production units for the same products and work center
                           across the same weeks.

                        
                        
                        
                        
                           
                           	
                              
                              
                              Product 1: 161 units each in weeks 32 and 33, 38 units in
                                 week 34 (total 360)

                              
                              

                           
                           
                           	
                              
                              
                              Product 2: 142 units in week 34 and 74 units in week 35
                                 (total 216)

                              
                              

                           
                           
                           	
                              
                              
                              Product 3: 144 units in week 35 (total 144)

                              
                              

                           
                           
                           	
                              
                              
                              Total for products each week 35-35: 161, 161, 180, and
                                 218

                              
                              

                           
                           
                           	
                              
                              
                              Total of all products combined: 720 units

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        RCCP report - Adjusted load and capacity: weeks 32 to 35, in hours
                              per week: This table provides details on standard hours,
                           available capacity, and over/under load for work center 1226.

                        
                        
                        
                        
                           
                           	
                              
                              
                              Standard hours for each week 32-35: 57.96, 57.96, 57.70,
                                 54.76 (total 228.38)

                              
                              

                           
                           
                           	
                              
                              
                              Capacity available: 58.25 each week (total 233.00)

                              
                              

                           
                           
                           	
                              
                              
                              Over(under) load for each week 35-35: (.29), (.29), (.55),
                                 (3.49), (4.62)

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-80: Safety Stock with PTF Decision Rule
[image: Table with constrained demand, customer orders, projected available balance, and MPS for periods 1–10 across frozen, slushy, and liquid zones, with demand and planning time fences. Go to long description for details.]
                  
                  
                  The table presents a master scheduling scenario across ten periods, grouped
                     into three zones: the Frozen Zone (periods 1–3), Slushy Zone
                     (periods 4–8), and Liquid Zone (periods 9–10). Vertical lines mark
                     the Demand Time Fence between periods 3 and 4 and the Planning
                        Time Fence between periods 8 and 9.

                  
                  
                  
                  Rows list four scheduling elements: constrained demand, customer orders
                     (backlog), projected available balance (PAB), and the master production
                     schedule (MPS).

                  
                  
                  
                  
                     
                     	
                        
                        
                        Constrained demand ranges from 20 to 25 units in most periods,
                           rising to 35 units in period 9.

                        
                        

                     
                     
                     	
                        
                        
                        Customer orders steadily decrease from 19 units in period 1 to
                           zero by period 9.

                        
                        

                     
                     
                     	
                        
                        
                        PAB starts at 50 units in period 1, drops to 0 by period 5, is
                           replenished by planned MPS releases of 50 units in periods 3, 6, 8,
                           and 9, and reaches 25 units by period 10.

                        
                        

                     
                     
                     	
                        
                        
                        MPS entries show planned production of 50 units in periods 3,
                           6, 8, and 9.

                        
                        

                     

                  
                  
                  
                  Below the table, safety stock is stated as 5 units, and lot size is
                     50 units.

                  
                  
                  
                  An action message at the top proposes rescheduling the MPS from period 6
                        to period 5. The table supports evaluating whether this change is
                     appropriate, given zone restrictions and the time fences that limit schedule
                     adjustments.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-67: Master Scheduling Flow
[image: Flowchart depicting the master scheduling flow. Go to long description for more details.]
                  
                  
                  The flowchart visually represents the process of capacity and material
                     planning, showing sequential steps and decision points. It includes
                     rectangular boxes representing different planning stages and diamond
                     shapes for decision points, with arrows indicating the flow and feedback
                     loops.

                  
                  
                  
                  
                     
                     	
                        
                        
                        S&OP production plan: Located at the top of the chart
                           in a rectangular box; an arrow flows downward to the next stage

                        
                        

                     
                     
                     	
                        
                        
                        Master production schedule: A rectangular box directly
                           below the aggregate production plan; an arrow flows downward to
                           the next stage

                        
                        

                     
                     
                     	
                        
                        
                        Material requirements plan: A rectangular box below the
                           master production schedule; an arrow flows downward to the next
                           stage

                        
                        

                     
                     
                     	
                        
                        
                        Detail capacity plan: A rectangular box below the material
                           requirements plan; an arrow flows downward to the decision
                           point

                        
                        

                     
                     
                     	
                        
                        
                        Realistic? A diamond shape representing a decision point;
                           If “No,” an arrow loops back to the material requirements plan
                           and detail capacity plan stages; if “Yes,” an arrow flows
                           downward to the execution stages

                        
                        

                     
                     
                     	
                        
                        Execute capacity plans: A rectangular box below the decision
                           point; an arrow flows downward to the final stage.

                        

                     
                     
                     	
                        
                        
                        Execute material plans: The final rectangular box at the
                           bottom of the flowchart

                        
                        

                     

                  
                  
                  
                  Additional arrows and feedback loops:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Arrows indicating changes in requirements flow horizontally back
                           to the material requirements plan stage.

                        
                        

                     
                     
                     	
                        
                        
                        Arrows indicating changes in capacity flow horizontally back to
                           the detail capacity plan stage.

                        
                        

                     
                     
                     	
                        
                        
                        Arrows on the right side flow from the master production schedule
                           to the aggregate production plan for changes in the production
                           plan.

                        
                        

                     
                     
                     	
                        
                        
                        Another arrow flows from the material requirements plan to the
                           master production schedule for changes in the master production
                           schedule.

                        
                        

                     
                     
                     	
                        
                        
                        The right side also includes arrows showing checks if the
                           capacity plan and execution meet the plan, looping back to the
                           respective stages for adjustments.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 4-68: Planning Horizon
[image: Flowchart showing the lead times for different work centers labeled G, F, E, D, C, B, and A, with a timeline at the bottom indicating the weeks. Read long description below.]
                  
                  
                  The flowchart visually depicts the lead times for various work centers,
                     each labeled with a letter and connected by lines to illustrate the
                     sequence and dependencies. At the bottom, a timeline spans 13 weeks,
                     indicating the time required for each work center.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Work Center G:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Positioned at the far left.

                              
                              

                           
                           
                           	
                              
                              
                              Labeled “Lead time = 10 weeks.”

                              
                              

                           
                           
                           	
                              
                              
                              Connected by a horizontal line to C.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Work Center F:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Located right of G.

                              
                              

                           
                           
                           	
                              
                              
                              Labeled “Lead time = 3 weeks.”

                              
                              

                           
                           
                           	
                              
                              
                              Connected by a horizontal line to E.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Work Center E:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Positioned to the right of F.

                              
                              

                           
                           
                           	
                              
                              
                              Labeled “Lead time = 4 weeks.”

                              
                              

                           
                           
                           	
                              
                              
                              Connected by a horizontal line to C.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Work Center D:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Positioned below E.

                              
                              

                           
                           
                           	
                              
                              
                              Labeled “Lead time = 3 weeks.”

                              
                              

                           
                           
                           	
                              
                              
                              A vertical line connects it between C and A, indicating
                                 its position in the sequence.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Work Center C:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Positioned to the right of E.

                              
                              

                           
                           
                           	
                              
                              
                              Labeled “Lead time = 2 weeks.”

                              
                              

                           
                           
                           	
                              
                              
                              Connected by a horizontal line to A and a vertical line
                                 to B and D.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Work Center B:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Positioned above C.

                              
                              

                           
                           
                           	
                              
                              
                              Labeled “Lead time = 2 weeks.”

                              
                              

                           
                           
                           	
                              
                              
                              A vertical line connects it between C and A, indicating
                                 its sequence.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Work Center A:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Positioned at the far right.

                              
                              

                           
                           
                           	
                              
                              
                              Labeled “Lead time = 1 week.”

                              
                              

                           
                           
                           	
                              
                              
                              A horizontal line extends from C and a vertical line from
                                 B and D.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Timeline:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Located at the bottom, labeled “Weeks.”

                              
                              

                           
                           
                           	
                              
                              
                              Numbered from 1 to 13, with boxes representing each
                                 week.

                              
                              

                           
                           
                           	
                              
                              
                              Aligns with the lead times of the work centers, showing
                                 the duration for each stage.

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.
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Description: Vandalproof glass door, silver trim

Part Number Description Quantity Units
701 Vandalproof glass, 0.8m x 1.2m 2 Each
670 Top frame, silver 1 Each
113 Bottom frame, silver 1 Each
808 Center frame, silver 1 Each
754 Side frame, silver 2 Each
232 Molding, gray 8 Meters

RN
o

799 Caulk, silicone, clear Meters
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Standard Standard

Standard Run Total per

Lot Work Setup Setup per Time per Unit Unit
Size Operation Center (hours) Unit (hours) (hours) (hours)
Items Description
99 A-SD 20 1of1 33 0.10 0.005 0.20 0.30
100 A-DD 20 1of1 33 0.30 0.015 0.40 0.70
101 B-SD 20 1of1 33 0.30 0.015 0.10 0.40
102 B-DD 20 1of1 33 0.55 0.0275 0.30 0.85
103 C-SD 20 1of1 33 0.05 0.0025 0.10 0.15
104 C-DD 20 1of1 33 0.10 0.005 0.30 0.40
Comp.

202 A-Door 40 1of1 13 0.20 0.005 0.20 0.40
203 B-Door 40 1of2 13 0.20 0.005 0.15 0.35
40 2o0f2 14 0.20 0.005 0.15 0.35

204 C-Door 40 1of1 13 0.10 0.0025 0.05 0.15
422 Handle/crashbar 80 1of1 13 0.20 0.0025 0.10 0.30
323 Lockset 80 1of1 13 0.20 0.0025 0.10 0.30
734 Single frame 80 1of1 13 0.20 0.0025 0.10 0.30
735 Double frame 80 1of1 13 0.20 0.0025 0.60 0.80
682 Hydrauliccloser 80 1of1 13 0.20 0.0025 0.10 0.30
502 Kit 80 1of1 13 0.20 0.0025 0.10 0.30
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Period 1 2 3 4 5 6 7 8 9 10
Constrained demand 20 22 21|25 24 23 21 21 25 25
Customer orders 19 17 15 | 11 9 5 2 1 0 0
Projected available balance (PAB) 50 31 14 49 | 24 0 27 6 35 ] 10 35
Available-to-promise (ATP) 14 15 43 49
Master production schedule (MPS) 50 50 50 50
— «—
Demand Planning
Time Fence Time Fence

(management determined) (longest cumulative lead time)






images/CPIMgraphic2-2c-t02-11.png
S&OP production plan
l Change production

plan?

Master production schedule
l Change master
production schedule?

Change requirements?

Material requirements plan

l

Change capacity?

Detail capacity plan Is execution
meeting the
l plan?

Is capacity
No plan being
met?
Yes \
{
Execute capacity plans

1

Execute material plans






images/CPIMgraphic2-1g-t04-15.png
High

'O/‘
Y
Q/s Q
g S 7
= %
. O&s
© .
> %
Online tax
preparation
software
Low

Volume

High





images/CPIMgraphic2-1g-t00-01.png
Corporate/business
strategy

Resources
Capabilities
Limitations

Satisfaction of
market demand

Operations experiences





images/CPIMgraphic2-3d-t02-06-Gantt_Chart.png
Task

Name v | Duration v | Start | Finish « | Predecessors v

Jul 23 Jul 30 Aug 6 Aug 13
S‘M’T‘W‘TbF‘S S}M‘T‘W‘T‘F’S S‘MbT‘W‘T}F‘S S‘M‘T'W
.

Start

Task A
Task B
Task C
Task D
Task E
Task F

Finish

0days
S days
4 days
5 days

1day
4 days
6 days
0days

7/24
7/24
7/24
7/31
7/28
7/28

8/7
8/15

7/24
7/28
7/27

8/4
7/28

8/2
8/14
8/15

w W N e

45

y 7/24






images/CPIMgraphic1c-t02-13.PNG
Family A: Vandalproof Commercial Doors, In-Stock All-Glass Batch: 100 1/1-3/31
Master Schedules 0 1 2 3 4 5 6 7 8 9 10 11 12 13Sum
Days in Week 4 5 4 5 5 5 5 4 5 5 5 5 5 62
Weekly Leveled Production 57 72 57 72 72 72 72 57 72 72 72 72 72| 889
Single Door (A-SD) Forecast 50 70 70 60 70 60 60 70 40 70 50 40 30| 740

A-SD Projected Available 310 317 290 220 218 190 132 144 100 62 64 40 18 59
A-SD MPS 57 43 58 42 2 72 26 2 72 26 18 71 489
Double Door (A-DD) Forecast 50 40 60 40 50 60 50 40 50 30 30 40 40/ 580

A-DD Projected Available 210 160 149 146 120 100 110 60 51 70 40 56 70 30
A-DD MPS 29 57 14 30 70 31 69 46 54 400
Forecast SUM 100 110 130 100 120 120 110 110 90 100 80 80 70|1,320

Projected Available SUM 520 477 439 366 338 290 242 204 151 132 104 96 88 89
Production SUM 57 72 57 72 72 72 72 57 71 72 72 72 71| 889
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Work Center
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99 (A-SD) 100 (A-DD) 101 (B-SD) 102 (B-DD) 103 (C-SD) 104 (C-DD)

33 0.30 0.70 0.40 0.85 0.15 0.40
13 1.90 3.7 1.85 3.6 1.65 3.2
14 0 0 0.35 0.7 0 0
Sum
(hours/unit) 2.2 4.4 2.6 5.2 1.8 3.6
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Lead

time Lot Week

Part (weeks) size MRP o 1 2 3 4 5 6 7 8 9
Gross requirements 20 20 20
Scheduled receipts

291 Projected available 10 10 10 10 10 0 O O O O
Net requirements 10 20 20
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Master Schedule: Make-to-stock Chase Production Example
Beginning inventory = 70 Safety Stock = 0 Lot size = 100

Week 0 1 2 3 4 5 6.. 12 13 14 15 16
Constrained Demand 50 60 70f 90 70 20 20 20| 20 20 20
Customer Orders 48 66 57 62 30 O 0 0 0 0 O
Projected Available Balance 70 22 56 99| 9 39 19 99 79| 59 39 19
Master Production Schedule 100 100 100 100

Demand Time Fence Planninq‘ Time Fence
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Discrete ATPperiog3 = 50 Units — (15 Units + 11 Units) = 24 Units
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Part C, Week 3:7 + 0+ 0 — 4
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Families A, B and C: Vandalproof Doors 1/1-3/31

Master Schedules 1 2 3 4 5 6 7 8 9 10 11 12 13 SUM
Family A (In Stock)

A Single MPS 57 43 58 42 2 72 26 2 72 26 18 71 489

A Double MPS 29 57 14 30 70 31 69 46 54 400
Family B (Custom)

B Single MPS 50 50 50 30 10 20 20 30 20 20 20 320

B Double MPS 20 20 20 30 40 20 10 20 40 20 10 250
Family C (Custom)

C Single MPS 30 20 20 20 30 20 30 20 20 40 50 300

C Double MPS 50 10 50 30 40 50 30 40 20 20 340

MPS SUM 127 172 127 172 172 172

172 127 171 172 172 172 171

2,099
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Families A, B and C: Vandalproof Glass Commercial Doors

Polycarbonate Work
supplier, Labor Center 23
Recycled (standard (standard
Product (tons) hours) hours)
Family A: In-Stock All-Glass 0.0036 3.3 0.7
Family A Single Door (A-SD) 0.0024 2.2 04
Family A Double Door (A-DD) 0.0048 4.4 0.8
Family B: Custom All-Glass 0.0038 3.9 0.7
Family B Single Door (B-SD) 0.0025 2.6 0.5
Family B Double Door (B-DD) 0.0051 5.2 0.9
Family C: Custom w/Small Window 0.0009 2.7 0.2
Family C Single Door (C-SD) 0.0003 1.8 0.1
Family C Double Door (C-DD) 0.0015 3.6 0.3
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Frozen Zone Slushy Zone Liquid Zone
Period 1 2 3 4 5 6 7 8 9 10
Constrained demand 20 22 21|25 24 23 21 21 25 25
Customer orders (backlog) 19 17 15 | 11 9 5 2 1 0 0
Projected available balance (PAB) 50 31 14 49 | 24 50 27 6 35 10 35
Discrete ATP 14 24 34 49 50
Cumulative ATP with look-ahead 14 38 72 121 171
Cumulative ATP without look-ahead 14 49 90 139 189
Master production schedule (MPS) 50 50 50 50
— —
Demand Planning
Time Fence Time Fence

(management determined) (longest cumulative lead time)






images/CPIMgraphic1d-t03-13.PNG
Part Lead Week

Number Time 1 2 3 4 5

A Planned Order Receipt
1 Planned Order Release 1

B Planned Order Receipt 2/
1 Planned Order Release 2

c Planned Order Receipt 4 \4 ()
2 Planned Order Release 4 4

D Planned Order Receipt }2(
1 Planned Order Release 2

E Planned Order Receipt (VS / 4
2 Planned Order Release 8 4
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Master Schedule: Make-to-stock Chase Production Example
Beginning inventory = 70 Safety Stock = 0 Lot size = 100

6 ...

Week o 1 2 3 4 5
Constrained Demand 50 60 70f 90 70 20
Customer Orders 48 66 57| 62 30 O
Projected Available Balance 70 22 56 99| 9 39 19
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Period: 1 2 3 4 5 6 7 8
Item A (L4L, lead time = 2):

Gross requirements Item A 10 100 10
Net requirements 10 100 10
Planned order receipts 10 100 10
Planned order releases 10 100 10
Component B requirements (Lot size = LFT, Lead time = 1):

Gross requirements 10 120 20| 10| 10
Scheduled receipts

Projected available ‘100 10090190 0| 0O | O] O

Net requirements 3020 | 10| 10
Planned order receipts 30(20| 10| 10
Planned order releases 30| 20| 10| 10
Component C

From item A P/O at 2 per 20 200 20

From component B P/O at 2 per 60 | 40 | 20 | 20

Service part demand 1010|1010 |10 | 10| 10| 10
Gross requirements for Component C | 10 | 30 | 70 (250 30 | 50 | 10 | 10
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Master Schedule: Make-to-stock Chase Production Example
Beginning inventory = 70 Safety Stock = 0 Lot size = 100
Week 0 1 2 3 4 5 6
Constrained Demand 50 60 70 90 70 20

Customer Orders
Projected Available Balance 70 20 -40
Master Production Schedule
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Master Schedule: Make-to-stock Chase Production Example
Beginning inventory = 70 Safety Stock = 0 Lot size = 100

6...

Week 0 1 2 3 4 5
Constrained Demand 50 60 70 90 70 20
Customer Orders 48 66 57| 62 30 0
Projected Available Balance 70 22 56 99| 9 39 19
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Available-to-Promise 22 34 -19 70
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0 0 0 0 O
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Action message: Reschedule MPS period 6 to period 5?

Frozen Zone Slushy Zone Liquid Zone
Period 1 2 3 4 5 6 7 8 9 10
Constrained Demand 20 22 21 25 24 23 21 21 35 25
Customer Orders (Backlog) 19 17 15 | 11 9 5 2 1 0 0
Projected Available Balance (PAB) 50 31 14 49 | 24 0 27 6 35 ] 50 25
Master Production Schedule (MPS) 50 50 50 50
Safety stock = 5 units «— «—
Lot size = 50 units Demand Planning
Time Fence Time Fence

(management determined) (longest cumulative lead time)
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Family A: Vandalproof Commercial Doors, In-Stock All-Glass January 1 to March 31
Weekly Forecast by Product 1 2 3 4 5 6 7 8 9 10 11 12 13 SUM

Family A Single Door (A-SD) 50 70 70 60 70 60 60 70 40 70 50 40 30| 740
Family A Double Door (A-DD) 50 40 60 40 50 60 50 40 50 30 30 40 404 580
SUM 100 110 130 100 120 120 110 110 90 100 80 80 70 1,320

Monthly SUMs (not exact) 440 460 420 1,320






images/CPIMgraphic2-3b-t03-14.png
1

2

3

4

5

6

7

8

Compontent C (Lot size =@50) Safety

stock =(15,)Lead time = 2)

Gross requirements 10 | 30 |(70)[250[ 30 | 50 | 10 | 10
Scheduled receipts - -

Projected available  [120]110{(80)|160] 60 | 30 [130]120]110
Net requirements —|(5)[105 35
Planned order receipts 150)| 150 150

Planned order releases 150[150] — [150






images/mathml_id209DML0027Q.png
Net Requirements = Gross Requirements —

Scheduled Receipts — Prior Projected Available





images/CPIMgraphic21-02.png
T
y &
=3

Degree of contact between
customer and service provider

—

.
o
=

High «—— Sales opportunity ——— Low

Customer interaction | In person, fully
and reactive to customizable service

requirements

In person, service
options allowed

Customer
interaction but
no customization

In person, tightly
specified services

Phone or
video contact

No direct M

customer [

interaction Direct
mailings

Low «— Production efficiency — High






images/mathml_equation-block_gs2_v4z_ddc.png
ATP periog1 = 50 + 0 — (19 + 17) = 14 Units
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RCCP report, prior to adjustment
Adjusted load and capacity: weeks 32 to 35, in hours per week

Work center 1226 | 32 33 34 35 Total

Standard hours 64.80 | 64.80 55.80 | 42.98 | 228.38
Capacity available | 58.25 | 58.25 58.25 | 58.25 | 233.00
Over-/underload 6.55 6.55 (2.45) | (15.27) | (4.62)

MPS for weeks 32 to 3IS, in units Revised MPS :)r weeks 32 to 35, in units
Work center 1226 | 32 33 34 | 35 | Total Work center 1226 | 32 | 33 | 34 | 35 | Total
Product 1 180 | 180 360 Product 1 161 | 161 | 38 360
Product 2 180 | 36 | 216 Product 2 142 | 74 | 216
Product 3 144 | 144 Product 3 144 | 144
Total 180 | 180 | 180 | 180 | 720 Total 161 | 161 | 180 | 218 | 720

RCCP report, revised
Adjusted load and capacity: weeks 32 to 35, in hours per week

Work center 1226 | 32 33 34 35 Total

Standard hours 57.96 | 57.96 57.70 | 54.76 | 228.38
Capacity available | 58.25 | 58.25 58.25 | 58.25 | 233.00
Over (under) load | (.29) (.29) (.55) | (3.49) | (4.62)
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Cumulative ATP Without Look-Ahead next MPS Period =
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Original MRP

Lead
time Lot Week
Part (weeks) size MRP 01 2 3 45 6 7 89
Gross requirements 20 20 20 20 20
Scheduled receipts 20 20
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Family A: In-Stock All-Glass Vandalproof Commercial Doors
Product: Family A Double Door (A-DD) Part Number: 100
Description: Vandalproof glass double doors, silver trim

Part Number Description Quantity Units
202 Door, Family A 2 Each
422 Handle and crashbar, silver 2 Kit
323 Lockset 2 Kit
735 Door frame, double, silver 1 Each
682 Hydraulic closer, silver 2 Each
502 Hardware Kit 1 Kit
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Master Schedule: Make-to-stock Chase Production Example
Beginning inventory = 70 Safety Stock = 0 Lot size = 100
Week o 1 2 3 4 5 &6
Constrained Demand 50 60 70 90 70 20

Customer Orders
Projected Available Balance 70 20 60 90 0 30 10
Master Production Schedule 100 100 100
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Family A: Vandalproof Commercial Doors, In-Stock All-Glass
Month o 1 2 3 4 5 6 7 8 9 10 11 12SUM

Sales Plan 460 450 410 350 320 280 250 190 150 180 270 410| 3,720
Production (Leveled) 300 300 300 300 300 300 300 300 300 300 300 300| 3,600
Ending Inventory 520 360 210 100 50 30 50 100 210 360 480 510 400
Average Inventory 440 285 155 75 40 40 75 155 285 420 495 455
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Families A, B and C: Vandalproof Doors

Work

Total

Center 1 2 3 4 5 6 7 8 9 10 11 12 13 Hours

33 54 75 63 71 69 9% 75 59 88 66 98 82 53
13 340 403 336 392 439 535 442 323 525 393 529 473 354
14 14 32 18 32 11 25 28 21 14 25 35 21 14

948
5,484
287

1/1-3/31
Forecast
Work Center
%
14%
82%
4%

Total Hours 408 509 417 494 518 655 544 403 628 483 662 576 422

6,719

100%
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Period: 2| 3|4|5|6 |78
Item A:

Gross requirements 10 100 10
Net requirements 10 100 10
Planned order receipts 10 100 10
Planned order releases 10 100 10

Item F: f

Gross requirements 20| 20 10
Net requirements }{ 20| 20 10
Planned order receipts “ 20| 20 10
Planned order releases ‘\ 20| 20 10
Component B requirements: \

From item A P/O releases at 1 per 10 \ 100 10

From item F P/O releases at 1 per \ 20 | 20 10
Gross requirements for Component B 10 @20) 20|10 | 10
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Part Week
Number Time 0 1 2 3 4 5
Gross Requirements 40 50 60 40 50
Scheduled Receipts 50
c Projected Available 40 0 0 40 0 0
Net Requirements 60 50
Planned Order Receipt 100 50

2 Planned Order Release

100 50F
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Part Lead Week
Number Time 2 3 4 5] 6
Gross Requirements 4 4
Scheduled Receipts 5
c Projected Available 7 3 3 1 1
Net Requirements 1 1
Planned Order Receipt
2 Planned Order Release
Gross Requirements 8 4
Scheduled Receipts 5
E Projected Available 9 1. 3 -3 -3
Net Requirements 3 3 3
Planned Order Receipt
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Gross Requirements 16 6
Scheduled Receipts 5
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Part Lead Week
Number Time 2 3 4
Gross Requirements 4
Scheduled Receipts 5
c Projected Available 7 3 3
Net Requirements
Planned Order Receipt
2 Planned Order Release 5
Gross Requirements 8 4
Scheduled Receipts 5
E Projected Available 9 1 2
Net Requirements 3
Planned Order Receipt 5
2 Planned Order Release 5
Gross Requirements 16 6
Scheduled Receipts 5
G Projected Available 13 2 1
Net Requirements 3 4
Planned Order Receipt 5 5
2 Planned Order Release 5
Gross Requirements 2
Scheduled Receipts
H Projected Available 1 1 4
Net Requirements 1
Planned Order Receipt 5
1 Planned Order Release 5
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Demand variability
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Week Week
MRP 01 2 3 45 67 8 9 01 2 3 45 67 8 9
Gross requirements 20 20 % @ 20 20 20020 QZO
Scheduled receipts 20 20 20 20
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Family B 900cc Parallel Twin Engine
Beginning inventory = 10 Safety Stock = 10 Lot size = 60

Week 0 1 2 3 4 5
Forecast for Option 20 20 20 20 20
Customer Orders 23 20 8 0 0
Projected Available Balance 10 47 27 67 47 27
Master Production Schedule 60 60

Available-to-Promise (Discrete) 27 52






