
 

Production control and demand management in capacitated
flow process industries
Citation for published version (APA):
Fransoo, J. C. (1993). Production control and demand management in capacitated flow process industries. [Phd
Thesis 1 (Research TU/e / Graduation TU/e), Industrial Engineering and Innovation Sciences]. Technische
Universiteit Eindhoven. https://doi.org/10.6100/IR391074

DOI:
10.6100/IR391074

Document status and date:
Published: 01/01/1993

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR391074
https://doi.org/10.6100/IR391074
https://research.tue.nl/en/publications/251d0588-8616-47ab-a373-260702eaf745




Production Control and Demand Management 

in 

Capacitated Flow Process Industries 



Production Control and Demand Management 

in 

Capacitated Flow Process Industries 

PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de 

Technische Universiteit Eindhoven, op gezag 

van de Rector Magnificus, prof.dr. J.H. van 

Lint, voor een commissie aangewezen door het 

College van Dekanen in het openbaar te verde

digen op dinsdag 16 februari 1993 om 16.00 uur 

door 

Jan Cornelis Fransoo 

geboren te Pijnacker 



Dit proefschrift is goedgekeurd door de promotoren 

prof.dr.ir. J.W.M. Bertrand 

en 

prof.dr. J. Wijngaard 

CJP-gegevens Koninklijke Bibliotheek, Den Haag 

Fransoo, Jan Comelis 

Production control and demand management in capacitated 

flow process industries I Jan Comelis Fransoo.

Eindhoven: Technische Universiteit Eindhoven 

Proefschrift Eindhoven. - Met lit. opg. - Met samenvatting 

in het Nederlands. 
ISBN 90-386-0211-1 

Trefw.: produktiebeheersing I procesmatige fabrikage I 
logistieke besluitvorming. 

NBC 85.35 UDC 65.012.2 

Druk: Febo, Enschede 

© 1993, J.C. Fransoo, Eindhoven 



Preface 

Tbis doctoral thesis is the result of a four-year research project. The project initially aimed 

at developing a production control concept for process industries, but soon limited itself 

to flow process industries. The many cantacts with business practice especially made the 

research project worthwhile. 

Tbis text presents a model which has been designed for a specific situation: the 
Elementary Flow Process Industries Production System (EFPIPS). The EFPIPS is 
characterized by a single machine, a limited number of different products, high set-up 
times and high utilization of capacity. The demand is assumed to be stochastic and 

stationary. 

The model which has been developed is a hierarchical model which consists of two levels: 
long-term capacity coordination and short-term production order scheduling. Since the 

control of cycle times and lot-sizes determines the long-term output of a production 
system like the EFPIPS, these parameters are being decided upon at the long-term level. 

This model distinguishes itself from other approaches to single machine lot-sizing and 

scheduling problems in a number of aspects. First. it considers the major part of the 

demand management decision at the aggregate leveL Second. it is based on the necessity 

to accept lost sales at the short-term, operational level. Finally, it is constructed in such 

a way that the aggregate decision (which is taken, e.g., once every year) is fairly 

comprehensive, whereas the short-term, operational decisions (which are taken very 
frequently) are fairly simple. 

The hook is intended for scientists working in the area of production control in flow 
process industries. It also provides supportive material for pracHtioners working in this 

field. It gives insight into the behavior of these production systems. However, when 
applying the theoretica! model in practice, one should remember that the model has been 
developed for a specific (theoretically de!med) situation. However, the basic insights 

provided in the thesis, such as the tactical role of demand managementand the importance 

V 
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of cycle time control at the operationallevel, should form the basis of designing practical 

production control systems in capacitated flow process industries. The case description in 

Chapter 7 illustrates this view. 
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Chapter 1 

Introduetion and Problem Formulation 

In this monograph we will study a single-machine multi-product production system under 

tight capacity constraints. We will especially focus on the production control tunetion in 

such a system. In our study, we will address both the managerial aspects and the 

scheduling aspects of the problem. The practical relevanee of studying such a system has 

originated from process industries. 

Since the fust attempts towards a more scientific approach to production organization and 

production control by people like Frederick Taylor, the major focus bas been the 

manufacturing of discrete products. Most of the conceptual frameworks developed in the 

1960s and 1970s and the information systems based upon these frameworks were aimed 

at manufacturers of discrete products. For a long time, managers in process industries were 

not interested in any production control ideas from practitioners and scientists in the field 
of production and operations management. The main emphasis was on process control and 

due to the little product variety, and the large quantities of a single product produced,little 

need for more advanced theories on production control existed. 

Process industries are distinct from manufacturers of discrete products. The American 

Production and Inventory Control Society (APICS) defines process industries as 

"businesses that add value by mixing, separating, forming, or chemica/ reactions. 
Processes may be either continuous or batch and usually require rigid processcontroland 
high capita/ investment" (Wallace 1984). This definition includes, typically, firms involved 

in the production of processed food, paper and cardboard, chemicals, crude oil, rubber and 

plastic goods, synthetic threads and fibers, building materials, pottery and glass, primary 

metals and energy (Koene 1988). 

1 



2 Chapter 1 

According to the APICS-definition, a distinction can be made between two different kinds 

of process industries, namely: batch process industries and flow process industries. Batch 
process industries are characterized, in general, by several processing steps, different 
product routings, a mainly convergent materlafs flow ("assembly") and a high added vafue. 
Examples of batch process industries include phannaceuticaf and other fine chemicaf 

industries. Flow process industries are characterized by one (or very few) process steps, 
the same process routing for all products, a divergent materlafs flow, and a low added 

vafue. Examples of flow process industries include bulk chemicafs, glass manufacturing, 
paper production and steel molding. Batch process industries and flow process industries 
each need a different production control approach. Studying production control in process 
industries therefore requires the researcher to make a choice between the two./n this study 

we focus on flow process industries. 

Most of the flow process industries can be found upstream in the chain of production 

companies. Many flow process industries process raw (natura!) matenals and supply other 
companies. Other flow process industries directly supply wholesalers or the consumer 

market These industries can especiafly be found in the food sector and differ in some 
aspects from the flow process industries referred to before. The most prominent difference 

is the number of different products, which is considerably larger in industries closer to the 
consumer market 

In the established production and operations management literature, many articles and 

books notice the trend towards more varlation in products, smaller quantities and higher 
quafity and reliability standards. This trend was initiated at the end of the sixties at the 
consumer market It first caused production control problems at the manufacturers of 
(usuafly discrete) consumer goods, which are located downstream in the chain of 

production companies Gust as the food manufacturers referred to above). Later the trend 
moved up further in the chain and affected the management in flow process industries. 

The situation in which a lot of busmesses in flow process industries currently find 

themselves, is illustrated by two descriptions of such companies in the first section of this 
chapter. In that section we will see that a limited variety of products is produced at 

installations that aflow hardly any variety. In the second section, we will elaborate on the 
characteristics of the problem to be studied in this research. The chapter will be concluded 

by an overview of the thesis contents. 
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1.1. Process Industries in Practice 

The nature of the production control problem in flow process industries will be illustrated 
by descrihing two companies: a glass manufacturer and a producer of chemicals. Both 

plants are located in the Netherlands. One of the companies is owned by a non-Dutch 

European company, while the other is a production site of a North American manufact
urer. The glass company will be used as an mustration throughout this text and will be 

discussed in complete detail in Chapter 7. 

1.1.1. Process Industries in Practice. (1): Packaging Glass 

The company is a subsidiary of a European packaging company with plants in five 
countries. The company owns five glass manufacturing companies. The Dutch plant, the 
second largest of the five, produces botties and jars. Botties account for little less than half 
of the annual turnover, while jars account for the rest. 

Fumace 

a 
Selection Packaging 

Exhibit 1.1 Production process at the glass manufacturing company 

A simplified picture of the manufacturing process is presented in Exhibit 1.1. In the 

manufacturing process, three steps can be distinguished: 
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Mixing the raw matenals and processing fluent glass (batch and furnace) 

Manufacturing the products (hot end) 

Selecting and packaging the products (cold end) 

The Dutch plant bas three furnaces, two of which are used for the production of flint 

glass, while the third one produces green glass. The processing of glass is a continuons 

process where raw matenals are fed into the furnace. A fumace always produces the same 

kind of glass. There are no change-overs in this part of the process. The plant operates 

round-the-clock, 365 days per year. Extra production capacity within the plant is not 

available. 

Each furnace feeds fluent glass to two, three or four glass forming machines. There the 

actual product is formed; on average about 12-15 different products per glass forming 

machine. After the glass forming the newly formed bottie or jar is cooled down, the 

selection takes place (the products which do not meet the quality standards are fed back 

into the fumace) and the botties are packed. 

A production run typically runs for several days up to, in some cases, more than a month. 

If a production run ends and a new run bas to he set up, the molds in the glass forming 

machine have to he exchanged, the inspeetion equipment bas to he adjusted and the 

packaging installations may have to he rebuilt. This takes considerable time and operator 

capacity. Additionally, once the new production run bas been started, it takes considerable 

time before an acceptable yield is reached. The total capacity loss due to a change-over, 

which ranges from about one to twelve hours, depends on the similarity between the two 

consecutively produced botties or jars. 

The market for the glass manufacturing company is an industrial market. The Dutch plant 

bas a few major customers which account for a large portion of the total demand. Usually 

blanket type orders and contracts are made with the customer. These contracts result in 

a rather good insight into the future demand. Based on the long-term (i.e., one year) 

demand expectations and blanket orders, a sales budget is made. Annually, this sales 

budget is compared to the production budget. The most important reason for this 

comparison is to check whether all quantities meant for blanket orders can he produced 

and, additionally, to see how much "free" capacity remains. The management team, the 

production department and the marketing department are involved in this decision. The 

production planner belongs to the marketing department 

In realizing the sales budget it is important that the blanket orders are met: the service 
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levels should be as planned in the annual budgeting process. The short-term production 

planning is focused on the glass forming machine. The objective of the production planner 

is to minimize the number of chaoge-overs, while being able to deliver the planned 

demaod out of stock. Any additional demaod will be delivered, if this does not vialate 

long-term commitments decided on at a higher level. 

1.1.2. Process Industries in Practice (2): Cbemicals* 

We consider a production site of a major North Americao chemical compaoy. Several 

production plaots are located at the production site. Our attention is focused on one of 

these plaots which produces a number of chemical products with eertaio unique 

characteristics. Basically, the input consists of two kinds of monomer aod a number of 

additives. From these inputs about 15 different polymers are produced. 

The monomers are produced in a supplying plaot, which also delivers these monomers to 

two other plaots at the sarne site. The polymers are produced in a continuons process. The 

traasformation process of the monomers into the polymers takes place in one step. Tbere 

is no starage of intermediate products, except if something goes wrong in the production 

process. 

The maoufacturing process is poorly controlled aod the yield is very unpredictable. This 

is mainly caused by the fact that the plaot is rather young. Also, set-up aod chaoge-over 

times are very long aod raoge from 12 hours to several days. During the chaoge-over, the 

tubes aod reactors have to be cleaoed, aod the new product bas to be started up. Because 

of the high chaoge-over times, products are maoufactured in large batches of up to several 

weeks. Also this plaot is operated continuously aod extra capacity within the plaot is not 

available. 

The customers of the plaot are the local sales orgaoizations of the chemical compaoy. 

These are located at different places throughout the world. Every month a sales forecast 

is generated, based on bistorical data aod forecasts from the local sales organizations. The 

forecast is a rolling forecast, twelve months ahead. Based on these forecasts, the 

production schedule is made. The schedule is made twelve months ahead. It is checked 

- using ao MRP-system - whether all expected customer orders can be delivered. This 

is the main objective of the planner. Besides this, the planner also has to eosure that the 

* The description of the chemica! plant is basedon Verweij (1991). 
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inventory stays below the limits set by the manufacturing board of the company in North 

America. 

1.2. Problem Definition 

In this thesis we concentrate on flow process industries. From the descriptions in the 

previous section, we may conclude that the dominant characteristics are the following: 

A single machine 

A limited number of products 

Products which may differ in contribution, co st structure and demand characteristics 

High change-over times 

A high utilization of capacity 

1.2.1. Characterization of Flow Process Industries: the EFPIPS 

In flow process industries it is usually easy to distinguish the bottleneck operation (to be 

considered as a single machine), since it is the dominantprocessin the production plant. 

This process generates the largest portion of the added value. The process installation is 

quite expensive. A company may have several bottleneck operadons in a parallellay-out. 

For instance, in the glass manufacturing company the scarce capacity concemed the glass 

forming machines, eight of which are available. The interchangeability of products 

between the lines however was very limited, so that for production planning purposes each 

machine could be considered a single machine without any relevant interaction with any 

of the other glass forming machines. 

From the examples in the previous section it already appeared that the number of different 
products manufactured on a single bottleneck facility is limited. This is probably related 

to the design of the installations, which havenotbeen developed to produce a multitude 

of different products. Physical and chemica! characteristics of the manufacturing process 

often prevent fast change-overs and therefore limit the variety of products. On the other 

hand, market forces drive the business towards increasing the product variety. Most 

companies that do not want to change their basic control concept from make-to-stock to 

make-to-order, will try to limit the number of varietles being part of the business product 

mix. 
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Unfortunately the relation between the technical characteristics of a product and the 

market characteristics is not straightforward. In the glass manDfactoring company, the 
botties and the jars are delivered to different market segments, while some botties and jars 

may be produced on the same glass forming machine. So the products which are 
manufactured on the same single machine may have completely different contribution 

margins. Also inventory and set-up cost (or expenses) may differ considerably between 

the varloos products. Set-up cost is most likely to be correlated totheset-up time (which 
is related to the technical - manufacturing - characteristics of the product). Inventory 

casts are calculated in many different ways by companies, depending on the material 

value, the kind of warehouse used, the absolute volume occupied, etc. A direct relation 

to the manufacturing process does not necessarily exist. 

As mentioned above, product change-overs are a principal aspect of production planning 

and control in flow process industries. Changing over not only yields capacity loss, but 

may also lead to extensive use of operator capacity (as illustrated in the glass manufactur
ing company) or material (as in the chemica! company). Changing over bas capacity and 
cost effects. 

Finally, we have observed that the utilization of capacity is high. Since set-up times are 

high, this leads to high inventories. Additionally, the flexibility in the manufacturing 
processis low doe to the lack of spare capacity. Nevertheless all good busmesses keep the 
utilization rate very high (95-100%). To onderstand this, we should realize that the 
installations are very expensive. A decrease in utilization would have a considerable effect 

on the cost price. Since these goods generally are commonalities (see also Taylor et al. 
1981), this increase in cost price would force the company out of business. On the other 

hand, increasing capacity is difficult, since small increments are not possible. These large 

installations either force the company to expand the capacity in large increments or not 

at all. So either way - decrease of utilization or increase of capacity - very little 

decision space is available. 

We will call the production system characterized above the Elementary Flow Process 

Industries Production System (EFPIPS). The EFPIPS will be the object of analysis 

throughout this study. 

1.2.2. Production Control in the EFPIPS 

The problem to be studied in this thesis is how to control production in an EFPIPS. The 
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EFPIPS bas been discussed in the previous subsection. We will now discuss the 

production control issue. 

Hertrand et al. (1990) define production control as: 

the coordination of supply and production activities in manu
facturing systems to achieve a specific delivery flexibility and 
delivery reliability at minimum cost (Bertrand et al. 1990, 17) 

In order to detennine whether this definition is suitable for the EFPIPS environment or 
whether it needs some adaptations, we will discuss this definition in more detail. It is 

obvious that the coordination aspect of any control function is its central issue. In any 

organization or organizational unit where several actlvities are performed simultaneously 
or consecutively, coordination of these actlvities is necessary to ensure that they lead 

towards the same objective. In line with the work of Bertrand et al., we will especially 

emphasize the actlvities on the demand side of the production process: order delivery. 
This includes the control of inventory and the control of the flow of products which are 

taken from this inventory. We do notintend to include the distribution phase. Furthermore, 
the supply actlvities are not an essential part of the problem area to be investigated. Tbis 

is caused by the material flow divergence and the product structure simplicity. 

The production control problem to be addressed in this thesis will not be focused on an 
arbitrary manufacturing system, but on the EFPIPS. It is important to note that the 

inventory of finished products is an indispensable part of the EFPIPS; the system to be 
studied does not only include the manufacturing system. 

The last part of the definition cited above refers to the objectives of production controL 

It bas been noted in the description of the EFPIPS that this production system is the 
bottleneck and determines to a great extent the profitability of the business. We use profit 
as a primary performance measure. The EFPIPS is a make-to-stock production system. If 

a customer order arrives, it is either delivered from stock (accepted) or not delivered at 

all (refused). Demand is not backlogged. To remain within any strategie objectives 

regarding acceptance rate (flexibility and reliability), we will include these as constraints 
in the formulation. 

Summarizing, our definition for production control in this thesis, referring to the 
environ1nent described in the previous subsection, is: 

the coordination of production and order delivery activfties 
in Elementary Flow Process Industries Production Systems 
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in order to maximize the profit under specific acceptance 

constraints. 

9 

In this work, we will not address the complete decision space. For the production aspect, 

we will limit the decision to the timing of the production runs: when to produce which 

product for how long (or how many)? For the order delivery aspect the decision will be 

limited to the demand to be filled: which product demand to fill for what quantity? We 

will not address other production actlvities to be coordinated, such as maintenance 

activities, persounel planning, and quality control activities. 

1.2.3. Initial Problem Analysis 

From the specific production control definition, it becomes clear that we will focus on 

three decision making functions, viz: 

Production function 

Order delivery (acceptance) function 

Coordination function 

The objective of the coordination function is to coordinate the two other decision making 

functions. The view of the coordination function is long-term, while the production and 

acceptance functions are focused on the short-term. 

The nature of a long-term decision function is distinct from the nature of a short-term 

decision function. The objective of the long-term decision function will be to ensure that 

the production system will be able to reach its objectives over more than one time period, 

while the objective of the short-term function is to maintain control within the long-term 

objectives. In the EFPIPS, the long-term decision function is responsible for the 

coordination of the production function and the acceptance function. The coordination 

between manufacturing and marketing is an important organizational issue in any real-life 

business. Not only the objectives ofthe coordination function and the operational function 

are different, the available data differ as well. On the long term usually only aggregate 

data are known and uncertainty is relatively high. Data can be aggregated over time, over 

products, or over both time and products. Decisions are mostly based on forecasts. In the 

short term much more information is available, so that decisions can be based on actual 

demand and inventory positions. 

Also, the decision parameters to be influenced on the long term are distinct from the ones 
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in the short run. In the long run, decisions can be taken about the volume to be produced 

(how many products) and the importance of some products over others (priority setting 

or even priority capacity allocation). Also, the inventory norms which are necessary to 

reach the volume required to be produced can be set It is clear that a larger annual 

volume requires Jonger production runs (to decrease the capacity needed for set-up). 

Longer production runs require a higher inventory level. In the short run, detailed 

decisions regarding customer order acceptance and production order scheduling are taken. 

The acceptance decision is about whether or not to accept specific custotner orders. The 

scheduling decision delermines the sequence and the batch quantities. The run-length 

(batch quantity) is the most dominant parameter to be influenced at the operational (short

term) level. 

In this text, we will only address the tactical and operational decision levels. We will 

assume that the strategie operations management decisions have been made. These 

strategie decisions refer to the determination of: 

Available (gross) capacity 

Productmix 

Minimum service levels for specific (strategically important) products 

The nature of the problem is hierarchical. The hierarchical approach towards production 

planning and control is advocated in the literature for three reasons. The first refers to the 

uncertainty which exists in the long run. This uncertainty makes it impossible to set up 

a detailed plan for the long term. Therefore, hierarchicallevels are introduced. Each of the 

hierarchicallevels deals with a different level ofuncertainty. This is in line with the work 

of Bitran and Hax (1977). The second reason to choose fora hierarchical approach is the 

complexity of a monolithic model. A monolithic model requires detailed scheduling 

information to be projected out to a long-term horizon. This may cause severe computa

tional and data input problems (Silver and Peterson 1985, 515). The third reason is 

provided by Meal (1984), who states that the production control system should fit the 

organizational structure. It is clear that different organizationallevels decide on long-term 

and short-term issues. This should be reflected in the decision structure. The different 

organizationallevels deciding on tactical and operational issues in the production control 

area can also be distinguished in the case descriptions inSection 1.1. 

The most prominent reason for a hierarchical approach to the problem described above is 

the difference in modeHing at each of the decision levels. At the long-term level, a profit 

maximization function may be formulated to set the logistics parameters, the central 

parameters which influence the characteristic behavior of the production control system. 
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In Chapter 3, we will see that according to our approach there are two logistics parameters 

in the EFPIPS production control system, namely target cycle time and target inventory 

level. We will demonstrate that the setting of these parameters determines the performance 

of the EFPIPS. Because of this, profit maximization is not necessary at the short-term 

level, but production control is the dominant issue. Therefore, at the short-term 

(operational) level procedures should be developed that realize - under dynamic 

conditions - the targets set at the long-term (tactical) level. This is the hierarchical 

relation between the two decision levels and involves the internat validity of the model. 

In Chapter 6 we will see that this view deviates from the hierarchical approaches known 

in the literature, such as the well-known approach developed by Hax and Bitran (Bitran 

and Hax 1977). Their approach optimizes at each hierarchical level, whereas in our 

approach there will not be another optimization at the operational decision level. 

1.3. Outline of the Thesis 

In this Chapter we have formulated the problem that will be discussed in this study. The 

object of study is the production control in flow process industries. To enable us to make 

a detailed analysis, the Elementary Flow Process Industries Production System has been 

defmed. This production system will be the starting point for the literature overview in 

Chapter 2 and the development of the production control concept in Chapters 3, 4 and 5. 
In these Chapters (3, 4 and 5), the concept will gradually be built up, from a simpte and 

uncomplicated model in Chapter 3 to a more comprehensive and complicated model in 

Chapter 5. Throughout these chapters links to the real-life flow process industries 

environment will be provided. 

In Chapter 6 we will analyze the hierarchical structure of the specific concept we have 

developed and study its methodology in comparison with more general hierarchical 

approaches from the literature. In Chapter 7, we will illustrate the practical consequences 

of the concept and the necessary adjustments made to the concept on implementation in 

the glass factory from Subsection 1.1.1. Finally, in Chapter 8, we will summarize the 

conclusions of this research and recommend avenues for further investigations. 
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Chapter 2 

Literature Review 

The problem under consideration in thls study is a control problem, which does not only 
address the integration of different organizational functions, but also directly addresses a 

decision making process. This decision making process involves many issues that have 

been discussed in the literature. This chapter aims to characterize that body of literature 

in order to use this knowledge in designing a production control structure. 

In the initia! problem analysis in Section 1.2.3, three decision making functions have been 

distinguished, viz: 

long-term capacity coordination between marketing and manufacturing 

short-term customer order acceptance 

production order scheduling 

The purpose of the current chapter is to position these aspects in the available literature. 

In doing thls, we will be able to determine in which respect our research questions differ 

from the publisbed ones, and in which respect they farm an extension of the publisbed 

literature. We do notintend to cover all publications in the areas reviewed. 

This chapter consists of four sections. The first three sections will briefly characterize the 

literature covering each of the current probiem's aspects: long-term marketing-manufactur

ing coordination inSection 2.1, customer order acceptance inSection 2.2, and production 

order scheduling in Section 2.3. 

The final section of thls chapter will discuss the relevanee of the available literature for 

our research question. 

13 
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2.1. Long-term Marketing-manufacturing Coordination 

The publisbed academie research on the long-term marketing-manufacturing coordination 

problem has little similarity with current business practice. Most of the publications are 

a mathematical extension of the classical aggregate planning problem. The tormulation of 

the aggregate planning problem by Holt et al. (1960) (HMMS) is the starting point for 

much research in this area. HMMS studied the production costin apaint factory. They 

introduced aso-called pseudoproduct repcesenting a general paint type. Variables to be 

decided upon each month included: inventory level, production rate and work force. The 

costs were represented by quadratic functions. The majority of the roodels presented in the 

literature, dealing with the aggregate planning problem, address a problem which is similar 

to the HMMS formulation: virtually the same decision variables and a single pseudo

product form the basis for the problem formulation. Variations may consist of different 

cost functions, etc. 

Darnon and Schramm (1972) extend the production smoothing problem to a marketing

manufacturing coordination problem. They construct a large monolithic model based on 

the HMMS production cost model, an advertising/demand marketing model, and an 

investment model to cover the financial implications. Their model has the same basic 

structure and assumptions as the HMMS model: it assumes the possibility of creating a 

pseudoproduct to repcesent the whole product mix. A similar model is presented by Leitch 

(1974). 

In the early 1980s some research has been publisbed which considers the problem in a 

decentralized model. Freelanq (1980) presents an iterative model in which the marketing 

department chooses its advertising strategy while the production department -

independently - chooses its production level. Marginal costs are transferred back and 

forth to come to a joint optimum. Abad analyzes this problem in a series of publications 

(Abad 1982a, Abad 1982b and Abad and Sweeney 1982). He compares a decentralized 

and a centralized planning approach in different situations. The centralized model is 

composed of the Vidale-Wolfe model relating advertising to demand rate and the HMMS 

model mentioned .above. Unlike the other publications on centralized planning models, 

A bad does not conclude that the centralized model is better per se. In a number of 

situations the decentralized model works just as well as the centralized approach. 

Galbraith (1969) analyzes the production smoothing problem from a more general point 

of view. He describes several ways an organization can anticipate and react to demand 

fluctuations prior to applying an optimization algorithm (see Exhibit 2:1). All papers 
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lndepenfknt Strategies 

Buffering substitutes 
Dernand influence · 
Adaptation 

Coordinative Strategies 

Competitive coordination 
Bargaining 
Coalition 

Exhibit 2.1 Organizational smoothing strategies (Galbraith 1969) 
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described above use strategies from bis category "buffering substitutes". These strategies 

could imply to vary one or some combination of the following factors: utilization of fixed 

facilities, inventory, customer service, level of workforce, utilization of workforce, 

subcontracting, and product mix. Buffering substitutes is one out of three independent 

strategies; the other two are influencing demand and adaptation. Independent strategies 

include all strategies which involve only one organization imptementing the strategy. 

Influencing demand through advertising, pricing or promotion is a factor which is 

considered in many of the publications mentioned above. The adaptation process Galbraith 

refers to, is concerned with more structural adaptations of the company to be able to 

absorb varying demand levels. 

Next to independent strategies, Galbraith distinguishes coordinative strategies. This refers 

to a group of organizations acting in a coordinated fashion so as to obtain solutions to 

joint problems. An interesting application of these principles in a process-like environment 

can be found in Konijnendijk and Wijngaard (1991). 

2.2. Customer Order Acceptsnee 

The customer order acceptallee function in a company is the function that decides whether 

or not to accept a customer order. Aspects of this function have been discussed in the 

literature for multi-level systems (MRP-like) and for single-stage inventory systems 

(rationing). 

Vollmann et al. (1988) address the demand management function, which they define as 

"forecasting, order entry, order-delivery-date promising, customer order service and other 
customer-contact-related services" (Vollmann et al. 1988, 408). On discussing the demand 

management techniques, they focus on forecasting. 

The demand management and order acceptallee functions are worked out in more detail 

by Guerrero and Kern (1988). They conclude that many firms operate an order entry 

process instead of an order acceptallee process. This may lead to higher cast and less 
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profitability. A framework for demand management is presented by Guerrero in a later 

paper (Guerrero 1991). He describes an assemble-to-order environment, where 

subassemblies are made to stock, and the final assembly is performed on order. A metbod 

is presented which allocates production capacity to customer orders. The performance is 

evaluated by the service level and the amount of work in process. His allocation scheme 

proves to be quite effective. Also Guerrero mentions that more attention should be paid 

to the capacity/service trade-off. 

The rationing problem was essentially introduced by Veinott (1965), but described in more 

detail by Nahmias and Demmy (1981). The problem considers one item which is held in 

stock, and two demand classes: high priority demand and low priority demand. Two 

inventory norms are distinguished (see also Exhibit 2.2): 

Remder 
Level 

Support 
Level 

I 
I 
I 
I 
I 
I ------4----------

order 
trigered 

support 
levelhit order 

arrlves 

Exhibit 2.2 Reorder and support level in the rationing problem (Nahmias and 
Demmy 1981) 

1. The reorder level: if the inventory hits this level, a replenishment order is placed 

2. The support level: if the inventory hits this level, all orders with low priority will 

be backordered, and only orders with high priority will be delivered from stock. 

Nahmias and Demmy deduce an expression for the expected service level for high and 

low priority demand, in the case of a continuons review model. It is noteworthy that the 

system fill rate (fill rate of all orders, be it low or high priority) with rationing is always 

less than the system fill rate without rationing. Also, the average inventory level of the 
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system with rationing is higher than the average inventory level of the system without 

rationing. 

Haynsworth and Price (1989) present a perioctic review model, in which the support level 

varles over time and gradually decreases as the expected period of delivery comes closer. 

In each period it is then decided whether or not to accept low priority orders, comparing 

the beginning inventory level in that period and the required service level for high priority 

orders. Their main conclusions are: 

1. If a positive safety stock exists, the effects of rationing are very small, i.e., the 

service level for high priority orders is hardly increased if rationing is applied. 

2. If large order quantities are used, and if the management objective is to provide tbe 

costomers witban overall highfill rate, then a no-rationing policy would seem to 

be in order. 

3. If relatively high reorder points are used, the utility of rationing is marginal. 

Haynsworth and Price also discuss the managerial aspects of the implementation of a 

rationing policy. First of all, it is required that management decides which demand will 

be classified as high priority and which demand as low priority. Second, it should be 

decided what will be the required flll rate for the high priority orders. 

2.3. Production Order Scheduling 

On consictering the problem of scheduling a single machine, two essentially different 

problems can be distinguished: 

1. Scheduling separate jobs, each with a specific workload, due date and other 

characteristics 

2. Lot-sizing and scheduling of a number of products, for which demand is generated 

continuously. 

In the former instance, we can speak of a make-to-order situation where a customer order 

and a production order are essentially the same. In the latter instance, customer orders and 

production orders are not the same; a production order will generally cover more than one 

customer order. We will consicter tbis as a make-to-stock situation, though a combination 

of make-to-order and make-to-stock is possible as well. 

Since the attention of the thesis will focus on the second instanee of the single machine 

scheduling problem, we will only review the literature concerning that part. 
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2.3.1. Detenninistic Lot-sizing and Scheduling 

A very useful typology of the literature in this area is presenred by Salomon (1990). He 

makes a distinction between uncapacitated probieros and capacitated problems. 

The uncapacitated problem is only a lot-sizing problem. lts main concern is "in 

determining production lots for multiple items over an (in)finite capacity horizon, such 

that set-up costs, inventory holding costs, production costs, and backlogging costs are 

minimized, while known demand is satisjied" (Salomon 1990, p. 29). Since there are no 
capacity constraints, any interdependence between the products is absent. Therefore, lot
sizes for each product can be detennined separately. Some ttaditional models, like the 

EOQ model (Harris 1913) and the Wagner-Whitin dynamic lot-sizing algorithm (Wagner 

and Whitin 1958), beloog to this category. 

Once capacity consttaints are inttoduced, the problem becomes much more complex. This 

is caused by the interdependency between the products, which is introduced by the 
capacity constraints. Salomon distinguishes two classical problem fonnulations: the 

Economie Lot Scheduling Problem (ELSP) and the Capacitated Lot Scheduling Problem 
(CLSP). 

Elmaghraby (1978) presents a review of the ELSP. He summarizes the basic charac
teristics of the problem as follows: 

Demand rate is detenninistic 
Production rateis fixed (and larger than the demand rate) 
Set-up time and set-up cost are independent of sequence 
Backlogging of demand is not permitted. 

The objective is to fmd a cyclical production schedule such that the sum of set-up costs 
and inventory holding costs is minimized. Elmaghraby distinguishes two kinds of 
approaches to solve the problem: those that accept the concept of a basic period (or 

common cycle time) and those that do not. Cycle time is then defined as the amount of 
time between.thestart of two consecutive production runs of the same product. 

The basic period concept was presented first by Bomberger (1966). In this concept, any 
product cycle time should be an integer multiple of a basic period or fundamental cycle 

time. This is a necessary - though not sufficient - condition for a feasible schedule. 
Bomberger's procedure has been improved by Dolland Whybark: (1973). They provide 

an iterative procedure to determine the cycle times. 
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Salomon defines Ûle CLSP as "the problem of determining a time-phased production 

schedule for multiple items on a single machine, such that the sum of set-up costs, 
inventory holding costs and production costs is minimized. Dynamic demand is specified 

for each period, and backlogging is not allowed" (Salomon 1990, 35-36). Also this 
problem is a deterministic problem. Since ilie problem we defined in Üle fust chapter of 

this iliesis considers continuous time and consecutive production runs are independent of 
time periods, we will not further discuss ilie CLSP. 

2.3.2. Lot-sizing and Scheduling of Stochastic Demands 

The majority of Üle publisbed research on lot-sizing and scheduling has focused on 
deterministic problems. Vergin and Lee (1978) observe Ülat Üle available lirerature does 

not address Üle multiple product single machine problem system wiili stochastic demands. 
In their study Üley investigate the use of deterministic models in a stochastic environment. 
They conclude Ülat Ûle cyclical schedules provided by Üle authors referred to in the 
previous subsection, are of very little value. According to Ülem, dynamic scbeduling rules 

should be used, whlch take the current inventory position into account. 

Gascon proceeded in this line of studying Üle problem of lot-sizing and scbeduling 
stochastic demands in bis thesis (1984) and in hls subsequent publîcations (Leachman and 

Gascon 1985a, Leachman and Gascon 1985b, Leachman and Gascon 1988, Gascon and 

Leachman 1988, Gascon 1988, Leachman et al. 1991, Gascon et al. 1992). In Leachman 

and Gascon (1988) they show - just as Vergin and Lee did - that the traditional 

approaches aimed at deterministic demand situations do not lead to satisfactory results in 
stocbastic situations. Consequently, in ilieir paper, Leachman and Gascon present a 

beuristic for situations wiili a stochastic demand. Their beuristic is a period-based 

beuristic, whlcb attempts in each review period to achleve a target cycle time. This target 
cycle time is calculated based on an economie manufacturing quantity (using an extension 

of Doll and Whybark (1973)'s procedure). If this target cycle time does not lead to a 
feasible schedule in Üle short term (one or more products would run out of stock), Ülen 

the cycle time is decreased. In this way, production runscan be started earlier to increase 
the (short-term) service level. The total decrease of the operational cycle time is limited 

by the so-called minimum run-length. The lengÛl of a production run can never be shorter 

than this minimum run-length. One of the essential characteristics of Ûle environment in 
whlch the performance of Üle system is tested is iliat overtime is allowed (no round-Üle

clock production). 



20 Chapter 2 

2.4. Evaluation of the A vailable Literature 

As we have stated in the introductory part, the purpose of this cbapter is to present a brief 

overview of the available literature covering the three decision functions distinguished in 

our initia! problem analysis. This should enable us to mirror our research question to the 

publications in this field of research. 

The first aspect which bas been addressed is the long-term coordination of marketing and 

manufacturing. In our view, tbis should be an aggregate decision, deciding on the most 

dominant parameters that determine the performance of the production system. In the 

available literature, this problem is considered as an aggregate smoothing problem. The 

salution of an aggregate smoothing problem consists of general production factors to 

enable the execution of tasks at the operational level, such as workforce, overtime, 

inventory build-up, etc. In the literature, it has not been investigated explicitly how to 

perform operational planning and control subject to these aggregate decisions. Therefore, 

we do not know wbat the relation is between the determination of the aggregate smoothing 

problem variables and the actual performance of the production system. This again refers 

to the internal validity of the model. The intemal validity of the model enables the planner 

to predict the behavior of the operational system based on an aggregate decision model. 

The monolithic approaches do not make this possible. 

There are a number of other problems associated with the monolithic approaches to the 

marketing-manufacturing coordination problem. The first problem refers to the complexity 

of the model. Many assumptions are made to create a model of which the shape allows 

further mathematica! analysis. The question that goes unanswered is whether the authors 

have chosen the most critica! characteristics to be included in the model, and have 

modeled them in such a way tbat the validity of the model is acceptable.i It is clear that 

this depends on the production system to be modeled. In tbis thesis, our concern is with 

the EFPIPS described in Cbapter 1. Some of the characteristics of the EFPIPS are the high 

set-up times and the differences in contribution and cost structure between the products. 

Both of these characteristics and its resulting problems cannot be solved using a traditional 

smoothing model, since these models assume the possible creation of a pseudoproduct and 

therefore neither discriminate among different products nor choose lot-sizes. Partly due 

to this, set-up times are not considered in these smoothing models. Thus models which 

aggregate over products do notprovide us with a good salution to the problem. This does 

not mean that aggregation is not possible at all, but that a different aggregation concept 

might have to be used. 
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Another interesting characteristic of the publisbed coordination models is that all of them 

consider a consumer market. Since most quantitative marketing research has been focused 

on this type of market, this is not surprising. Most process industries however supply to 

an industrial market, where pricing and advertising mechanisms are far less developed and 

useful than in consumer markets. Galbraith (1969) mentions a method of influencing 

demand on an industrial market is "to simply refuse peak demands from non-regu/ar 
customers". 

This difference in market approach also has its consequences on the second problem 

aspect addressed in this chapter: customer order acceptance. The available literature only 

discusses the management of demand (deliver now or later) and not the acceptance of 

demand (deliver now or do not deliver at all). The decision whether or not to accept a 

customer order is hardly addressed. though it is stated (Vollman et al. 1988) that the 

management of service levels is very important. It is assumed - implicitly - that any 

order will be accepted. though not all orders can be delivered from stock. The acceptance 

decision is easier to make if the customer order is not anonymous: in an industrial market 

it is possible to make a clearer distinction between customer priorities than in a consumer 

mark et. 

In the rationing literature, a first step towards an industrial market is made, since it 

considers high priority and low priority demand. Especially the research by Haynsworth 

and Price (1989) could provide us with some guidelines towards the design of a 

production control system. 

The third problem aspect surveyed in this chapter was the production order scheduling 

problem. With respect to this problem, our research is a clear extension of the stochastic 

lot-sizing and scheduling problem. The extension is three-fold: 

1. The utilization rate considered in our research is much higher than in the publisbed 

research. 

2. The control aspect is much more dominant in our problem than it is in the 

publisbed research. We emphasize intemal validity (see also Subsection 1.2.3). 

3. Differences in contribution margin and cost structure have not been discussed as 

part of the production control problem in these or simHar situations. 

In summary, we may conclude that the research project described in this text is an 

extension of current production order scheduling research. Aspects oflong-term marketing

manufacturing coordination and short-term customer order acceptance have been analyzed. 

but did not directly appear to be very useful for our problem. 
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Chapter 3 

Cycle Time Stability 

The problem that is investigated in this study is the production control in flow process 
industries. More specifically, it focuses on the Elementary Flow Process Industries 

Production System (EFPIPS) as it has been defined in Chapter 1. We consider the problem 
from a hierarchical point of view: distinct decisions can be taken in the short term and in 

the long run. The production control concept to be developed should reflect this structure; 
it should fit the organizational decision structure as well. Therefore, we will begin this 
chapter with an analysis of the interaction between long-term and short-term decisions. 

The long-term decision will be defined as the setting of the parameters, while the short

term decision determines the actual batch sizes and the sequencing and/or scheduling. The 
short-term decision should ensure that the long-term objectives can be reached. In Section 
3.2, a beuristic will be presented, which is designed for production control in the EFPIPS. 
This beuristic is based on the hypothesis that production control in the EFPIPS should be 

basedon a policy of stabie cycle times. InSection 3.3, we will describe a well k:nown and 
good performing approach taken from the literature, and illustrate why this (heuristic} 

approach may be less suitable for the highly utilized installations in process industries. 
These two concepts will be compared to each other using simulation experiments, the 

results of which will be discussed inthelast section of this chapter. 

3.1. Long-term and Short-term Decisions 

We assume that the objective of a business is to maximize its profit in the long run. It 
may be less clear that, within our model, the maximization of the business's profit in the 

short run may not automatically lead to profit maximization in the long run. The principal 
parameter in this mechanism is the cycle time. The cycle time is the period of time 
between two consecutive starts of production runs of the same product on the single 
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machine considered. The cycle time is the principal parameter to determine the profit in 

the manufacturing stage of a business. This influence on the profit is three-fold: 

Determination of total available productive capacity 

Determination of set-up cost 

Determination of inventory holding cost 

The productive capacity is defined as the number of hours available for production within 
I 

a certain period of time. If the cycle time increases, the productive capacity increases as 

well, since less capacity is then spent on setting up. If the cycle time decreases, the 

productive capacity will decrease since more capacity will be spent on setting up. If more 

set-ups occur, then the set-up costs will increase. Finally, the cycle timedetermines the 

inventory holding cost. If the cycle times are Jonger, it lasts longer before a product is 

manufactured again. Therefore, the batch quantity has to be increased, which causes the 

inventory cost to rise. 

In brief, the maximization of profit requires the maximization of the following function: 

11 [ d·} U· " b.d.-0.5 T.d. 1-....: ·-SS·h·--' 
LJ , 1 z t Pz· 1 z 1 T; 
i=l 

(3.1) 

where n = number of different products manufactured on this facility 

b; = gross contribution per product i 

d; = average demand rate for product i 

T; = cycle time for product i 

Pt = production rate of product i 

h; = cost to hold one unit of i for one period 

U; = cost per set-up of product i 
SS; = safety stock of product i 

This function consists of the overall gross contribution, reduced by the inventory holding 

cost for cycle stock and safety stock, and by the set-up cost. In this function d1, T1, and 

ss1 are the decision parameters. If the safety stock is high enough, (nearly) all demand will 

be filled. Under that condition, d1 and ss; are not any more decision parameters and the 

objective can be summarized as the minimization of 
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(3.2) 

This suggests the use of the ELSP beuristics ( which are based on the Economie 

Manufacturing Quantity) todetermine the optimal cycle time rt for each product i. 

It is clear that rt" must concur with the capacity restrictions. Together, the productive 

capacity and the set-up capacity cannot exceed the available capacity. This balance should 

be kept at all times, especially if we keep in mind that the utilization rate may be very 

high. In order to realize the long-term objective, the cycle time cannot be reduced in the 

short run. A possible reasou for short-term rednetion of the cycle time might be the 

delivery of some extra products to a customer, while not reducing the quantities planned 

todeliver to other customers. We will illustrate this using a simplilled example. 

l~~ 
·L~~ 
c~~L 

Exhibit 3.1 Regu/ar inventory pattern with con
stant demand rate 

Suppose that three products (A, B, and C) are manufactured on a single installation. If 

demand is constant, the inventory patterns will approximate the pattems shown in Exhibit 

3.1. In Exhibit 3.1, the horizontal axis is the time axis, whereas the vertical axis represents 

the inventory quantity. The set-ups are represented by the black reetangles on the 

horizontal axis. 

Suppose the demand rate for product A temporarily increases. If the production department 

reacts by advancing the start of the next production run of product A, then the cycle time 

of A reduces, and the production run of product C cannot be completed as planned (see 

Exhibit 3.2). This is caused by the fact that the set-up for product A has to be performed 

earlier than planned (the white rectangle in Exhibit 3.2}. 



26 Chapter 3 

In Ûle next cycle, product C will run out of stock earlier ilian planned, since Ûle pro

duction run of C was shorter. This chain effect is intensified by Ûle length of Ûle set-up 

times. In Ûle end. Ûle results is iliat productive capacity is exchanged forset-up capacity. 

Productive capacity gets lost and cannot be regained later. The only way to regain 

productive capacity is to extend Ûle cycle time. However, this is not possible wiiliout loss 

of demand on ilie short term, because iliis would require higher inventory levels. 

Otherwise, long periods with unfilled demand will occur. 

Al~ 

·~~è 
c~~r 

Exhibit 3.2 Inventory pattern if demand exceeds 
the cycle time capability 

In fact, in the previous process short-term interests (flexibility) are preferred to long-term 

interests (total throughput and profit). A policy aimed at short-term results will focus on 

realizing a high service level on any short-term demand. However, this may influence 

considerably the long-term profitability of the business. Therefore, under the assumption 

that Ûle business's objective is its long-term profit, it is our hypoiliesis, that the basic 
principle for production control in the EFPIPS is to keep cycle times stable. 

3.2. The-Stabie Cycle Times Beuristic 

In the EFPIPS, volume flexibility is not available. Since it is our hypothesis that the basic 

principle for production control in Ûle EFPIPS is to keep cycle times stable, it is proposed 

to develop a heuristic, which aims at keeping the cycle times as stabie as possible. Stabie 

cycle times means low varianee in cycle times. 

Keeping Ûle cycle times stabie is a policy which will ensure that as much productive 

capacity will be available as has been precalculated. A problem might occur, if the actual 
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demand level is higher than planned, or if the demand level is considerably lower than the 

productive capacity. If the demand level is higher than planned, demand gets lost. Since 

the run-length is not decreased, this will notleadtoa lossof capacity. If the demand level 

is lower than planned and the cycle times are kept constant, an uncontrolled increase of 

inventory might occur. The policy should correct the batch size (and the cycle time) if and 

only if the inventory rises above the level which is necessary to fill the (average) demand. 

Exhibit 3.3 shows the Stabie Cycle Times Reuristic (SCT). 

Notation: 
c1 Set-up time for product i 
P; Production rate of product i 
I; Inventoty level of product i at tbe start of tbe current period 
d; Average demand rate for product i 
RO; Expected run-out time for product i 
r* Target fundamental cycle length. 
T/ Target cycle time for product i (Tt =k;'r*. k; a positive integer). 

Step 1. Calculate target cycle times, according to Doll & Whybark (1973). 
Make a feasibility check: to insure tbat 

Ê C; 

i=l k; 
r* > --:-~ 

~ d; 
1-L.t -

i=l P; 

If the calculated T' violafes Ibis inequality, then T' is reset to tbe right hand side of Ibis inequality. 
Step 2. Select the product with the shortest run-out time R01: 

[. 

R01 = i 
I 

Step 3. Produce tbe selected product in the following quantity: 
d1 r;"- r1 

Step 4. When a production run has been finished, return to step 2. 

Exhibit 3.3 Stabie Cycle Times Beuristic (SCT) 

In Step 1, the target cycle times are precalculated using the beuristic by Doll and Whybark 

(1973). This ELSP procedure is swnmarized in Exhibit 3.4. An extra feasibility check is 

added. This capacity check is basedon Leachman and Gascon (1985b). The target cycle 

times are calculated once. Note that the beuristic will be tested under stationary demand 
. * assumpt10ns. 

The procedure of Doll and Whybark estimates the initial cycle times for each product 

* If the demand rate changes considerably, recalculations may have to be done. The policy is not 
designed for fast changing (dynarnic) dernand levels. 
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individually, using a formula which is deduced from the EMQ formula. Successive 

iterations then lead to the joint determination of cycle times for each product which are 

an integer multiple of a basic cycle time. This integer multiple condition has been deduced 
from Bomberger (1966), who has demonstraled that this is a necessary condition to be 

able to construct a feasible schedule. 

Notation: 
u; Set-up cost per run of product i 
h; Unit inventory holding cost per period for product i 
Pi Production rate of product i 
d; Demand rate of product i 
c; Set-up time for product i 
T; Cycle time for product i (T;=k;T. k; a positive integer) 
T Fundamental cycle time 

Step 1. 

Step 2. 

Step 3. 

Step 4. 

Step 5. 

Detennine T; independently for each product by: 

T; 
2u; 

d; h; 1 
d; 

' P; 

Select the smallest T; as the initia! estimate of the fundamental cycle time T: 
T=min(T;) 

Detennine the integer multiple ki and k/ for each product defmed by: 
kiS. T fT s_k; + 

where k;' the next lowest integer multiple 
k/ the next highest integer multiple 

Detennine new estimates of the k; by evaluating the cost peualty inciUl'ed by using kiT 
and k; +ras the production cycle for product i. The cost for each product as a tunetion 
of k, C;(k), is: 

The new k; are chosen by: 
k;=k;' for C;(kj) S. C;(k/J 
k;=k/ for C;(k/) S. C;(ki) 

Recompute the fundamental cycle time T using the new estimates of k;. 

Step 6. Return to step 3 to determine new ki and k/ values using the T front step 5. The pro
cedure terminales when consecutive iterations produce identical valnes of k; at step 4. 

Exhibit 3.4 ELSP-procedure by Dolland Whybark (1973). 
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In Step 2 of the SCI', the product with the shortest run-out time is scheduled for 

production. One may expect that a more or less fixed sequence may occur, since the 

objective of the procedure is to keep the cycle times stable. 

In Step 3, the production quantity is determined using an order-up-to level. The order-up

to level equals the expected demand dnring the target cycle time. Since the policy aims 

at keeping the cycle times stable, this quantity is expected to be sufficient for filling the 

demand until the next production run of this product. 

If the production is finished (Step 4), the next product is selected for production according 

to the procedure outlined in step 2. 

The purpose of the development of the scr is to illustrate the effect of stabie cycie times. 

To be able to do this, we will perfarm a series of simulation experiments in which the 

SCT will be compared to a henristic which is based on varying the product cycle times 

in order to increase performance. This henristic will be called the Variabie Cycle Times 

Henristic (VCT). The VCT will be described in the next section. 

3.3. The Variabie Cycle Times Beuristic 

Reasoning from a short-term objective, one may argue that continuousiy realizing profit 

in the short run will eventually lead to the maximization of profit (or minimization of 

cost) in the long run. In this way, short-term actions aimed at serving as much demand 

as possible might be in line with the parameter setting for the long term: the cycle time 

determination. An example of such a henristic is the one by Leachman and Gascon (1988), 

which is basedon the workof Gascon (1984). 

Leachman and Gascon consider a single-stage system, in which a limited number of 

different products are manufactured. Intheir analysis they propose a central roie for the 

cycle time. The cycle time is calculated basedon the forecast (average) demand, using a 

modified Doll and Whybark procedure. The resuit of this calculation is the target cycle 

time, which is the cycle time to be aimed at in the long term. 

In the short term, a run-out based schedule is made, where the batch sizes equal the 

forecast demands during the cycle time for each product. In case the target cycle times do 

not lead to a feasible short-term schedule (i.e., one or more products run out of stock), the 

cycle times of all products scheduled before the product that would run out of stock are 
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decreased. In this way, the production run of the critica! product can be started earlier to 
improve or maintain the short-term service level. Varlation of cycle times is explicitly 
used as a control measure intheshort run. We will eaU these beuristics Variabie Cycle 
Time Heuristics. A detailed description of a Variabie Cycle Times Reuristic (VCT) is 
presenled in Exhibit 3.5. This VCT is based on the beuristic that was developed by 

Leachman and Gascon. 

The following notation is used: 
c; Set-up time for product i 
P; Production rate of product i 
I; Inventory level of product i at lhe start of lhe cwrent period 
d; Average demand rate for product i 
m Minimum production ron time 
~i Expected ron-out time for product i 
1 Target fundamental cycle lenglh. 
T-• 

I 

T 
T; 
TS 

Step 1. 

Step 2. 

Step 3. 

Step 4. 

Target cycle time for product i (T;" =k;i". k; a positive integer). 
Operational fundamental cycle lenglh. 
Operational cycle time for product i (T;=k;T. k; as before). 
Minimal total slack. 

Calculate target cycle times, according to Doll & Whybark (1973). Make a feasibility 
check according to Exhibit 3.3. Step 1. 
Calculate run-Qut times and (re)index lhem, so lhat R01<R02< ... <R011• 

J. 
RO; =...!. 

d; 

Calculate lhe minimum total slack 

j ï-t [ r.• d·J) TS = . min RO;-~ ei+__!__!_ 
•=l •.. ,n pi Pj 

If TS <0 then calculate operational cycle times. 

I RO·-Ê C·111 mpl . • . ' .i=l J 
T = max __ , mm T , mm 1__,.._ ~--

dl kt i-'2, ... ,11 ~ /c~~j 

Step 5. Take int(TS) downperiods, if int(TS )> 1. Otherwise, produce item 1, in the quantity T1d r 

IJ 
Step '· When a production run has been fmished. or when lhe required number of downperiods 

have passed, lhen continue in the next period wilh step 2. 

Exhibit 3.5 Variabie Cycle Times Reuristic (VCT) 

Leachman and Gascon's beuristic has been tested extensively in a single-stage production 
system, where five different products are produced. The tests have been performed on a 
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short-term basis (:five months simulation, starting with actual inventory positions) and not 

on a steady state basis. It is important to realize that the environment in which the 

beuristic is tested by Leachman and Gascon is different from the Elementary Flow Process 

Industries Production System (EFPIPS) described in Chapter 1. The most essential 

difference is the availability of overtime in Leachman and Gascon's production system. 

This creates volume flexibility in the short term, whereas volume flexibility is not 

available in the EFPIPS. Because ofthis volume flexibility, no extreme capacity tightness 

exists. An interesting question is whether this beuristic also performs well in situations 

without volume flexibility. 

In later paper (Gascon et al. 1992), they investigate the beuristic in a production system 

without an overtime opportunity. The results of their tests indicate that the beuristic 

performs good if the demand levels are not extremely high. In all cases, their beuristic 

performs better than traditional ELSP heuristics. 

In Section 3.4, we will present results of the simulation experiments, where the VCT 

beuristic is tested in the EFPIPS. 

3.4. Simulation Experiments 

Simulation experiments have been conducted to investigate the performance of the two 

beuristics under different operating conditions. In these experiments, five different 

products are manufactured using a single step process. The product change-over times and 

the production rates are fixed and are the same for each product. The set-up times are not 

sequence dependent. The available production capacity is limited and overtime is not 

allowed. The simulations are period-based. 

3.4.1. Experimental Setting 

Four levels of capacity tightness are operationalized in terms of the ratio between the total 

demand rate and the production rate. The four levels examined are 83.3%, 87.5%, 91.7%, 

and 95.8% of the production rate. Any demand rate which is greater than or equal to the 

production rateis not feasible for Dolland Whybark's procedure. For all products, the 

demand per period is distributed normally. The demand varianee is set proportional to the 

average, i.e., the coefficient of varlation is held constant at 0.33 (per period). The product 

data used in the experiment are presenred in Exhibit 3.6. 
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Product a b c d e 

Production rate P; 240 240 240 240 240 
Set-up time C; 0.208 0.208 0.208 0.208 0.208 
Conbibution/onit b; $4 $5 $6 $8 $9 
Inv .Cost/tmil/period h; $0.04 $0.05 $0.06 $0.08 $0.09 
Set-up Cost U; $ 150 $150 $ 150 $ 150 $150 
Average demand (83.3% level) d; 80 40 40 20 20 
Average demand (87.5% level) d; 84 42 42 21 21 
Average demand (91.7% level) d; 88 44 44 22 22 
Average demand (95.8% level) d; 92 46 46 23 23 

Exhibit 3.6 Problem data for the simu/ation experiments 

Two scheduling henristics are examined: the SCI' (see Exhibit 3.4} and the VCI' (see 
Exhibit 3.5). The objective of the current experiment is to test the ver under more 

extreme capacity tightness constraints than it bas been tested, and to campare its 

performance to the SCI'. The SCf relies on stabie cycle times. Especially at high levels 

of utilization, control of the cycle times will make sure that productive capacity will not 

be spent on setting up. This will result in a higher fill rate and more contribution. On the 

other hand, inventory costs may rise. We are. aware of the tests only being performed 

under a limited variety of environmental settings. However, we think that this will be 

sufficient to make the major effects clear. More comprehensive tests (involving variations 

indemand uncertainty, contribution margin and set-up time) will be perfonned in Chapter 

5 using the complete model. 

3.4.2. Model Dynamics 

For both policies, the target cycle times are pre-calculated using a modified version of the 

procedure developed by Dolland Whybark (see Exhibit 3.4). The modification includes 

an extra feasibility check to guarantee schedule feasibility. The target cycle times are used 

as decision parameters at the operational decision level. 

Under the ver, the order acceptance decisions are taken at the beginning of each period. 

The periadie demands for the five products are presented in a random sequence. This 

eliminates any built-in acceptance bias. Backordering is not allowed; any demand that is 

not directly met from stock gets lost. The on-hand inventory balance is adj1;1sted to reflect 

the order acceptance decision. The on-hand inventory balance is increased at two possible 

events. The first one is the start of a new period. At this moment, just befare the order 

acceptance takes place, the inventory balance is updated with the quantity manufactured 
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since the previous update. The second event is the completion of a production run. Also 

at this moment, the inventory balance is updated with the quantity manufactured since the 

previous update. At the end of each production run, first, the products are indexed 

according to their run-out times. Then, the minimum total slack is computed. The 

minimum total slack is defined in Exhlbit 3.5. The operational cycle times are re

calculated if the minimum total slack is negative, but they are limited by the minimum 

run-length. The minimum run-length bas been set at 1.0 period. A down period (i.e., an 

idle period without any production) is taken if the minimum total slack is greater than 1.0 

period. If the minimum total slack is less than 1.0 period, the product with the minimum 

run-out time is scheduled for production. The production quantity is based on the net 

requirement, which is defined as the expected demand during the cycle time minus the 

actual inventory position. 

Under the SCT, the inventory balance is adjusted in the same way as under the VCT. At 

the end of each production run, the product with the minimum run-out time is scheduled 

for production. The production quantity is based on the net requirement, which is defined 

in the same way as under the VCT. 

For each policy, five demand sequences are replicated by using five common random 

number seeds. For each demand sequence, the system is operated for 3,000 periods 

initially, at which time the performance measures are re-initialized. This length is chosen 

based on an analysis of different run-lengtbs to achleve steady state. The system continues 

to operate thereafter for another 3,000 periods. At the end of these 3,000 periods, stalistics 

are recorded and performance measures are re-initialized to zero. 

3.4.3. Experimental Criteria 

In these experiments, we measure the system performance using two primary performance 

measures: profit and fill rate. The profit is defined as the contribution margin of all 
products delivered minus the inventory cost minus the set-up cost. As bas been discussed 

inSection 3.1, the maximization of profit is the primary objective of a business. The fill 

rate of a product is defined as the number of products that are delivered (accepted) as a 

percentage of the number of products demanded. The actual fill rates are used to analyze 

the internat behavior of the system. Additional measures include the average cycle times 

and their variances. These will be used in the discussion of the experimental results. 
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3.5. Experimental Results 

The simulation results were obtained using the simulation model OASIS, developed by 
the Department of Operations Planning and Control at the Graduate School of Industrial 
Engineering and Management Science of Eindhoven University of Technology. The 
unprocessed results can be found in the Appendix on page 116 and 117. The main results 

are presented in Exhibit 3.7, which shows the resulting profit for each of the two beuristics 
under the various demand conditions. 

Demand Level 

83.3% 
87.5% 
91.7% 
95.8% 

ver 

$ 2,557,160 
$ 2,634,294 
$ 2,910,231 
$2,977,872 

scr 

$2,708,609 
$ 2,953,466 
$ 3,171,237 
$ 3,205,178 

Exhibit 3.7 Simu/ation results: Profit using VCT 
and SCT under Jour different demand 
levels. 

Exhibit 3.7 shows the SCT outperfarms the VCT by 9.1 to 12.1 percent for the three 

highest demand levels, and by 5.9 percent for the lowest demand level. Thus the 
difference in performance of the two beuristics increases as the demand level increases. 
The VCT reduces the cycle times considerably in order to prevent short-term stockouts. 

Product a b c d e 

Demand Level 

83.3% D&W 6.25 6.25 6.25 6.25 6.25 
VCT 5.19 4.41 4.47 4.60 4.54 
SCT 5.32 5.50 5.52 5.76 5.73 

87.5% D&W 8.33 8.33 8.33 8.33 8.33 
VCT 5.43 4.61 4.70 4.87 4.77 
SCT 7.03 7.24 7.33 7.56 7.53 

91.7% D&W 12.50 12.50 12.50 12.50 12.50 
VCT 5.19 5.43 5.65 6.98 6.89 
SCT 10.57 10.73 10.81 11.22 11.24 

95.8% D&W 12.29 12.29 12.29 12.29 12.29 
VCT 5.70 5.83 6.08 7.13 7.05 
SCT 11.90 12.12 12.21 12.71 12.62 

Exhibit 3.8 Simu/ation results: Cycle timesJor jive products 
under Jour different demand levels. 
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Exhibit 3.8 shows, for each product and for each demand level, the precalculated cycle 

times (D&W) and the actual cycle times under the VCT and the SCT. In this Exhibit, we 

can see that the cycle time under the ver is considerably shorter than under the scr. 
Also the difference in cycle time increases if the demand level is higher. If the demand 

level is high, many run-outs are expected under the ver. Since the ver does not accept 

lost sales, the total slack will be negative in most of the cycles. Consequently, the 

operational cycle time will be reduced. This reduction is limited by the minimum run
lengtil parameter. In Fransoo (1992), we have already demonstrated that the performance 

of the ver at high levels of utilization is still reasonable due to the use of the minimum 
run-length parameter. This parameter indirectly serves as a stabilizer, since it will force 
the scheduling beuristic to accept lost sales instead of further reducing the cycle time. It 

is therefore interesting to note that the minimum run-length parameter is a major 
determinant of the profit We have performed some additional experiments which show 

a considerable decrease in profit if the minimum run-Iength parameter is decreased (see 
also Fransoo 1992). 

Exhibit 3.9 shows the cycle time variations under the two policies. Cycle time varlation 
bas been measured as the ratio of the cycle time standard deviation and the cycle time 
average. 

Product a b c d e 

Demand Level 

83.3% VCT 0.21 0.34 0.33 0.41 0.42 
SCT 0.12 0.16 0.16 0.18 0.17 

87.5% VCT 0.18 0.28 0.28 0.36 0.36 
SCT 0.12 0.13 0.14 0.17 0.16 

91.7% VCT 0.59 0.61 0.61 0.39 0.38 
SCT 0.11 0.12 0.12 0.15 0.15 

95.8% VCT 0.50 0.57 0.57 0.37 0.36 
SCT 0.07 0.09 0.09 0.14 0.13 

Exhibit 3.9 Simu/ation results: Cycle time variation under the 
VCT and the SCT 

In Exhibit 3.9, we can see that the varlation in cycle time is considerably less under the 

ser than it is under the VCT. Under the SCT the cycle time variation of the slowmovers 
is greater than the cycle time varlation of the fastmovers. A possible explanation might 
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be the fact that the production runs of the fastmovers are considerably larger than the 

production runs of the slowmovers. If the production runs of a fastmover and a slowmover 

change position, the relative impact on the slowmover's cycle time is much larger than 

the relative impact on the fastmover's cycle time. 

A more detailed analysis ofthe costs (see Exhibit 3.10) shows that for all demand levels 

the inventory costs under the scr are higher than under the ver, while the set-up cost 

are lower. Since the operational cycles under the ver are much shorter than under the 

SCT, we may conclude that - under tight capacity constraints - a policy which is more 

determined in having long-term effects prevail over short-term benefits, !Will result in a 

higher overall profit and lower overall cost. 

De mand vcr-Casts ser-Casts 
Level 

lnventory Set-up Total lnventory Set-up Total 

83.3% $ 86,722 $486,420 $573,142 $ 95,011 $404,460 $499,471 
87.5% $ 79,013 . $462,960 $541,973 $130,413 $306,840 $437,253 
91.7% $131,910 $379,020 $511,670 $202,188 $206,280 $408,468 
95.8% $120,337 $356,760 $477,097 $178,032 $182,820 $360,852 

Exhibit 3.10 Simulation results: Costs using VCT and SCT under jour different 
demand levels. 

An interesting effect that can be obsetVed from the simulation results, is the difference in 

setVice level between the products. Exhibit 3.11 shows the fill rates for all produelS for 

the various demand levels, under both the VCT and the SCT. 

Product a b c d e 

Demand Level 

83.3% ver 96.3 94.8 94.5 94.1 93.9 
ser 98.2 97.4 97.4 96.1 96.2 

87.5% ver 94.0 91.2 90.9 90.3 90.6 
ser 98.8 98.2 97.9 96.8 96.8 

91.7% VCT 97.4 93.7 92.4 92.8 93.3 
SCT 99.2 99.0 98.9 97.8 97.7 

95.8% ver 96.0 90.3 88.1 88.8 89.2 
ser 95.6 95.9 95.6 93.1 93.3 

Exhibit 3.11 Simu/ation results: Fill rates under the VCT and 
the SCT 
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Apparently, both run-out based scheduling procedures favor the products with a higher 

demand over the product with a lower demand level. This can be explained using the 

following example. Suppose two products are made on a single installation. The 

production rate is the same for both products. One product (A) consumes more than half 

of the available capacity, the other product (B) consumes less than half of the available 

capacity. Suppose that duringa cycle both products are produced once, up tothelevel 

which is sufficient to fill the average demand over the cycle. In the following cycle, we 

consider the probability that, just after the production run of A has been completed, the 

run-out time of A is less than the run-out time of B. The expected run-out time of A is 

related to the time span since the last production start of A. We know that at the expected 

start of the new run of product B, more than half of the cycle time of product A has been 

completed. Now consider the probability that, again in the next cycle, product B will have 

a shorter run-out time than product A. At this moment in time, less than half of the cycle 

time of product B has passed, due to the larger share of product A in the total capacity 

consumption. 

This example illustrates the phenomenon that in a situation where multiple products are 

produced on a single machine, and where some products have a considerably larger 

demand than other products, these products tend to pull their production runs forward at 

the expense of the smaller products. This will be illustrated by a mathematica! analysis 

of the two product situation in Appendix 3.1 on page 38. Exhibit 3.8 and 3.11 show that 

the actual cycle times of the products with a higher service level and a higher demand rate 

are shorter, although the target cycle times for all products are the same. This may 

indicate that the effect mentioned here occurs a significant number of times. The cause 

of this effect is the ratio of capacity consumption of the two products. Van Donsetaar 

(1988) has analyzed a similar problem in a distribution environment, viz. the allocation 

of a limited amount of inventory. His results suggest a considerable influence of the 

demand varianee on the effectiveness of a run-out time like concept. 

Also, the determination of the target cycle time does not seem optimal. Doll and Whybark 

use a cost minimization approach, in which the cycle time - under some conditions -is 

inversely proportional to the square root of the demand rate (Step 1 of the beuristic of 

Exhibit 3.4). A higher level of demand will then lead to a shorter cycle time. Note that 

Doll and Whybark consider the uncapacitated problem. In a capacitated situation, a longer 

cycle time would be desirable. The modification in the end ensures capacity feasibility, 

but a trade-off between extra sales and extra inventory holding cost is not made. This will 

be discussed in more detail in Chapter 4. 
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3.6. Discussion of Results 

We may coneinde from the simulation experiments described in the previous section that 

the ser outperfarms the ver because it keeps the cycle times stable, thereby especially 

not allowing cycle time reductions based on a short-term view. Since the target cycle 

times were determined in exactly the same way for each of the two heuristics, this did not 

influence the difference between the two policies. However, some remarks remain to be 

made and deserve further analysis while developing the production control concept 

First of all, we have observed that the service levels of each of the individual products are 

not under controL The products with a rather smalt demand tend to suffer under the 

products with a rather high demand. The difference under the ser was smaller than the 

difference under the ver, but it was still present. It is quite probable that this is not 

optimal. In the situation modelled, the contribution margin for the products with a low 

demand rate (slowmovers) was quite high. This effect can beseen in business as well. A 

fixed sequence instead of a run-out time based sequence cou1d easily solve this problem. 

It might however be conceivable that the slowrnavers have a much greater contribution 

than the fastmovers. In those instauces it may be advantageous to have the smaller 

products prevail over the larger ones. This requires attention when setting the logistics 

parameters and therefore should be taken into account at the long-term capacity 

coordination level. This will be discussed in the next chapter. 

Secondly, though not completely separately, there is the sequencing decision. A fixed 

sequence would not only influence the difference in service levels between the products, 

but it wou1d also rednee even more the varlation in cycle times. On the one hand this 

could increase the performance, since stabie cycle times appear to improve the profit and 

service levels. On the other hand, it may influence the performance in a disadvantageous 

way, since less opportunities for reacting toshort-term demand remain. These issues will 

be discussed in Chapter 5. 

Appendix 3.1 Run-out Times and Service Levels 

i 

fk{t) 

d; 

= 
= 
= 

product index, i= A or B 

demand of product i during t periods, fk(t) - N(td;, tcr/J 

expected demand of product i for 1 period 
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_ (s-1) p 
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d - p 
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s = auxiliary variabie to indicate the redprocal of the portion of capacity 

consumed by product B 

p 

T 

= 

= 
= 

standard deviation of product i for 1 period 

Cf; = c, for both i 
d; 

production rate, for both i 

cycle time (we assume that there is noset-up time) 

Suppose that during one cycle both products are produced once up to the level which is 

sufficient to deliver the average demand over the cycle. What is the probability that, in 

the next cycle, product A will be produced before B? 

BABA B I I I I I 1 ......... ... 

f decision moment m1 

P(ROTA<ROT8 at the decision moment m1 indicated in the graph)=P1 

What is the probability, under similar conditions, that product B will be produced before 

product A? AB AB ...... ! I I I I I 1 .......... .. 

l decision moment m1 

P(ROT8 <ROTA at the tiecision moment m2 indicated in the graph)=P 2 

Lemma: P1>P2 , for all s>2. 

Proof: 

Pl>P2 
~P(ROTA(m1) - ROT8(m1) < 0) > P(ROT1(m2) - ROTn(m2) < 0) 
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Chapter 4 

Long-term Capacity Coordination 

The nature of the production control structure presented in this thesis is hierarchical. A 

hierarchical approach requires a clear distinction of long-term and short-tenn decisions. 

In this chapter we will focus on the long-tenn decision: capacity coordination. Given the 

characteristics of the problem, a decision has to be taken about the allocation of (limited) 

capacity to a number of (different) products, and the determination of the target cycle 

time. At the operational (short-term) level, production runs will then be scheduled which 

are long enough to provide for the required service level as determined by the long-term 

decision. In the next chapter we will forther address the approach at the operationallevel. 

In the first section of this chapter, we will describe the problem to be solved at the long

term decision level. This is an extension of the parameter setting decision described in the 

previous chapter. In Chapter 3, a cost minimization approach was taken, which decided 

only on the cycle times. In this section, we will choose a profit maximization approach, 

not only deciding on the cycle times, but also setting priorities regarding product-specific 

service levels. In Section 4.2, a mathematical fonnulation of the problem will be 

presented. Since this fonnulation is quite complex, an analytica! salution of the problem 

is not possible. Therefore, we will present a beuristic procedure in Section 4.3. In Section 

4.4 the beuristic procedure will be compared to the Stabie Cycle Times beuristic 

introduced in the previous chapter. This test will be performed using simulation 

experiments. We will conclude this chapter by translating the beuristic into the 

organizational decisions to be taken. 

4.1. Problem Definition 

The long-term capacity coordination decision is a decision in which many aspects of the 
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organization are involved. It does not only consider the coordination between the 

marketing and manufacturing departments, but also the consequences tbis long-term 

decision bas upon the operational execution of day-to-day tasks (coordination of long-term 
and short-term effects ). The coordination roodels presented in the li terature. and highlighted 
in Section 2.1 address little attention towards the importance of the organizational decision 

structure. 

STRATEGICAL 
• protluct lll8tJtt:mMt 
• raourr::tl~ 

TACI'ICAL 
• product prlorltlu 
• reaoan:e alleeatla 

OPERATIONAL 
·~ 
·~ 

Bxhibit 4.1 Tactical decision level within operations planning 
framework. 

The long-term capacity coordination decision is a decision at the tactical level of the 

organization. This means that the strategie decisions already have been taken. Among 
others, tbisincludes the procurement ofthe resources (what is the available capacity?) and 

the determination of the product mix (which are the products that will be produced?). 
Consequently, at the tacticallevel a decision has tobetaken regarding the distribution of 

the available capacity. In the previous chapter, we have demonstrated the importance of 
stabie cycle times for tbis kind of situation. Any decision about a more or less fixed cycle 

time requires a decision about the allocation of capacity. This allocation decision has two 
aspects: 

1. The distribution of capacity over productive capacity and set-up capacity. Produc
tive capacity is the capacity used for production; set-up capacity is the capacity 
used for changing over and setting up. 

2. The distri bution of productive capacity over the product range. 

The distribution over productive and set-up capacity is determined by the product 

contri bution margin, the set-up cost and the inventory holding cost of a product. More 
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productive capacity may result in increased sales and may therefore generate more gross 

contribution. More productive capacity can only be created if the amount of set-up 

capacity is reduced. This will result in less set-up cost, but in increased inventory holding 

cost. These two costs are considered in the classical Economie Manufacturing Quantity 

formula. An important effect of the increase of the amount of productive capacity -

which is not considered in the EMQ - is that more units can be produced, so that the 

gross contrlbution will be increased. In EMQ-based approaches of the ELSP, a larger 

demand rate leads to a smaller cycle time. In Doll and Whybark's approach, for instance, 

the cycle time is inversely proportional to the square root of the demand rate. 

Consequently, an increase indemand will notlead to an increase in cycle time, but to a 

decrease. This can be shown for all situations in which a single product does not consume 

more then half of the total production capacity. This is mathematically illustrated in 

Appendix 4.1 on page 63. 

The distrlbution of productive capacity over the product range is related to the differences 

in cost structure between the products in the EFPIPS. This is a specific characteristic of 

the problem investigated in this study. 

Long-term 
Capacity Coordination 

target cycle time 
target lnventory level 
integer multiple 

~ , 

Operational Control 

Exhibit 4.2 Two-tiered control model 

Exhibit 4.2 presents the control hierarchy. We assume that the objective of the long-term 

capacity coordination problem is to maximize the expected profit. The height of the profit 

is determined by both aspectsof the allocation decision. We will see that both aspects are 

included in the mathematica! tormulation of the problem. The expected profit is 

determined by the expected gross contribution, set-up cost, and inventory holding cost. 

The maximization of the expected profit under the given capacity and service level 
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restrictions results in the setting of the control parameters. These parameters are used at 
the operational level to decide on the short-term schedule. 

The service level that will be reached is determined by the target inventory levels of each 

product i (11* ). The target inventory level is the order-up-to level which deterrnines the 

operational batch sizes. The cycle time of product i is the time between two consecutive 

runs of product i. The target cycle time of product i (Tt) is the cycle time which results 

if at each production run the selected product is produced up to its target inventory level. 

For each product, the target cycle time is a function of the target inventory level. 

Moreover, each product should be produced according to an integer multiple of a basic 

cycle (analogous to the approach by Doll and Whybark). The control parameters to be 

decided upon at the tactical decision level then are, for each product, the target inventory 

levelft and the integer multiple Ie;. Note that order acceptance is not a separate decision 

function in the control hierarchy. This is caused by the fact that any customer orders 

which cannot bedelivered directly out of stock, get lost ("lost sa/es"). 

In this chapter, we will assume that at the operational level, the products will be 

manufactured in a fixed sequence. Note that the focus of this chapter is the long-term 

capacity coordination problem. Therefore, the most simpte policy will be assumed at the 

operationallevel. The influence of using a fixed sequence instead of a sequence which is 

based on the equalization of run-out times will be discussed in the next chapter. Each time 

a production run is finished, the batch size of the next product to be produced is 

determined. The batch size equals the target inventory level minus the actual inventory 

level. After the sequencing and batehing decisions have been taken, the product is then 

set up and the production run is started. 

The formulation of the long-term capacity coordination problem in this section will as

sume that the scheduling decisions at the operational level are taken in this way. 

The selection of the level of the target inventory 11 * has direct consequences for the 

service level and the expected inventory pattem. This depends on the ratio between It and 

d1T1 * (d1 is the average demand rate, i.e., the average level of demand for product i per 

period). We can distinguish three different basic expected inventory pattems (we consider 

any given product of the product mix), which are graphically illustrated in Exhibit 4.3. 

The purpose of this mustration is to make clear that the inventory decision is not fully 

determined by demand and production characteristics. Moreover, different inventory 

patterns are expected for different inventory levels if demand cannot be backordered ("lost 

sales"). Note that this is a simpUfled analysis of averages and that is does not intend to 

cover all dynamics of the problems involved. 
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* * 1. I; <.d;T; 
In this case, not enough units will be manufactured to fill the average demand. It 
is expected that the product will run out of stock before the next production run 
will start. 

2. It=d;T/ 

~ .... ~ G G L 

Nl'~~L 

Exhibit 4.3 Expected inventory patterns for dif
ferent ratios of I* and dT*. The axes 
represent time and inventory level. 

In this case, exactly enough units will be manufactured to fill the demand on 

average. It is expected that the product will run out of stock once the next 

production run of product i will start. 
* * 3. I; >d;T; 

In this case, more units will be produced than the average demand. This will be the 

case if tbe product provides the company witb a relatively high contribution or if 

capacity is not extremely tight.lt is expected that tbere will still be inventory of tbe 
product, once tbe new production run starts. 

4.2. Problem Formulation 

In this section, the problem will be formulated as a nonlinear programming problem. The 

mathematica} description of tbe problem is essentially the same as the qualitative 
description in tbe previous section. The decision structure in which the long-term capacity 

coordination problem is formulated, is the same as indicated in the previous section. 

As indicated above, the control parameters are, for each product i, the target inventory 

level (/;*) and the integer multiples k1• The resulting (target) cycle time is the result of 
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these two parameters. This relation is expressed in equation 4.1. Note that the cycle times 

rt and the inventory levels I/ - which are calculated in the capacity coordinatiort 

problem - serve as targets for the operational decision function. That is why they are 

called target cycle times and target inventory levels, respectively. 

(4.1) 

where di = average demand for product i per period 

CJ; = standard deviation of demand for product i per period 

C; = set-up time for product i (periods per set-up) 

P; = production rate of product i (units per period) 

E(.) = partial expectation function according to Brown (1963) 

The target cycle time T; * is an integer multiple (k;) of a basic cycle time T'. The target 

cycle time is comprised of the production runs of each product (rationed according to the 

respective k/s) and the set-up time of each product (rationed in the same way). The length 

of the production run is determined by the difference between target inventory level and 

actual inventory level at the start of a new production run. The expected inventory level 

at the start of a new production run is the same as the expected inventory level at the end 

of the cycle time. It is a function of the target inventory level, the target cycle time and 

the demand rate of a product. This function is based on the partial expectation function 

(Brown 1963, 371). This will be explained below in more detail. Note that equation 4.1 

controls the allocation of capacity. The selection of the target cycle times ensures that the 

required service levels can be met. 

The partial èxpectation function E(k) is defined by Brown as 

E(k) = J (t-k) p(t) dt (4.2) 

k 

where p(t) = standard normal density function 

This is graphically illustrated in Exhibit 4.4. This Exhibit shows the curve of the density 

function. The partial expectation E(k) is the expectation of the hatched area. 
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p(k) 

Exhibit 4.4 StaiUÛlrd normal density 
function with partial expecta· 
tion indication. 

49 

Since the function E(k) is related to the standard normal density function p(t), CijV(Tt )E(k) 

is the expected quantity short over the cycle time rt. 
The expected inventory level at the start of a new production run (which is at the end of 

the cycle time) is: 

k f (k-t) p(t) dt 

This is the expected value of the hatched area in Exhibit 4.5. 

p(k) 

Exhibit 4.5 StaiUÛlrd normal density 
function with complementary 
partial expectation indication. 

(4.3) 

Because of the symmetry in the normal distribution density function, expression 4.3 can 

be written as: 

00 

f (t-k) p(t) dt (4.4) 

-k 

which again is E( ·k). 

Since p(k) is the standard normal density function (J.I.=O and a=l), the expected quantity 

short during the cycle time as a function of I/', T;*, d; and CS; is (compare Exhibit 4.4 and 
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expression 4.2): 

(4.S) 

Similarly, the expected inventory at the start of a new production run as a function of the 

same variables is (compare Exhibit 4.5 and expressions 4.3 and 4.4): 

(4.6) 

Given the target inventory levels, the expected service levels can be determined. Again, 

the service level is defined as the jill rate, i.e. the portion of demand that, is fitled out of 
stock. Note that any demand that is nottilled out of stock gets lost (no backordering). We 

define the expected fill rate of a product i as the fill rate that is expected for product i, 
given the characteristics of demand (mean and variance), the target cycle times, and the 

target inventory levels. An expression for the expected fill rate (EFRi) is presented in 

equation 4.7. 

(4.7) 

Equation 4.7 shows that the expected fill rate is computed by deducting the fraction of 

demand that will not bedelivered (on average) from 1. Ifwe know the expected ftll rate, 

the target inventory level, and the target cycle time, we can determine the expected profit 

per period. The expected profit consists of the expected contribution minus the expected 
inventory holding and set-up cosL These are represented in equation 4.8. 

where = 
= 

contribution margin per unit of i 

set-up cost 

(4.8) 
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= inventory holding cost 

It is obvious that the fraction of demand that is expected to be filled detennines the 

contribution (first term of the equation). In this stage of the problem formulation, we 

estimate the average inventory as the mean of the highest and the lowest expected 

inventory positions. The highest inventory position is the target inventory level, reduced 

by the demand during the production run. The lowest inventory position is the inventory 

level at the end of the cycle (just before the start of a new production run). The expected 

inventory position at the end of the cycle bas been detennined using Brown's partial 

expectation function in the complementary form as bas been done in expression 4.6. 

Finally, the set-up cost is directly related to the target cycle time (which is proportional 

to the reciprocal of the set-up frequency). 

The set of equations mentioned above describes the operational behavior of the system in 

aggregate terms. The parameters to be influenced at this level are the target inventory 

level I;* and the integer multiples k;. If these are set, then the fundamental cycle time is 

detennined according to equation 4.1. Maximization of equation 4.8 as a function of /i* 

and kt (replace Tt in equation 4.8 by equation 4.1, and EFR1 in equation 4.8 by equation 

4.7} should result in the approximate optimal setting of the parameters. Obviously, the 

objective function is very complex. The function is non-linear in its decision variables It 
and ki• and also the interaction between each of the product cycle times and inventory 

levels is complex. 

Since this is an aggregate model, it distances itself from the operational system behavior. 

Therefore, modeling errors are made. In this respect, a number of characteristics of the 

operational system behavior are not modeled in the aggregate model. First, the aggregate 

model supposes a completely fixed schedule. In reality, however, the cycle times will vary 

a little bit (due to the fact that the run lengtbs are not fixed) and the sequence may vary 

(depending on the sequencing rule which is being used). This willlead to different service 

levels, inventory levels and set-up costs. Second, the inventory pattem will nothebave like 

a linear function. We will address this issue in Subsecdon 4.4.2. Finally, at the operational 

level the orders are accepted on a day-t:o-day basis, while the aggregate model assumes 

demand on a continuous time scale. 

The objective function is subject to a service level constraint It is important that some 

management-specified minimum service level is guaranteed for each product. This 

decision should be taken at the strategie decision level and should be a constraint for the 

tactical decision described in this chapter. A minimum service level is realistic from a 
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business point of view. If it did not exist, it might be possible that forsome product(s) .... 

especially those with a smalt contribution margin - no demand will be accepted during 

the year. In that case, it is unlikely that the product would be part of the product mix of 
this business. In order to obtain a feasible production schedule, it is necessary that the 
minimum service level can be met within the capacity constraints. On the other hand, a 

maximum service level is necessary to account for realistic planning. These service level 

constraints are represented in equation 4.9. 

where = 
= 

predefined minimum service level for produèt i. 
predefined maximum service level for product i. 

(4.9) 

The problem of maximizing (4.8} subject to (4.9) will be called the capacity coordination 

problem. The capacity coordination problem is aimed at the determination of the cycle 

times and the distribution of the available capacity over the product range. The model 
considers the cost structure of the different products, the capacity they consume, and the 

demand distribution of each of the products. The model also takes into account the 
differences in service levels due to the fact of some I;"' s being larger than some d;T;"' s. The 
aggregate model assumes that at the operational decision level cycle times are kept stabie 

by determining the batch quantity as the difference between the target inventory level and 
the actual inventory level. Of course, other operational procedures can be implemented 
than the one assumed in this aggregate model. One such procedure will be discussed in 

the next chapter. The objective of this chapter is to present the long-term model and to 

find a solution. It is clear that the problem is nonlinear in k; and 1;"'. Due to this 
complexity we propose a henristic for determining the two decision parameters. This 
henristic should not only provide us with a good parameter setting, but should also be 

easily transferable to a practical decision structure. 

4.3. The Capacity Coordination Beuristic 

We propose a beuristic to solve the capacity coordination problem mentioned above. 

A rough analysis of the objective function tells us that the function has a maximum. At 
some combination of target inventory levels, an increase in inventory would lead to an 
increase in holding costs which exceeds the increase in expected contribution. At the same 

combination of inventory levels, a rednetion in inventory would lead to a rednetion in 

inventory holding cost which is less than the reduction in expected contribution. The 
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function value around the maximum, however, is expected to be rather flat, since many 

combinations of the individual target inventory levels maf generate about the same result. 

Given the target inventory levels and the values of each k;. the value of the objective 

function can be found. The integer multiples can be found while minimizing the cost given 

a certain fill rate. Using these two observations, a beuristic bas been constructed. This 

beuristic is presented in Bxhibit 4.6. 

Step 1. For all i: k;:=l 
Step 2. For all i: Set I;", so that EFR; = au 
Step 3. Basedon the actual value of I;*, compote T;*, for all i, according to: 

l [ [ . ·j~ ) • 11 1 • • d -T. -f. c. 
T;=k;L _ f.-cs.FJ"E 1 1 1 ...!.. 

. l k·p· ) , , R k· 
F J J CS· T. 1 

J J 

Step 4. Determine the integer multiples according to the procedure presented in Exhibit 4.7. 
Step 5. If any of the multiples have been changedinStep 4, then adjust Tt, for all i, so that all EFR; 

remain unchanged. 
Step 6. Calculate the expected profit according to: 

If the increase in profit during the last P iteratîons is less than "'(, then STOP. If EFR; ~ Clzi• then 
STOP 

Step 7. Of all i, for which EFR; < a.z i , delermine /, for which 

• [ [(1;+1)-d1 r1"l~ b1 p1 T1 1-P 

cs,{ï; 
is maximum 

Step 8. Tt:=l/+1. Go to step 3. 

Exhibit 4.6 The Capacity Coordination Reuristic 

The basic idea of the beuristic is to allocate some capacity to a product, then compote the 

corresponding optimal cycle times. Given the cycle times and the allocated capacity 

(represented by the target inventory level), the expected profit (which is defmed as the 

gross contribution minus the inventory holding and set-up costs) can be determined. If the 

profit is still increasing, some capacity can again be allocated to a product. Eacb time 

capacity is allocated, the ratio of productive capacity and set-up capacity is increased. The 

product to wbich capacity is allocated is selected basedon the expected contribution. If 

the profit increase drops below a critica! value, the beuristic stops. 
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In step 1, all k; are set at 1. This is necessary to be able to calculate the EFR;'s for the 

initia! inventory levels in step 2. 

In step 2, initia! inventory levels are set at a level, such that the expected fill rate meets 

the minimum requirements set by a higher management level. The expected fill rate 

(EFR1) formula has been deduced from Brown's partial expectation function and has been 

explained inSection 4.2 of this thesis. According to Brown (1963), the expected quantity 

short - given a certain inventory level - is the partial expectation value of that inventory 

level, multiplied by the standard deviation. 

In step 3, the current value of the target inventory level and the integer multiples are used 

to determine the corresponding target cycle times. The target cycle times are comprised 

of the production time needed to produce up to the target inventory levels and the set-up 

time needed to set up a run of each product (distributed according to its integer multiple). 

This cycle time formula balances productive capacity and set-up capacity. Since Tt is 

both on the left hand side and on the right hand side of the equation, determining the 

cycle times is not straightforward. In the computer program, an iterative procedure is 

included, which can start with arbitrary values of T1 *. Consecutive iterations adapt the 

values of T1 * until both sides of the equation result in the same value. The starting values 

of Tt determine the number of iterations. The first time that step 3 is reached, arbitrary 

values of T1 * are used. From the next time on, the most recent values of T1 * are used as 

starting values. 

Step A. 

Step B. 

Step C. 

Step D. 

Detennine T; independently for each product by: 

T;= 

Select the smallest T; as the initial estimate of the fundamental cycle time T: 
T=min(T;) 

Delermine the integer multiple k;- and k;+ for each product defmed by: 
k;":fT/TsJc;+ 

where k;· = the next lowest integer multiple 
k; + = the next bigbest integer multiple 

Delermine new estimates of the k; by evaluating the cost penalty incurred by using k;"T 
and k/T as the production cycle for product i. The cost for each product as a function 
of k, Cfk), is: 

C;(k) = -' +- h;EFR;d;k;T 1---'-' U· 1 [ EFR-d·] 
k;T 2 P; 

The new k; are chosen by: 
k;=k;" for Cfk;") :5:. C,{k/J 
k;~k/ for C;(k/) :5:. CJk;") 

Exhibit 4.7 Procedure todetermine the integer multiples 
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In step 4, the integer multiples with the lowest cost are determined. In order to do this, 

an adapted version of the fust four steps of Dolland Whybark's beuristic has been used. 

The adapted version is presented in Exhibit 4.7. 

The procedure is exactly the same as Dolland Whybark's fust four steps, except for the 

fact that the demand rate is replaced by the expected fill rate times the demand rate. Note 

that Doll and Whybark's approach is aimed at a deterministic situation in which all 

demand will be filled. The situation under consideration in this study is characterized by 

a stochastic demand of which only a certain part will be filled. We use a part of their 

procedure to determine the integer multiples. The actual length of the cycle in their 

procedure is also based on cost minimization, while a more capacity oriented determina

tion of the cycles is appropriate in this case. As discussed before, the traditional ELSP 

procedures sametimes lead to a shorter cycle time with higher demand levels, whereas a 

langer cycle time is required. 

In step 5 of the CCH. it is checked whether any of the multiples have been changed in 

the previous step. If this is the case, then the It's must be adapted so that the expected 

fill rates remain the same. In genera!, the increase in inventory is less than proportional 

to the increase in k;, since the coefficient of demand varlation is smaller over longer time 
intervals. 

In step 6, the expected profit is calculated and compared to the calculated profit in the 

previous iteration. Since the function is rather flat around the maximum, the procedure is 

stopped if the increase in profit is less than y/~. Determining this criterion is a strategy

related issue of the company. If this ratio is set larger, a lower overall fill rate with less 

investment in inventory is obtained (high return on investment). If the ratio is set very 

low, a higher overall fill rateis reached at the expense of an increase in inventory. In this 

last case, the profit may be hardly different from the profit with a low ratio, but the ROl 

will be much lower. Note that a considerable increase in target inventory level will be 

needed to increase the service level marginally, since the tail of the distribution function 

needs to be considered. The target cycle time will not be increased extremely, because the 

extra quantity to be produced each cycle is only marginal; due to the small increase in fill 

rate, most of the extra inventory will be left at the end of the cycle. 

In this step, it is also checked whether all of the products have reached their respective 

maximum required service level. 

In step 7, the product is selected which has the greatest expected contri bution per unit of 

capacity for the next unit stocked of this product (increase of li \ Only products that have 
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not yet exceeded the maximum service level can compete. The selected product will be 

the one for which the target inventory level will be increased. 

In step 8, the target inventory level of the product that was selected in the previous step, 

is increased by 1. After this, the heuristic continnes with step 3, where the cycle times are 

recalculated with the new value of one of the target inventory levels. When the heuristic 
is finished, it provides the operations manager with the target inventory levels and the 

corresponding target cycle times. 

4.4. Performance of the Capacity Coordination Heuristic: Simulation 
Experiments 

The experiments performed as a part of this chapter have several purposes. First of all, we 

are interested in the increase in performance of the system compared to the SCT approach 

introduced in Chapter 3. The required system performance is two-fold: profit and fill rate. 
We expect an increase in profit due to the introduetion of the target inventory level for 
each product. We also expect a considerable improvement in fill rate, especially regarding 
the required distribution of the fill rate over the various products. 

Another important subject in which we are interested is the predictive value of the long
term capacity coordination model. We have referred to this issue in Subsection 1.2.3 as 
internal validity. If this model represents the operational production system well, the profit 

prediction and fill rate prediedons should approximate the actual profit and fill rates which 
are realized. 

4.4.1. Experimental Design 

The primary purpose of the cuerent experiment is to compare the performance of the 
Stabie Cycle Times henristic (SCT) from Chapter 3 with the hierarchical approach 
presented in this chapter. Additionally, we want to investigate the internat consistency of 
our approach. It is relevant to know whether the model at the capacity coordination level 

is a good reflection of the operational system behavior. The design of this simulation 
experiment is identical to the design of the experiment described in Chapter 3 (Section 3.4 
on page 31). This is a necessary condition in order to compare the two approaches. We 
recognize that the environment in which the two henristics are compared does not show 
much variety. An experiment testing the complete model for many different system 
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parameter settings using a randomized block design will be described in the next chapter. 

Two additional demand levels are introduced to test the performance of the hierarchical 

approach at higher demand levels. Note that these levels could not be implemenred under 

the SCf, since the Dolland Whybark procedure requires the demand rate to be less than 

the production rate. A summary of all problem data is presented in Exhibit 4.8. 

Product a b c d e 

Production rate P; 240 240 240 240 240 
Set-up time C; 0.208 0.208 0.208 0.208 0.208 
Contribution/unit b; $4 $5 $6 $8 $9 
Inv.Cost/unit/period h; $0.04 $0.05 $0.06 $0.08 $0.09 
Set-up Cost U; $ 150 $lSO $ 150 $ 150 $ 150 
Average demand (83.3% level) d; 80 40 40 20 20 
Average demand (87 .5% level) d; 84 42 42 21 21 
Average demand (91.7% level) d; 88 44 44 22 22 
Average demand (95.8% level) d; 92 46 46 23 23 
Average demand (100.0% level) d; 96 48 48 24 24 
Average demand (1042% level) d; 100 50 50 25 25 

Exhibit 4.8 Problem data for the simu/ation experiments 

We provide a detailed discussion of the operational decision function (sequencing and 

batching) in the next chapter. However, in order to fully understand the simulation 

experiments, it is necessary to describe the operational decision function used in these 

experiments. 

The operational decision function is event-triggered. A decision is taken each time a 

production run is completed. Preemption does not occur. Each time a production run is 

completed, the next product is scheduled for production. Since a fixed sequence policy is 

used intbis chapter, the next product to be manufactured is selected automatically. This 

selection is based on the value of the integer multiple parameter k;. For instance, if k; is 

the same for all five products, the fixed sequence will be abcdea, etc. If k=[l,l,l,2,2], then 

the fixed sequence will be abcdabcea, etc. The batehing decision is controlled by the other 

resulting parameter of the capacity coordination heuristic, It. The batch size equals the 

target inventory level 11 * minus the actual inventory at the start of the production run. 

We see that the two logistics parameters k; and I;* - set by the capacity coordination 

beuristic - determine the behavior of the operational scheduling procedure. Since a fixed 

sequencing procedure is used at the operational level, and the CCH will be used at the 

tactical level, we will denote the hierarchical approach used in tbis way as CCHJFS. 
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4.4.2. Experimental Results 

In this subsection, we will first compare the performance (profit) of the two approaches 

(SCT and CCH/FS). Next, we will present results regarding the intemal consistency of our 

approach. The unprocessed results can be found in the Appendix on page 118. Exhibit 4.9 

presents the profit results of the SCT and CCH/FS policies for the six demand levels 

investigated. 

Demand Level SCT CCHIFS 

83.3% $2,708,609 $2,727,514 
87.5% $2,953,466 $2,951,418 
91.7% $3,171,237 $3,163,615 
95.8% $3,249,536 $3,309,703 
100.0% $3,337,337 
104.2% $3,412,003 

Exhibit 4.9 Simu/ation results: Profit 
using SCT and CCH under 
six different demand levels. 

From Exhibit 4.9 we may conclude that the difference in profit between the two policies 

CCH/FS and SCT is small. The increase in profit is highest at the highest demand level 

where both policies have been tested (95.8%). At the three lower demand levels (83.3%, 

87.5% and 91.7%) the expected fill rate EFR;- generated by the CCH- equalled the 

maximum fill rate a2; for all five products. Apparently, if nearly all demand can be 

delivered and the cycle times are kept stabie at the operational level, the more advanced 

algorithm at the tactical level does not result in better parameter settings. As long as the 

capacity is not too tight, the modified Doll and Whybark procedure generales good 

settings for the cycle times. However, if the demand level increases further, the 

performance of the parameter setting provided by the modified Doll and Whybark 

procedure decreases as compared to the performance of the parameter setting provided by 

the CCH. The scr cannot be used at demand levels greater than or equal to 100%. 

On investigating the internal consistency of our approach, we will begin with an analysis 

of the cycle times. The CCH calculates the cycle times according to equation 4.1. The 

parameters I;* and k; are used to make the operational sequencing and batehing decision. 

The model at the tactical decision level assumes that these parameters determine the cycle 

time. Therefore, the actually realized cycle times and the target cycle times should be 

approximately the same. Both cycle times are presented in Exhibit 4.10. 
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Product a b c d e 

Derm:md Level 

83.3% T·* 
I 5.79 5.79 5.79 5.79 5.79 

AcLTi 5.68 5.68 5.68 5.68 5.68 

87.5% T·* 
l 7.33 7.33 7.33 7.33 7.33 

AcLT; 7.21 7.21 7.21 7.21 7.21 

91.7% T·* 
I 10.66 10.66 10.66 10.66 10.66 

AcLT; 10.43 10.43 10.43 10.43 10.43 

95.8% T·* 
l 16.20 16.20 16.20 16.20 16.20 

AcLT1 15.73 15.73 15.73 15.73 15.73 

100.0% T·* 
l 13.66 13.66 13.66 13.66 13.66 

AcLT; 13.52 13.52 13.52 13.52 13.52 

104.2% T·* 
I 16.50 16.50 16.50 16.50 16.50 

AcLT; 16.42 16.42 16.42 16.42 16.42 

Exhibit 4.10 Simulation results: Target cycle times Ti .. and 
the actual cycle times under the CCH!FS. 

Since a fixed cycle was used, and since ki=l 0/i) in all instances simulated, the target 
cycle times are the same for all products. Consequently, for the same reason. the actual 

cycle times were the same for all products as well. The differences between target and 
actual cycle times range from 0.5% to 3.0%. The beuristic performs best (in terms of 
consistency between target and actual cycle times) at the two highest demand levels. 
The use of a fixed sequencing policy is expected to result in very little cycle time 
variation. The cycle time varlation under the CCH/FS is presented in Exhibit 4.11. 

Product a b c d e 

Demand Level 

83.3% 0.004 0.004 0.004 0.004 0.004 

87.5% 0.004 0.004 0.004 0.004 0.004 

91.7% 0.003 0.003 0.003 0.003 0.003 

95.8% 0.002 0.002 0.002 0.002 0.002 

100.0% 0.001 0.001 0.001 0.001 0.001 

104.2% 0.001 0.001 0.001 0.001 0.001 

Exhibit 4.11 Simu/ation results: Cycle time variation under 
the CCH/FS. 
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The performance measures fill rate and profit are predicted by the CCH. If the actually 

realized profit and fill rates are virtually the same as the ones predicted by the CCH, then 

our claim is supported that the CCH is a fairly good reflection of the operational system 

behavior. In the following part, we will discuss the intemal validity of our approach using 

fill rate and profit comparison. Exhibit 4.12 shows the expected and actual fill rates under 

the CCH/FS. 

Prodlu:t a b c d e 

Demand Level 

83.3% Exp. 99.0 99.2 99.2 99.3 99.3 
Act. 98.0 97.9 97.7 98.1 98.3 

87.5% Exp. 99.1 99.1 99.1 99.1 99.1 
Act. 98.0 97.9 97.8 98.1 98.1 

91.7% Exp. 99.1 99.1 99.1 99.2 99.2 
Act. 98.0 98.3 98.4 98.3 98.2 

95.8% Exp. 96.4 97.6 97.9 98.7 98.7 
Act. 96.6 97.5 97.9 98.8 98.7 

100.0% Exp. 88.2 93.2 95.4 97.3 97.3 
Act. 88.4 93.0 95.1 97.2 97.0 

104.2% Exp. 82.6 92.1 94.9 97.3 97.3 
Act 83.3 920 94.7 97.0 96.8 

Exhibit 4.12 Simulation results: Expected and actual jill rates 
for each product for six demand levels under the 
CCH!FS. 

The results presented in Exhibit 4.12 show that the internat validity of the long term 

model is high. The expected fill rates, which were calculated based on an aggregate 
model of the operational decision function, appear to give a good prediction of the actual 

fill rates at the operational level. This is an important feature of the hierarchy we have 

developed. It enables the manager at the tactical decision level to determine target 

inventory levels, and to predict the fill rates (CCH). Moreover, a simple operational 

scheduling procedure (FS)can realize these targets. 

Finally, we will compare the value of the objective tunetion of the CCH (profit) with the 

actual profit realized in the simulation experiments. Exhibit 4.13 presents again the profit 
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realized under the CCH/FS and the profit expected by the CCH calculation of the 

objective function. 

Demand Level CCHIFS CCH(Obj.) 

83.3% $2,727,514 $2,777,380 
87.5% $2,951,418 $2,994,784 
91.7% $3,163,615 $3,198,158 
95.8% $3,309,703 $3,304,387 
100.0% $3,337,337 $3,328,766 
104.2% $3,412,003 $3,338,522 

Exhibit 4.13 Simu/ation results: Actual 
profit under the CCH/FS and 
the profit predicted by the 
CCH objective function. 

At all demand levels, the value of the objective function is very close to the actual profit 

realization in the simulation runs. The difference between objective and realization are less 

than two percent at the lower demand levels, and less than one percent at the higher levels 

of demand. 

Although the share of the inventory costs in the total result is fairly small (approximately 

foor to six percent), it is worth considering these separately, because an interesting effect 

can be observed. The inventory costs are reported in Exhibit 4.14. In the left column, the 

value of the inventory cost in the objective function is given, the center column gives the 
actual results from the simulation run. In the right-hand column, the differences between 

the two are given as a percentage of the value of the inventory cost in the objective 

function. 

Demand Level CCH(obj.) CCH Difference 

83.3% $ 107,133 $ 107,491 + 0.3% 
87.5% $ 132,685 $ 129,649 - 2.3% 
91.7% $ 189,314 $ 184,531 - 2.6% 
95.8% $ 262,510 $254,626 - 3.1% 

100.0% $208,771 $ 192,415 - 8.5% 
104.2% $251,477 $227,265 - 10.6% 

Exhibit 4.14 Simulation results: Inventory costs using 
CCHIFS under six different demand levels, as 
compared to the predicted inventory costs by 
the CCH. 
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In Exhibit 4.14, we can see that the inventory cost estimates - detennined in the 

objective function- differ considerably at the higher demand levels. This is caused by the 

simplified inventory model that is used at the top decision level. This model assumes that 

the inventory pattem will be a straight line from its highest level (just after the production 

run has been finished) to its lowest level (just befare the next production run wilt start). 

This pattem is true, if the fill rates are close to 100%. This occurs if the demand rate is 

relatively low. If the demand rateis higher, the fill rates drift away from 100%, and the 

inventory pattem changes. Inunediately after the inventory has reached its highest position, 

the fill rate will be 100% until the inventory balance equals zero. From that moment on, 

until the next production run, the fill rate will be 0%. The two inventory pattems are 

illustrated in Exhibit 4.15. 

I 
-- fiJl rate = 100% 

-- - - -· fiJl rate < 100% 

Exhibit 4.15 Inventory pattern under differentfill rates in the 
Iost-sales case. 

It is clear that the average inventory level is lower if the fill rateis lower. This accounts 

for the difference between the inventory costs estimate and the actual inventory costs if 
the demand level is high. 

4.5. Organizational Setting 

The long-term capacity coordination decision has two function within an organization: 

Coordination of the manufacturing and marketing departments 

· Coordination of long-termand short-term decisions 
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The proposed coordination method aims at providing support in solving the natural 

conflict of interest between marketing and manufacturing. In line with the work of 
Konijnendijk (1992), we recognize that this conflict should be discussed at the tactical 

decision level. In this way, the day-to-day operations are not disturbed by this conflict of 
interests. The management should take these tactical decisions, since these involve priority 

setting and capacity allocation. In a business context, this is comparable to the 

determination of the annual sales and production plans (which are somelimes referred to 

as sales and production budgets). The priority setting does not only involve the priorities 

between the various products, but also the priority setting between inventory and service, 
and between set-up and inventory. Ifthese trade-offs are made on a tactical decision level, 

then the theoretica! model shows that the operational decisions are simpte. 

This simplicity is caused by the fact that the key parameters have been decided upon at 

the higher decision level. This prevents short-term conflicts, which might lead to decisions 

like the ones taken by the VCT. The hierarchical approach presented here has two clear 

organizational differences, if it is compared to the VCT. First, it decides on priorities at 

the tactical decision level. At the operational decision level, no trade-offs are made. 

Second, it determines control parameters at the tactical decision level, which serve as 
targets for the operational decision level. This enables the operational decision level to 
account for long-term effects. 

Appendix 4.1 Behavior of ELSP Cycle Time Formulas with Regard to 
the Demand Level 

The cycle time formula used by Doll and Whybark (and in a similar way by other 

authors): 

T; = 

Lemma: 

d. 
d.h. 1- _: 

I I P; 

2 u ,forall d< P 
2 
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Proof: 

<=> d- d2 < d+Ö- (d+ó)2 
p p 

<=> - !!..!... - Ö+ d 
2
+2dó+ö

2 
< 0 

p p 

Since p>O: - Öp+2dó+ö2 < 0 

Since Ö>O: - p+2d+Ö < 0 
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2 < 0 

p 

For ö~. the Lemma is true for all d < P 
2 
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Operational Planning and Control 

In the previous chapters we have introduced the basic concepts of production control in 

flow process industries, specifically focusing on the EFPIPS. The first design principle 

was found in Chapter 3, namely the u se of stabie cycle times in order to be able to control 

the long-term performance of the production system. In Chapter 4, we have focused on 

the long-term capacity coordination function, which should be executed at the tactical 

decision level within an organization. Some important trade-offs are being made at this 

level. These include: 

- Trade-off between various products 

- Trade-off between setting up and holding inventory 

- Trade-off between holding inventory and service level 

At the tactical level, a long-term decision is made about the service level that should be 

reached in the short term for each product that is part of the product mix. This is based 

on the probability distribution of the demand and the contribution margin of the product. 

The trade-off between setting-up and holding inventory is a cost minimization problem. 

Finally, the trade-off between holding inventory and service level is a trade-off between 

extra contribution (given the probability distribution of demand and the contribution 

margins). Since all these decisions are strongly intertwined, they were formulated in a 

single mathematical model. A solution to the model can be found using the Capacity 

Coordination Heuristic from Chapter 4. 

The objective of the Capacity Coordination Function is to set the control parameters and 

to predict the operational behavior in order to maximize the profit of the production 

system. The control parameters which are the key in this specific environment are the 

65 



66 Chapter 5 

target inventory levels (!;) and the integer multiples (k;). Using these two parameters, a 
fairly good performance was reached at the operational level (Section 4.4). In these 

implementations, a simple rule was used for operational planning, namely a fixed 
sequence. 

In this chapter, we will analyze the operational planning and control function in more 
detail (see Exhibit 5.1). We will focus on the controllability of service levels. The 
controllability of service levels is related to the lemma found in Section 3.5, regarding the 
distribution of service levels over the various products. As became clear, the sequencing 
decision (be it run-out based or fixed) is of primary importance to this effect. The 
sequencing decision will be discussed in Section 5.1. In Section 5.2 we will judge the 
generality of the proposed model by changing the environmental setting used up to this 
point. We will address: demand distribution and variance, contribution margin (and 
inventory cost) of the various products, and the set-up times and cost of each of the 
various products. 

STRATEGICAL 
• product tmormumt 
• laOJII'Ce~ 

TAcriCAL 
• product ptlotitla 
• raorm:e lllloctltloft 

OPERATIONAL 
•lotlblq 
• leCplellCbaa 

Exhibit 5.1 Operational decision level within operations planning 
framework 

5.1. Operational Sequencing 

In the operational planning and control function of the EFPIPS two decisions may be 
distinguished: the sequencing decision and the batehing decisien. We will focus on the 
sequencing decision, since we have noticed earlier that this decision strongly influences 
the service levels. 
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This section consists of three subsections. Frrst, we will describe the task of the 

operational planner in our hierarchical approach (Subsection 5.1.1). Then, in Subsection 

5.2.2, we will discuss three alternative sequencing policies, which will be tested in the last 

subsection. 

5.1.1. The Operational Planning Task 

The operational planner has to perfarm bis task within the decision framework outlined 

in Chapter 4. In this framework, logistics parameters are set at the tactical level. At the 

tactkal level, the production and sales managers are involved in the decision making 

process. They have to make the trade-offs mentioned in the introduetion to this chapter 

on page 65. Support to this decision is provided by the Capacity Coordination Heuristic. 
The results of this (tactical) capacity coordination decision is the setting of the logistics 

* parameters, 11 and k1• 

Let us assume that a fixed sequence is used at the operationallevel. In that case, the first 

planning task is to determine this fixed sequence, using the parameter k1• This parameter 

indicates that a product i should be producedevery k1 cycles. Por instance, if k=[l,l,l,l,l], 

then the sequence would be abcde (and then be repeated). If k=[l,2,1,2,l], then the 

sequence would be abceacde (and then be repeated). In most cases, a fixed sequence can 

be determined in this way (manually). Problems may rise if an imbalance exists in the 

parameter setting. This issue will be addressed in the next subsection. 

The secoud operational task is batehing or lot-sizing. Por this decision, the logistics 

parameter 11 * is used. If a production run is fmished, the planner determines the batch size 

of the next product to be produced. The batch size equals the target inventory level 11 * 
minus the actual inventory level!1• 

5.1.2. Run-out Time Based vs Fixed Sequencing 

The sequencing decision refers to the question which product to produce next when a 
production run is completed. In this text, we will distinguish two different approaches: 

Run-out time based sequence (RO) 

· Pixed sequence (FS) 

The run-out time based sequencing policy is the following: Each time a production run 
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is completed, the product with the shortest run-out time R01 is produced: 

r, 
RO·=z d 

i 

(5.1) 

In the :fixed sequencing policy, the products are produced according to a predetermined 

sequence, independent of the actual inventory position. 

In Chapter 3 we have notleed that the run-out time based policies cause a shift in the 

service level distribution: the high-demand products reach a higher service level than the 

low-demand products, though this is not aimed at in any decision. The mechanism which 

causes this behavior was mathematically illustrated in Appendix 3.1, and is primarily due 

to the fact that the high demand products consume a larger share of the available capacity. 

Consequently, it is more difficult for the low demand product to "pass" the high demand 

products in the schedule. 'Ibis effect will not occur in case a :fixed sequence is used. On 

the other hand, a fixed sequence is less flexible, in the sense that less opportunities exist 

to react to actually occurring demand. Only the batch size can be used to react to actual 

demand, while in the other case also the sequence can be used as an operational control 

measure. 

Results from the experiment& in Chapter 4 have demonstraled that using a. fixed sequence 

indeed leads to a controlled service level distribution among the products; Determining a 

fiXed sequence at the operational level is easy as long as the integer multiples for all 

products are the same. Also in cases where the integer multiples have a favorable ratio to 

one another, determining a :fixed sequence schedule is without many complications. 

Examples were given in th~ previous subsection. However, the vector of integer multiples 

k may be such that determination of a fixed sequence is extremely difficult, considering 

that 

all cycles of a single product should have approximately the same dnration 

the utilization rate is extremely high 

Additionally, if a fixed sequence can be determined, its performance might decrease if the 

varianee indemand increases considerably. This is caused by the fact that the FS policy 

bas less flexibility at the operational level than a run-out time based policy since a 

sequence change is not used as an operational measnre to react to variations in demand. 

In summary, applying the traditional run-out time formula (equation 5.1) intheEFPIPS 

under the CCH may lead to uncontrolled service levels and applying the :fixed sequence 

policy instead may cause problems due to schedule feasibility and lack of flexibility. 
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When designing a new procedure that combines the advantages of both other procedures 

- controlled service levels, no schedule feasibility problems, flexibility -, such a 
procedure may consist of the operational sequence determination based on both the actual 

inventory and the parameter settings determined by the CCH. The parameter which 

controts the service levels in the fixed sequence policy is the target inventory level/;*. If 

a run-out based policy has to consider differences in required service level between the 
products, the actual inventory should not be compared to zero (as in equation 5.1), but be 

related to the target inventory level It. Consequently, since It is related to the demand 

during the cycle time, the denominator of the run-out time definition should be d;T; * 

instead of d;. The value of T; * can be deduced from the logistics parameters I;* and k; 
using equation 4.1. 

This leads to the following adapted run-out time definition: 

* 1;-1; 
ROC. = --

' * 
(5.2) 

d; T; 

We will denote ROC; as the controlled run-out time of product i. Note that the use of the 

parameters k; and I;* is not sufficient for the determination of the controlled run-out time. 

However, the value of T; * is provided by the CCH as a secondary parameter value. The 

ROC recognizes the differences in I;* and T; * between the products. It is therefore 
expected to result in a higher correlation between the operational performance of the 

system and the objective function values determined by the CCH than the basic RO 

definition according to equation 5.1. 

5.1.3. Simulation Experiments: Comparison of RO, ROC, and FS 

We performed a series of simulation experiments testing the RO and ROC polides under 
the CCH and comparing them to the results of the fixed sequence experimentsin Chapter 

4. As explained in the previous subsection, the ROC policy bas been designed to result 

in virtually the sameperformance as the FS policy. These results are expected to be better 

than the RO results. The results were obtained using the same experimental setting as in 

all earlier experiments. This experimental setting was described in Section 3.4 on page 31. 
The results are presented below. Note that, for ease of presentation, only three demand 
levels will be analyzed. The unprocessed results can be found in the Appendix on page 

119. 
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The profit results are presented in Exhibit 5.2. 

Demand level 

91.7% 
95.8% 

100.0% 

CCHIRO 

$3,162,136 
$ 3,300,506 
$ 3,311,152 

CCHIROC 

$3,164,742 
$ 3,308,913 
$ 3,338,951 

CCHIFS 

$ 3,163,615 
$3,309,703 
$3,337,337 

Exhibit 5.2 Simu/ation results: Profit using CCH/RO, 
CCH!ROC and CCHIFS polides for three demand 
levels. 

Chapter 5 

We see that the CCHJROC and the CCH/FS policies result in virtually the same profit. 

The CCH/RO-policy gives slightly better results than the uncoordinated scr policy in 

Chapter 3, but still its profit is less than that of the other two, with an increasing 

difference as the demand level increases. Exhibits 5.3 and 5.4 present the cycle times and 

the cycle time variations under the three policies (CCH/RO, CCHJROC, and CCH/FS). 

Product a b c d e 

Demand Level 

91.7% CCH 10.66 10.66 10.66 10.66 10.66 
CCH,IRO 10.15 10.41 10.41 10.79 10.83 
CCH,IROC 10.19 10.33 10.44 10.81 10.77 
CCHJFS 10.43 10.43 10.43 10.43 10.43 

95.8% CCH 16.20 16.20 16.20 16.20 16.20 
CCH,IRO 15.22 15.44 15.53 16.69 16.63 
CCH,IROC 15.52 15.65 15.76 16.17 16.23 
CCHJFS 15.73 15.73 15.73 15.73 15.73 

100.0% CCH 13.66 13.66 13.66 13.66 13.66 
CCH,IRO 12.87 13.32 13.69 14.98 14.89 
CCHJROC 13.47 13.55 13.59 13.72 13.73 
CCHJFS 13.52 13.52 13.52 13.52 13.52 

.. 
Exhibtt 5.3 Simulation results: Target (CCH) and actual 

(CCH/RO, CCHIROC and CCHIFS) cycle 
times for each product for three demand 
levels. 

From the results presenred in these Exhibits, we can observe that the CCHJROC policy 

tends to behave like the CCH/RO policy if the demand level is relatively low. However, 

if the demand level is relatively high, the CCHJROC policy results in less cycle time 

varlation than the CCH/RO. Additionally, at a high demand level, the CCHJROC policy 

has a smaller difference between the actual T;s realized: the difference between Ta (the 

actual cycle time of product a) and Te under the CCH/ROC policy is much smaller than 
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under the CCHIRO policy. 

Product a b c d e 

Demand Level 

91.7% CCHIRO 0.004 0.005 0.005 0.()06 0.006 
CCHIROC 0.004 0.005 0.005 0.006 0.006 
CCHJFS 0.003 0.003 0.003 0.003 0.003 

95.8% CCHIRO 0.004 0.004 0.004 0.006 0.005 
CCHIROC 0.003 0.003 0.003 0.005 0.005 
CCH/FS 0.002 0.002 0.002 0.002 0.002 

100.0% CCHIRO 0.004 0.004 0.005 0.007 0.006 
CCHIROC 0.002 0.003 0.003 0.004 0.003 
CCHJFS 0.001 0.001 0.001 0.001 0.001 

Exhibit 5.4 Simu/ation results: Cycle time variation under 
three policies (CCH!RO, CCHIROC and 
CCHI FS) for each product for three demand 
levels. 
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The most prominent differences between CCH/RO on the one hand and CCH/ROC and 

CCHIFS on the other, are however the control of the service levels, as is shown in Exhibit 

5.5. Especially at the higher levels of demand, the performance of the CCHIROC policy 
is very close to the performance of the fixed sequence policy. 

Product a b c d e 

Demand Level 

91.7% Exp. 99.1 99.1 99.1 99.2 99.2 
RO 98.8 98.4 98.5 97.3 96.8 
ROC 98.6 98.5 98.6 97.3 97.2 
F.S. 98.0 98.3 98.4 98.3 98.2 

95.8% Exp. 96.4 97.6 97.9 98.7 98.7 
RO 97.7 98.1 98.4 96.1 96.2 
ROC 97.2 97.9 97.9 97.9 97.7 
F.S. 96.6 97.5 97.9 98.8 98.7 

100.0% Exp. 88.2 93.2 95.4 97.3 97.3 
RO 92.1 93.9 94.2 90.6 90.6 
ROC 88.6 93.0 95.1 96.9 96.6 
F.S. 88.4 93.0 95.1 97.2 97.0 

Exhibit 5.5 Simu/ation results: Expected and actual 
(CCHIRO, CCH!ROC and CCH/FS)fill rates 
for each product for three demand levels. 
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In summary, the purpose of the development of the ROC was to find a policy which did 

not require to construct a schedule befarehand (which was the advantage of the RO 
policy) and additionally did not results in uncontrolled service levels (which was the 
advantage of the FS policy). The ROC policy which has been developed, seems to fulfil 
these requirements. 

In the next section, we will campare the CCHIROC and CCH/FS policies in a wider set 
of environments. The purpose of that test is to check whether the difference in 
performance between the CCHIROC and CCHJFS policies really is negligible. Additiona

lly, we will test statistically whether the CCHIROC policy perfarms significantly better 
in a wider set of environments. 

5.2. Different Environmental Settings: Simulation Experiments and 
Analysis 

In this section, the presented model will be further tested. The consecutive tests can be 
distinguished into three different kinds: 

Statistica! tests to campare the performance of the ROC and Fixed Sequence 
policies. 

Statistica! tests to campare the ROC and the Ver policies. 

Illustrative tests to show the behavior of the CCH under various circumstances. 

In Subsection 5.2.1, we will describe the series of experiments we performed. This will 
be followed, in Subsection 5.2.2, by a statistica! analysis of the data, accompanied by 
conclusions regarding the use of the ROC sequencing policy. Finally, in Subsection 5 .2.3, 

we will analyze the behavior of the CCH under various circumstances and campare this 

to the essential planning logic underlying the model. 

5.2.1. Experimental Design 

The following factors were varled in ordertotest the model under various·circumstances: 
Demand level (3 levels) 

Demand dis tribution and varianee (3 levels) 

Set-up times and cast (3 levels) 

Contribution margin and inventory cost (3 levels) 
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The detailed settings at each of the levels distinguished is presented in Exhibit 5.6. 

The demand levels are set like in the previous experiments. In all previous experiments 

demand was normally distributed with cr=0.33J.L. Two of the current variations of the 

demand generation factor represent a compound Poisson distribution. This means that each 

period a number of customer orders is generated using a Poisson distribution with 

parameter À; consecutively, for each order an order size is generated according toa normal 

distribution (with again a=0.33J.L). Obviously, J.L is adapted taking the value À into account, 

so that the overall average demand level is not affected. The resulting standard deviations 

per period are, respectively for situation 2 and 3, O'""l.lJ.L and 0'•2J.L. 

The set-up costs are chosen proportionally totheset-up time, similarly the inventory cost 

are chosen proportional to the contribution margin. 

Demand levels 
l. 
2. 
3. 

a 

91.7% 88 
95.8% 92 

100.0% 96 

Demand generation and varianee 

b 

44 
46 
48 

c 

44 
46 
48 

l. Normal distribution (o=0.33!l) 

d 

22 
23 
24 

e 

22 
23 
24 

2. Compound Poisson distribution (per order: 0'=0.33!l) 
À 1 1 1 1 1 

3. Compound Poisson distribution (per order: 0'=0.331J) 
À 1 1 1 0.2 0.2 

Set-up times (cost=720*set-up time) 
1. 0.208 0.208 0.208 0.208 0.208 
2. 0.042 0.083 0.125 0.167 0.208 
3. 0.208 0.167 0.125 0.083 0.042 

Contribut/on margin (lnventory cost=O.Ol*contribution margin) 
l. 4 5 6 8 9 
2. 9 8 6 5 4 

Exhibit 5.6 Factors involved in the simu/ation experiments. 

Three polides are tested in the cuerent experiments, namely the ROC and FS policies 

under the CCH, and the ver for general comparison purposes. The VCT cannot be tested 

under the highest demand level, since it requires the demand to be less than the production 
capacity. 
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Multiplying the number of levels of each of the factors and the number of policies, taldng 

into account the limited applicability of the ver, yield a total number of situations 
equalling 144. Each situation will be simulated five times, identical to the experimental 

setting used in the earlier experiments, totalling the number of observations to 720. We 
used profit as a performance measure. 

Preliminarily to the simulation experiments, the CCH was run several times to determine 
the parameter settings in the experiments using the ROC and FS policies under the CCH. 

5.2.2. Statistical Analysis of the Experimental Results 

Two statistical tests were performed. The first one was intended to test whether the ROC 

resulted in a simHar profit as the Fixed sequence policy (both under the CCH). The second 
one was intended to test whether a policy under the CCH (in this case the ROC) 
performed better than the ver. We used Analysis of Varianee (ANOVA) as a test 
method, using the randomized block design as our experimental design (see, e.g., Weiers 

1991, 543). The idea of this design is to compare the results in pairs, using the same 

setting of the experimental factors and an exact repHeation of the demand generation in 
each pair. Each pair of exact replications of demand and experimental factors is called a 
block. 

First, we compared the CCH/ROC and CCH/FS policies. Since determining a fixed 

sequence was almost only possible if the target cycle times of all products are the same, 
only the observations with those parameter settings were considered. This resulted in a 

total of 180 observations (90 blocks and two treatments). The resulting value of the 
ANOVA test was: 

F=5.81* 

This is statistically significant at the 0.025 level. However, the practical significanee is 
small, since the difference in average profit between the two policies is only 0.61 %. 
Therefore, we will neglect the differences between the two policies in terms of profil This 
test then supports our earlier observation in this chapter. Consequently, in cases where it 

is difficult to determine a fixed sequence, the CCH/ROC may be applied instead of the 
CCH/FS. 

Second, we compared the CCH/ROC policy and the ver policy. In Chapter 3, we already 

* More detailed statistica} data are provided in the Appendix on page 120. 
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compared the ver to a stabie cycle times policy under a limited variety of environmental 

settings. Our current experiment involves 180 observations of each treatment. The 

resulting value of the ANOV A test was: 

F=245.7 

which is significant at a levelless than 0.005, i.e., the hypothesis that the averages of ver 

and CCH/ROC are the same is rejected. The respective averages in profit over the 180 

observations of each policy showed a difference of about 22% more profit under the 

CCH/ROC then under the ver. This statistica! result also supports earlier observations 

made in Chapter 3. 

Note also that both polides (CCHIROC and Ver) in fact consist of two levels. The Ver 

consists of a simpte procedure at the top level (to set the cycle times) and a more 

complicated procedure at the lower level (to perform sequencing and lot-sizing tasks). The 

CCHIROC policy is more complicated at the top leveland more elementary at the lower 

level. This reflects the difference in approach .between the two policies. The CCH/ROC 

invests more effort in determining the logistics parameters, aiming at the lower level to 

control the system in such a way that the calculated parameter values will be realized in 

the operation. The ver only uses the parameter setting as a rough point of reference, but 

the correlation between the actual cycle times and the target cycle times is much smaller 

than under the CCH/ROC. 

5.2.3. Analysis of the CCH onder Various Circumstances 

In this secti~n we will analyze and comment the behavior of the Capacity Coordination 

Heuristic. 

The CCH tries to solve a problem of which all individual aspects are clear and discussed 

in many practical situations. The beuristic provides a solution for solving the combined 

problem. We will investigate, by using some appealing examples, whether it reacts to 

certain changes in settings as we may expect. This will give some support to the practical 

use of the heuristic, since its results should be understandable by a planner or operations 

manager. 

In our analysis, we will focus on the determination of the cycle times. We will address 

the same aspects that we have addressed in previous sections of this Chapter, namely: 

Demand level 

V ariation in demand 
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Set-up times and cost 

Conttibution margin and inventory cost. 

Several paragraphs in this text have ttied to convince the reader of the apparent dominanee 

of the capacity aspect in the problem considered. Most traditional approaches for 

determining cycle times are based on the Economie Manufacturing Quantity and are 
focused on cost minimization. Capacity aspects are ignored. As a result shorter cycle times 

are advised if the demand level is higher. This is contrary to our point of view, from 
which we argue that cycle times should be longer if the demand level is higher, in order 

to increase the production capacity. 

Exhibit 5.7 presents the target cycle times generated by the CCH for a number of 
experimental settings. The numbers of the experimental settings of the factors correspond 

to Exhibit 5.6 on page 73. For instance, 3112 corresponds to the highest demand level (3), 

a normal disttibution of demand (1 ), equal set-up cost for all products (1 ), and high 

conttibution margins for high-demand products (2). 

Product a b c d e 

Experimental 
Setting 

1111 10.67 10.67 10.67 10.67 10.67 
3111 13.67 13.67 13.67 13.67 13.67 
1311 9.92 9.92 9.92 9.92 9.92 
1121 5.54 11.08 11.08 11.()8 16.63 
1131 11.08 11.08 11.08 11.08 5.54 
1112 6.92 6.92 13.83 13.83 13.83 
3112 10.75 10.75 21.50 21.50 21.50 
3311 16.25 16.25 16.25 16.25 16.25 

Exhibit 5.7 CCH results: Target cycle time values under 
various experimental settings. 

Camparing 1111 to 3111, we see that a higher level of demand leads to a longer cycle 

time. The policy lengthens the cycle times in order to create extra productive capacity. 

Extra demand is planned to be accepted as long as the cost of holding extra inventory is 

less than the decrease in set-up cost and the increase in expected conttibution. 

The reaction of the Capacity Coordination Reuristic to a higher varlation in demand is 

more complicated. Weneed to distinguish the reaction toa higher varlation if demand is 

relatively low, and if it is relatively high. If demand is relatively low, the maximum 
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service levellimit can be reached quite easily. A higher varlation indemand (1311) then 

leads to a shorter cycle time, since a considerably higher target inventory level is needed 

to reach a certain fill rate. If demand is relatively high (3311), the expected fill rate 

initially will be relatively low. In this case, another effect which is caused by a higher 

varlation in demand plays a dominant role. If the varlation in demand increases, the 

probability that demand exceeds a certain quantity (higher than the expected demand) 

during the cycle time, increases as well. It is interesting to note that demand varlation is 

not one of the input variables in the traditional cycle time formulas. In this study, we have 

seen, that it really plays a role of importance. 

Settings 1121 and 1131 show us that Jonger set-up times and cost lead to longer target 

cycle times, as might be expected. This is in Iine with the traditional cost-based 
approaches to cycle time calculations. 

Lower inventory costs lead to longer target cycles too, as might be expected and is in 
accordance with traditional approaches. 

We may conclude that the resulting target cycle times set by the CCH reflect the 

elementary relations between the key parameters of the model. This will support the use 
of the model in practice, since it is a requirement of any model to be used in practice that 

its results are transparent 
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Chapter 6 

Hierarchy in Models 

Since the introduetion of systematic hierarchical approaches to production planning and 

control by Meal, Hax and Bitran of the Massachusetts Institute of Technology (MIT) in 

the 1970s, many have used the term "Hierarchical Production Planning". Also in this text, 

the claim is made that the proposed model to control production in the EFPIPS, as a basis 

for production control in flow process industries, is hierarchical in nature. 

This chapter aims to clarify the differences between the hierarchical approach chosen in 

this text (based on the approach developed by Bertrand, Wortmann and Wijngaard

BWW), and the approach mentioned above (developed by Hax and Bitran- HB). The 

objective of this classification is to describe a methodological framework, in which our 
approach can be positioned. 

We will commence this chapter by giving a description of the basic approach developed 

by HB. In the second section, a general description will be given of the hierarchical 

approach advocated by the Eindhoven school. This chapter will be concluded by an 

analysis of the model we have developed for the EFPIPS, focusing on the comparison with 

the HB and BWW approaches to hierarchical production planning and controL 

6.1. The Hierarchical Approach by Hax and Bitran 

An excellent overview of all MIT -publications about hierarchical production planning, 

most of which appeared between 1973 and 1983, is presented by Winter (1989). 

According to his analysis, the principal ideas were developed by Bitran, Hax, Meal and 

Graves in the early 1970s and further developed in the succeeding years. These further 
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developments especially focused on beuristic and algorithmic solutions for each of the 

planning levels. The flow of publications from MIT regarding hierarchical production 

planning has diminished since the early 1980s. According to Winter, this was due to the 

fact that the main researchers mentioned above focused on other aspects of operations 

management. Nevertheless, the HB model is still the basis for màny analyses of 

hierarchical production planning systems, and therefore has been chosen as a benchmark 

approach with which to compare the approach presented in this text. 

The idea for hierarchical production planning systems was launched by Anthony in his 

work "Planning and Control Systems: A Frameworkfor Analysis" (1965). He introduced 

three levels of hierarchical control: Strategie Planning, Management Control and 

Operational ControL In the HB publications, generally the following terms are used for 

the three models supporting these decision levels: 
Aggregate planning 

Family disaggregation 
Item disaggregation 

In Subsection 6.1.1, we will briefly describe the three hierarchicallevels of the basic DB
approach. In Subsection 6.1.2, we will describe two elaborations of the basic model: one 

for a company in the aluminum industry and one for a general single stage system. 

6.1.1. Description of the Basic HB-Approach * 

The idea of HB 's hierarchical production planning system is that the decision-supportive 

models should reflect the three hierarchical levels of planning and control within an 

organization as described by Anthony (1965). The solution of the model at the strategie 

level will result in constraints for the tactical (management control) decision level. The 

solution of the tactical model will result in constraints for the operational decision level. 

Hax and Meal (1975) propose the following levels of aggregation: 

items: 
families: 

types: 

* 

the final products to be delivered to the customers. 

groups of items which are generally produced together due to the fact that 

they share a common manufacturing set-up. 

groups of families with similar costs per unit of capacity and similar 

demand pattems. 

The description of the basic HB-approach is based on Hax and Meal (1975), Bitran and Hax (1977) 
and Hax and Bitran (1979). 
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HB's bierarcbical production planning system is presenred schematically in Exhibit 6.1. 

Dataupdate 

Determine effecti:ve demandl 

Aggregate plan for types 

Family disaggregation 

Exhibit 7.1 Conceptun.l overview of HB's hierarchical planning 
system (adaptedfrom Bitran et al.l980) 

At the product type level, the aggregate plans for the product types are determined. The 

typical planning horizon is one year. Production capacity is allocated to each of the 

production types, for each time period until the end of the planning horizon. The problem 

can be formulated as a linear programming model using production costs and inventory 

carrying costs as cost parameters. 

Hax and Bitran (1979) state that, unless care is taken, the use of aggregation may lead to 

infeasibilities. lf the inventory is unbalanced, interchangeability of the individual stock 

positions among all items cannot be assumed. To deal with this problem, they introduce 

the so-called effective demand.·The effective demand is determined by fust adjusting the 

detailed demand per item with the detailed item inventory position. Then, the aggregate 

demand is determined by adding up the relevant item demands. 

Set-up costs are not included in the aggregate planning model. The reasons presenred by 
Bitran and Hax (1977) for not including set-up costs are: 

Inclusion of set-up costs leads to non-linearity in the model and therefore causes 

a decrease in computational efficiency 

Set-up costs normally have a secondary impact on total production costs 

luclusion of set-up costs forces the aggregate model to be formulated at a family 
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level, which requires much more detailed data. 

The model results for the first time period are implemented and are the input for the 
family disaggregation model. The results for the other periods are updàted in the next 
period on a rolling plan basis. 

The aim of the family disaggregation model is to allocate the quantities of each product 

type of the fust period to the families betonging to that type. The objective function 

assumes that the family run quantities are proportional to the set-up cost and the annual 

demand fora given family. 

The aggregate planning model and the family disaggregation model tagether determine all 
costs. Therefore any feasible salution of the item disaggregation model would result in 

exactly the same costs for the fust period. Bitran and Hax propose todetermine the item 
run quantities in such a way that future costs will be minimized. This means to determine 
the item run quantities such that all item run-out times will equal the family run-out times. 

This concludes the description of the basic HB hierarchical production planning system. 
Note that the model bas a structure which is defined in much detail. In Section 6.2, we 
will notice that the framework developed by BWW allows more freedom in designing the 
actual production control system. 

The basic description of the model has been foliowed since the original pubHeation by a 

number of publications from authors of MIT and other institutions. These articles regard 
the salution and more advanced formulation of each of the three models. Below, in the 

next subsection, we will discuss two of these. 

6.1.2. Elaborations on the Basic MIT Approach 

Two publications by teading authors are of special interest to us: Hax (1977) and Bitran 
et al. (1981). 

Hax (1977) describes a case study of hierarchical production planning in the aluminum 
industry. The production process of aluminum ingots clearly belongs to the category of 
flow process industries, especially since the process step that is focused on is the smelting 
part of the production process: a one step process, where the aluminum is obtained by an 
electrolytic reaction and is then poured from a holding furnace into an ingot mold. 
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The hierarchical production planning system that was developed for this company is 

characterized by two levels: strategie planning and tactical planning. At each planning 
level, a mathematical programming model is formulated. The first model is used to 

determine size, location, and timing for capacity expansions and for subcontracting 

options. This strategie model is a linear programming model which allows for an analysis 

of possible investrnents using shadow prices. 

The second model is used to direct the incoming ingot orders to the various production 
units. This tactical model is decomposed into three separate segments due to computation
al considerations. The objective of the model is to minimize "total logistics cost" which 
includes casting costs and inventory carrying cost. All demand should be met within the 

capacity constraints decided upon in the strategie model. Neither the description of the 

company nor any of the two roodels refer to set-up cost or set-up time as an important 
variable. 

Bitran et al. (1981) describe a general hierarchical modelfora single stage system. The 
approachpresentedis strongly related to the basic HB approach outlined in the previous 
subsection. The most interesting aspect of this paper is the modification made to the basic 
approach to account for high set-up cost. 

The idea is that, after initially solving the farnily disaggregation model in the traditional 

way ( denoted as the "re gul ar k.napsack method"), independently for each family an optimal 
lot-sizeis determined using a generally known lot-sizing method (Silver and Meal1973). 

The capacity that remains is then introduced into a general pool of capacity, independent 

of product family or type. This pool of capacity is redistributed over the various product 
familiesbasedon marginal cost considerations. In this way, an extra "feedback loop" is 

created in the approach, which results in a solution closer to the optimum than in the 
original model. The approach is considered useful if the set-up costs exceed 15% of the 

total production costs. The results provided by Bitran et al. (1981) indicate indeed a better 

performance in cases with large set-up costs. 

6.2. The Hierarchical Approach by Bertrand, Wortmann and Wijn
gaard 

The hierarchical approach to production control by Bertrand, Wortmann and Wijngaard 
was developed in the 1980s at Eindhoven University of Technology (Bertrand and 
Wortmann 1981, Bertrand and Wijngaard 1986, Bertrand et al. 1990). The framework 
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underlying this approach is an extension of the basic RB-approach. Especially the 

publications by Anthony (1965) and Meal (1978) have triggered the development of this 

concept. In Meal (1978) a conceptual development can be noticed in the approach towards 

hierarchical production planning and control. In Meal's hierarchical system "no attempt 
is made to use optimizing systemsfor either aggregate or detailed planning. Instead, the 
planning systems are designed to provide for ease of understanding and controlled by 
management" (Meal 1978, 253). 

BWW have extended this concept towards a design-oriented approach to production 
controL In this context, design-oriented (as opposed to model-oriented) means that 
standard models are not used to solve company-specific production control problems; for 

each specific problem, a production control framework has to be developed. The BWW

approach offers guidelines for this design process. These guidelines are based on the 
following design aspects: 

problem decomposition 

conceptual aggregation 
coordination of production and sales 

Problem decomposition refers to the decomposition of the overall, complex, control 

problem into a number of smaller, comprehensible, problems. These smaller problems can 

be solved independently. If the overall problem is decomposed well, the joint solutions of 
the smaller problems are almost as good as the overall optima! solutión (should it be 

possible to determine this solution). For instance, in many situations relatively independent 

production departments can be distinguished as a part of the total flow of materials, such 
as parts manufacturing and final product assembly. In the short run, these production 
departments are usually managed independently of each other. 

In this respect, Eertrand et al. make a clear distinction between Goods Flow Control and 
Production Unit Control. A production unit is defined as 

"a production department which on short term is self-contained with respect 
to the use of its resources, and which is responsible for the production of 
a specific set ofproductsfrom a specific set of materlafs and components." 

Goods flow control coordinates the inputs and outputs of the production units (by work 

order release and inventory control polides) and coordinates production and sales. 
Production unit control is limited to the control of production within the production unit, 

based on the matenals and components that are delivered to the production unit, and the 
work orders that are released to it. In the design of the production control structure any 

constraints can be laid upon the production unit by the goods flow control level. For 
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instance, constraints on work load and lead time can be given to the production units; the 
production unit should then develop its own control measures to satisfy the constraints. 

This production control structure is outlined in Exhibit 6.2. 

Exhibit 6.2 Goods flow control and production unit control in the BWW production 
control structure ( adapted from Bertrand et al. 1990) 

Conceptual aggregation refers to a two-tiered way of control within a specific production 

control problem. The upper level is concerned with the general coordination of (primarily) 

capacity. At this level the logistics parameters (in terros of ''flows and levels'') are set. At 

the lower level, a more detailed coordination of (primarily) matenals takes place. At this 

level the timing of the work orders is prevalent. 

The third design aspect is the coordination of production and sales. Since sales and 

production are closely related to each other with respect to operations management issues, 

this aspect bas to be included in any decision structure that is developed for production 

controL 

These three design aspects are used together as a basis for any production control 

structure. Note that these aspects have to be considered as orthogonal variables, i.e., each 

of these aspects can be recognized separately in the production control structure. Practical 

implementations of this approach are presented in Bertrand et al. (1990, 177-312). 

6.3. A Hierarchical Model for Capacitated Flow Process Industries 

The model presented in this text is a two-level hierarchical model. lt is based on the 

BWW-approach described in Section 6.2. Clearly, the basic characteristics of that 

approach can be seen in ours as welL We refer especially to the setting of the logistics 
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parameters at the upper level and the more myopie view at the operational decision level. 

In flow process industries, the manufacturing installation is the dominant process. The 
supply of raw materials and the distribution and delivery of customer orders are secondary 
issues in a lot of companies in flow process industries. Obviously, these phases have to 

be coordinated. However, the planning and control of the less dominant phases is deduced 
from the planning and control of the manufacturing installation as the dominant process. 

This was the reason we have not included these steps of the production process in our 
analysis. Consequently, we have not decomposed the problem, but we have limited 

ourselves to the use of the design aspects of conceptual aggregation on one hand and 
coordination of production and sales on the other hand. As a results of not decomposing 

the problem, a distinction between the goods flow control level and the production unit 

control level has not been made in our approach. 

Distinction between the goods flow control level and the production unit control level is 
only necessary if any decision freedom is left at the production unit control level. When 
the timing and lot-sizing decision has been taken, no decision freedom regarding 

production control is left at the production unit control level. Therefore, it is not useful 
to distinguish this controllevel in the manufacturing phase of flow process industries: the 
EFPIPS. We do not address the question whether the distinction may be made in other 
production phases, like supply and distribution. 

In practice we can see this reflected in the organizational structure. In a machine tooling 

company (or any other job shop), the separate functions of master scheduler (for goods 

flow control) and foremen or departmental planners (for production unit control) can be 

distinguished. In flow process industries, usually only one central planner or planning 
department exists. 

This conceptual aggregation is clearly different from the mathematically more transparent 
disaggregation procedures in the HB approach. The HB approach is characterized by a 
dual aggregation criterion: data are aggregated by products and by time. At the item level, 

individual items are considered for short time periods. At the family level, groups of items 

are considered for longer periods of time. At the type level, groups of families are 

considered for even longer periods of time. In our approach, only two levels of 
aggregation are considered. Basically, the product level of aggregation is the same at both 
levels. In this text, this is considered the item level. However, if very homogeneaus 

families can be formed (i.e. families which share a common set-up, and no set-up is 
required between the productsof the same family), these ones can be considered as well. 
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This requires the addition of an extra levelbasedon run-out times. 

The choice of a single level of product aggregation is in line with Bitran and Hax's 

remarksin their paper (1977) and our observation that in flow process industries set-ups 

have a primary impact on total production costs. Even more dominant is the impact of set

ups on total production capacity. Bitran and Hax (1977) state that the inclusion of set-up 

cost forces the model to be formulated at a lower level of aggregation. In Bitran et al. 
(1981) the problem is captured by introducing an extra feed-back loop to correct the type 
level decision. The feed-back loop explicitly considers set-up cost The approach presented 

in this text decides directly, at the top level, on cycle times and inventory positions, taking 

not only the set-up costs into account, but also the set-up time. 

This results in increased model complexity at the top level. More decision variables are 

introduced, and the resulting model is not linear. On the other hand, only one time slot is 

considered at this level, which reduces complexity again. 

Finally, we would like to discuss the organizational setting. The difference between data 

aggregation and conceptual aggregation reflects a different view on production control and 

operations management. The HB-approach carefully minimizes cost at each of the decision 

levels, using the decision variables that can be influenced at each of these levels. This 
reflects a decentralized organizational structure, where each department has to strive for 

cost minimization within aggregate volume constraints. In this text we have chosen for an 

approach which is more explicitly based on an integral model of the system dynamics. We 

have studied the behavior of the system to be controlled and we have noted the central 

parameters which determine the behavior of the system. These parameters have appeared 

to be the target cycle time and the target inventory level. These logistics parameters have 

to be set for a longer period of time, in order to reach stability in the system and 

consequently improve operational controL 

Translated into an organizational setting, this means that management determines the 

required long-term results of the business (in the annual production and sales plans), which 

are transformed into settings of the logistics parameters. These parameters are then used 

for operational production controL This is also reflected in the two-tiered theoretical model 

presented in this text If the departments at the operationallevels maintain these parameter 

settings, the long term results can be achieved. Clearly, no optimization takes place any 
more at the operational level. This should account for much more stability in the 

operational schedules. The purpose of the operational decision level is not cost 

minimization, but maintaining control over the system. As mentioned above, this is in line 

with Meal (1978). 
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CASE: Glass Manufacturing Company 

This chapter serves to illustrate how the theoretica! model can be translated into a practical 

production control concept. The glass company described in this chapter has been involved 

with the research project since the start of the project in 1989 until its near end in 1992. 

Partly, the production control philosophy has been implemented in the organization. Other 

changes in the production management approach of the company have been established 

as well. 

This chapter does not give practical evidence of the applicability of the model, nor does 

it claim any major profit increases or other benefits. It merely serves to illustrate how the 

model can be restructured to fit a specific company. 

In the first section of the chapter the company will be described. In the second section the 

old production control structure will be described, together with the problems existing due 

to that structure. In Section 7 .3, an ideal production control structure will be presented. 

The chapter will be concluded by a description of what changes have actually been 

accomplished by the company and the researcher during the period of consultation. 

7.1. Company Description 

The firm is a subsidiary of a European packaging company. The European company 

consists of a number of divisions, of which can packaging, plastic packaging and glass 

packaging are the largest. The plants of the glass packaging division are distributed over 

five countries in Northem Europe. The plant under consideration is the second largest with 

an annual turnover of about US$ 110 million. The subsidiary is completely self supportive 
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and is responsible for buying raw materials, manufacturing and selling its products. The 

items are divided into two different kinds: botties and jars. Not only do these differ in 

market characteristics, but also in technical characteristics. Jars account for litûe more than 

half of the annual turnover, while botties account for the remaining part. 

The company employs about 600 people of which the majority is direct. The operators 

serve in a5-shift system, since the plant is a continuous plant: 24 hours a day, 365 days 

a year. 

The manufacturing process is presented schematically in Exhibit 7 .1. 

The feedstock consists of a number of silos containing the raw materials needed. Silicon, 

sand, and recycled glass are the principal raw materials, but other raw materials are also 

kept in stock. The raw materials are blended in batches. The batches are fed into the 

furnace, which is kept at a temperature of about l600°C. In the furnace a complex 

reaction takes place, which is both physical and chemical. The resulting product is fluent 

glass. The process control of the furnace is a difficult task, which is strongly influenced 

by the glass forming machines down the line. The regularity by which fluent glass is taken 

from the furnace is especially important for good process controL The plant bas three 
furnaces, two of which produce flint glass, while the third one produces green glass. In 

this plant, the colour of the glass in each of the furnaces is never changed; each furnace 

always produces the same colour of glass. The capacity of each furnace is limited in two 

ways. Firstly, by the maximum amount of glass that it can produce per day (tonnage). 

Secondly, by the maximum jump in tonnage it can handlewhen production is switched 

from one item to another at the glass forming machine. 

Each funmce feeds its fluent glass to a number of glass forming machines, varying from 

two to four machines per furnace. A glass forming machine is linked permanently to the 

same fumace and cannot take glass from any of the other furnaces. The fluent glass is fed 

through a so-called feeder to the glass forming lllaChines. The feeder bas a limited 

capacity and feeds a continuous flow of fluent glass at a constant temperature of about 

11 oooc to the glass forming lllaChine. This flow is then cut into drops of glass, having 

exactly the same weight as the final product should have. The drops are then fed by a 

moving slide into the blank molds. The blank mold molds the drop into the rough shape 

of the final product, using air pressure. The product-in-being is then moved to the final 

molds, which give the final shape to the product, using again air pressure and vacuum 

techniques. A combination of a single blank mold and a single fmal mold is called a 

section. Each section manufactures two products simultaneously. A glass forming machine 
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consists of eight to twelve sections. The moving slide 

consecutively feeds each of the sections with two drops of 

glass. Depending on the shape of the product, the molding 

is performed using different kinds of processes. Three 

different processes can be distinguished. After the final 

shape of the product has been obtained in the final molds, 

the products are put on a conveyor belt, which transports 

the newly formed botties or jars to the annealing furnace. 

The annealing furnace separates the so-called hot end of 

the production process from the cold end. In the annealing 

furnace, the products are gradually cooled down to about 

30°C. It is important to cool down the products gradually 

in order to avoid undesired tensions in the products. 

The products are still on the conveyor belt when they are 

transporled along the inspeetion stations. Each of the 

inspeetion stations can check one specific product error. 

They check height and width, but also test the tension in 

the glass by ticking it. Numerous other checks and tests 

can be done in-line. If a product does not match the quality 

standards, it is taken off the belt and fed back into the 

feedstock of recycled glass. 

For some items, special plastic sleeves need to be fixed 

around the bottie or jar. This can also be done in-line: the 

sleeve is then put around the product and the product is 

then shortly transporled through a small furnace at about 

70°C. The sleeve then shrinks to fit exactiy around the 

bottie or jar. 

The last stage in the production process is the packaging 

of the products. Most of the products are piled up upon 

pallets with cardboard or plastic trays separating the 

different layers of products. This is all done automatically 

by intelligent and fast packaging machines. Plastic foil is 

then sluunk around the products to account for safe and 

stabie warehousing and transportation. A smalt share of the 
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products is packed in different ways at special customer request, e.g. in cases. 

On average about 12-15 different items are manufactured per glass forming machine. A 

production run typically runs for several days up to, in some cases, more than a month. 

If a production run ends and a new run has to be set up, considerable changes to the 

production equipment have to be made. Item change-overs are only possible if the 

consequences for the furnace can be kept under control. A change from a very smalllight
weight item to a large item can in general only be reached if an average-weight item is 

scheduled in between. In that case the amount of fluent glass that is taken from the 

furnace is gradually increased. If an item change is scheduled, the molds have to be 

exchanged. In almost all cases the complete fmal molds need to be exchanged. Sometimes, 

the blank molds of the items are the same and an exchange is not needed. If the process 

by which the molding takes place is different, then the process setting of the glass forming 

machine has to be changed. This takes considerable time and is avoided as much as 

possible. As soon as a section is rebuilt, the production of the newly set-up item can start 
on that section, while the other sections are still being rebuilt. Depending on the difference 

between the items being produced before and after the change-over, it takes a number of 

hours before the budgeted yield is reached. The total capacity loss due toa change-over, 

which ranges from about one to twelve hours, depends on the amount of similarity 

between the two consecutively produced botties or jars. Maintenance actlvities are usually 

performed during the change-overs. 

Simultaneons with the rebuilding of the hot end part of the production line, the selection 

and packaging equipment in the cold end department needs to be rebuilt. This might 

involve changing the inspeetion equipment, changing the setting of the equipment. 

changing the transportation system and changing the packaging machines. Major changes 

need to be made if a change from botties to jars takes place ( or the other way around) or 
if there is a considerable change in the packaging pattem. 

The market for the glass manufacturing company is an industrial market. The plant under 

consideration has a few major customers which account for a large portion of the demand. 

Usually blanket type orders and contracts are made with the customer. These contracts 

result in a rather good insight into the future demand. A clear distinction between the food 

market (for jars) and the beverage market (for bottles) can be made. Both markets are 

characterized by a strong seasonal demand pattem, but the highs and lows occur at 

different moments of the year. Also, the beverage market is characterized by two high

saJes periods during one year (late Spring/early Summer and the December holiday 

season) while the food market is characterized by only one (the main harvesting period 
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at the end of Summer). Consequ~ntly, the in:fluence of the peak demand is much higher 

for the food market than it is for the beverages. 

The marketing/sales department of the company consists of the following sections: food, 

beverage, distribution, production planning, product development. and customer support. 

Both the food and the beverage section consist of a salesmanager, account managers, and 

two employees responsible for inside sales. They are in close contact with the production 

planner, who is responsible for the capacitative aspect of order acceptance, and with the 

distribution manager, who is responsible for the control of finished product inventory. 

7.2. Traditional Production Control Structure 

In this section, we will first describe the production control structure as it existed at the 

start of the project. In the second subsection, we will indicate the problems that existed 

due to the control structure, or were closely related to this control structure. 

7.2.1. Description 

The production control cycle within the subsidiary is an annual cycle which runs 

simultaneously with the cycle of the sister companies and the corporate planning and 

budgeting cycles. Formally this cycle starts around August each year with the determina

tion of the production and salesbudgets for the coming calender year. The production 

department roughly determines the total number of products that can be sold during the 

coming year. The required inventory decrease is added to (or the required increase 

subtracted from) this number to determine the total available sales volume. Then, the food 

and beverage section each make their salesbudget for the coming year. This is given per 

item, per customer, per month. Partly, this is based upon the blanket orders, since the food 

blanket orders generally run from May to April. These blanket orders do not include any 

format obligation of the customer, but they provide good information as to what the 

customer' s plans are. The remaining forecast is based on realized sales during the last 

years and possible prospects during the next year. 

The totals of each item are then determined and the production department provisionally 

allocates each item to a production line. This is a line of preference, since most items can 

be manufactured on more than one line, though generally not on all lines connected to a 

certain fumace. These limitations are due tominor differences between the glass forming 

machines and the inspeetion equipment. Based on budgeted speed and yield estimates and 
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budgeted downtime losses (due to change-overs, maintenance and repair), it can be 

calculated whether the total required demand can be produced in the next calender year. 
If any discrepancies between the production budget and the sales budget exists, the 
management negotiates about these differences and can even decide to buy some 
production capacity from one of the sister companies or even from one of the competitors 

(which are illustratively nicknamed "competillegues"). This budget is then the subsidiary's 

commitment for the next year. The salesbudget also serves as the initia! sales forecast. 

As soon as the budget is set, the planner starts making her long-term production plan. This 
long-term plan in fact is a detailed production schedule from the start of the next year 

until the end of the peak demand (around September). The main purpose of this plan is 
to determine whether the required time-phased demand can be delivered on time. 

Experience has learnt the planner that if the total demand fits, and if all demand until the 

peak can be delivered on time, then the remaining demand can be delivered on time as 

well. The creation of the detailed long-term production schedule is a very tedious job and 
requires a lot of effort from the production planner. The main objective of the planner is 

to keep the number of change-overs limited, since the principal performance indicator by 
which the schedule is judged (next to the expected delivery performance) is the number 
of change-overs during the year. Special restriedons on changing-over are given by the 
production department, such as no change-overs during the weekends and only small (as 

few as possible) change-overs on Fridays. Furthermore, limitations on changing over exist 

during national holidays and during the Surnmer and Christmas holiday seasons. 
Furthermore, the planner aims at producing more or less similar items consecutively on 
the same machine, and needs to make sure that the total tonnage of each of the furnaces 
is not exceeded, justas the tonnage jump limitations. 

Using all these constraints, the planner usually manages to get a feasible schedule for the 
fust three quarters of the next year. Basedon this schedule, the planner determines which 

items to produce at other plants, and which demand is likely to get in delivery problems. 

This information is then communicated towards the sales sections, who need to take 
appropriate actions. 

During the year, the forecast is updated completely three or four times. These updates are 

again foliowed by an adaptation of the long term schedule. On the short term, the forma! 

estimates are copied to the so-called sales plans, which are updated daily with the realized 

sales and the short term orders and forecasts. Based on the current inventory information, 
the planner then checks the long term planning and translated it into a more detailed plan, 
containing different ways of packaging and the planning for the sleeves. 
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The production plan is discussed eight to twelve weeks ahead with the relevant managers 

from the production department, such as the managers of batehing and furnace, hot end, 

cold end, changing-over, and maintenance. The main discussion points during these 

meetings focus on the change-overs, which are the major determinants for the workload 

ahd for the yield (by which the production department is judged). Every week a short-term 
planning meeting takes place with the same people, where the schedule itself is not further 
discussed, but where production targets, maintenance scheduling, sample production, etc. 

are determined in conjunction with the production schedule. 

The core of the communication between the planner and the sales and distribution sections 

is the inventory registration. If products are available in inventory, they are allowed to be 

sold by the inside sales sections. If customer requests cannot be fulfilled directly, it is 

checked when the item is scheduled to be manufactured again. A systematic comparison 
of actual sales and blanket orders is not performed, unless delivery problems occur. 

7.2.2. Probieros 

The probieros that existed were many but focused onsome central issues, namely: 

Lack of long-term capacity coordination 

Lack of systematic seasonal inventory control 
Lack of short-term capacity control and order acceptance 

Lack of clear standards for change-overs 

The lack of long-term capacity coordination was caused by a number of effects. The first 

one was the fact that the planning and sales departments used different yield and speed 

norms as the production departments. Therefore, it was impossible to match the sales and 
the production budgets, without overestimating the production capacity. The figures that 
were used by the planning departments were based on past performances, while the figures 

used by the production department were future targets. The actual yield differed from 

these. Also, the cycle stocks were not balanced with the change-over frequencies. This was 

partly due to the fact that the lengthof specific change-overs was not known. 

Besides the cycle stock, also the systematic control over the seasonal inventory was 
insufficient. In general, during the peak demand at the end of Summer, many problems 

existed with on-time delivery of the products to the customers. On one hand these 

problems were caused by a high market pressure during the first half of the year, since 
demand was higher than the regional production capacity. This prevented a building up 
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inventory during the fust two quarters. On the other hand, pressure on invested capital at 

concern level prevented building up inventory towards the end of the year. From an 
operations research point of view, it is clear that the inventory should start to be built up 
right after the highest peak in demand. 

The lack of short term order acceptance did not only prevent any build up in seasonal 

stock, it also affected the cycle stock position. This caused high pressure upon the planner 
to decrease the cycle times and the batch sizes. Balancing between this requirement and 
the demand for few change-overs, the planner managed to keep the company away from 

cycle time inflation. She feit, however, the lack of any format tooi supporting her claims 
for a short term order acceptance policy as a basis for long term capacity controL 

Finally, as mentioned before, the production schedules were judged upon the number of 

planned change-overs, while the only relevant aspect was the capacity consumption by 
each of the change-overs. This not only led to unclear discussions at tbe medium-term 
planning sessions with the production department, but also drew attention away from the 
real issue. In fact, it would be much better to have two change-overs of 2 hours each, 
instead of one change-over consurning five hours of capacity. This did nat became clear 
from the old performance indicators. 

This summarizes the main aspects of the production control probieros that existed in the 

glass manufacturing company. We would like to stress that the performance of the plant 
was not bad at all, thanks to the experience and tenacity of the planner. However, a 

framework structuring the decisions taken did not exist. In the next section, we will 
describe an ideal production control structure, based on the model developed in this text, 

and linking up with the existing organizational structure. We will conclude the chapter by 
descrihing the changes that were reached at the company, hearing the ideal production 
control system in rnind. 

7.3. A New Production Control Structure 

The new production control structure is presented schematically in Exhibit 7.2. 

Clearly, the two hierarchicallevels distinguished tbraughout this text can be distinguished. 
In this case we will denounce them as Capacity Coordination and Operations Sequencing. 
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The capacity coordination decision is taken annually at the manageriallevel of the plant, 

taking into account the agreements that have been made with headquarters and the sister 

companies. The objective of the capacity coordination decision is to balance the logistics 

parameters in the long run. The following variables are involved: set-up capacity, 

productive capacity, demand, inventory. The following conditions need to be met: 

1. All accepted demand must be met by the sum of the productive capacity and the 

capacity available through subcontracting. 
2. Since the interchangeability of items between the various production lines is 

limited, also a check should be made per production line. 
3. Since demand is seasonal, a required inventory pattem must be calculated, taking 

into account the required cycle stocks, and the inventory build-up to account for the 
peak demand in late Summer. 

At this level, also decisions need to be made as to which customers to prefer above other 

customers. If short-term conflicts of interest occur with respect to scarce capacity, it is 

often impossible to make a well-balanced decision at the short term, without infringing 

on long-term interests. 

The capacity coordination decision is revised quarterly as new demand forecasts become 

available. The decision space is limited at these revisions, since it is especially difficult 

to change the inventory build-up in case higher peak demands are expected. The revising 
decisions will focus on rearranging customer priorities and using mix flexibility. 

Using the sales and production budgets, the sequencing decisions can be taken at the 

operational planning level. The operational planning decision is determined by two 
specific characteristics which are not specifically highlighted in the general model 
presented in this text. The first specific characteristic is the strong sequence-dependency 
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of the set-up (change-over) times. The second characteristic is a market characteristic. A 

few items (10-20) can be denoted as fastmovers, i.e. their demand is relatively high as 

compared to the slowmovers. The fastmovers typically are produced every one to two 

months, whereas a slowmover might only be produced once or twice a year. 

These specific characteristics are the basis for the operations sequencing decisions. All 
items are divided into about 15 different item groups. Each group is characterized by the 

following: 
1. The change-over times between the items of the group are relatively short. 
2. A group contains one fastmover and a number of slowmovers. 

The sequencing decision is based on a time-phased equalization of run-out times of the 
fastmovers. The short-term forecasts are used to determine when a specific fastmover is 

expected to run out of stock. If a fastmover needs to be scheduled for production, it is 
then checked which of the slowmovers from its group are expected to run out of stock 

before the fastmover is expected to be scheduled again. The standard run-length of the 
fastmover is considered for this decision. All slowmovers of the same group which are 

expected to run out of stock before the fastmover is produced again, will be produced 
now, in the same "group run" as the fastmover. This prevents abundant change-overs to 

a specific product group, just because a slowmover runs out of stock. 

The planning is judged by the amount of change-over time that it requires, compared to 

the change-over budget (indicated above as set-up capacity) that is allowed, and on which 
inventory positions and sales budgets are based. This guarantees a closed loop, since 

productive capacity is formally safeguarded against short-term reactions to changing 
demand. 

7.4. Actual Changes in Production Control 

During the project, the i deal production control structure bas notbeen put in complete use. 
Nevertheless, some considerable changes have taken place in the way the production 

planning and control tunetion is performed. Also, the impression throughout the 

management team, the production department, and the sales department, is that the quality 

of the production plan bas increased. This is defmitely not due to an essentially revised 
way of planning, buttoa more transparent way of planning. This will.be illustrated using 
an example of the involvement of the production department in Subsection 7 .4.1, and an 
example of the development of a decision support system in Subsection 7.4.2. 
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7.4.1. Involvement of the Production Department 

One of the problems indicated in Subsectien 7 .2.2 was the lack of insight into the actual 

change-over times. Rough indications existed as to whether a change-over was "small", 

"regular" or "comprehensive". Statistica! analysis of the change-over report forms was not 
possible due to the small number of each specific change-over (from item X to item Y) 

in the hlstorical database, and also the large number of theoretically possible change-overs. 

Therefore we have chosen to use an industrial engineering approach instead. This bas 

started with a careful analysis of the actual change-over actions at the glass forming 
machine, the transportation lines, the inspeetion equipment and the packaging equipment. 
The starting principle was that the change-over time is completely determined by the 

teehoical characteristics of the two items following one another. Por instance, a change 
in height may result in: 

- Changing the invert line (connected to the transportation mechanism from blank 
molds to final molds) at the glass forming machine 

- Changing the position of some of the electtonic eyes at the inspeetion equipment 

The determination of change-over consequences was done for all possible differences and 
resulting actions. Consecutively, estimates were made for the duration each of these 

actions. These individual durations were then summed, taking into account interactions 

betweensome of the individual characteristics. This way, estimates became available for 
any possible change-over. These were checked against some of the available bistorical 

data and some minor modifications followed. During the project, the manufacturing 

equipment was developed several times, and consequent changes to the change-over time 

estimates were made. The managers of the hot end and the cold end sections were asked 
to agree with the resulting list, so that it would become a common basis for the production 
planning decisions. 

Based on the sales forecasts a number of fastmovers were selected. Then, for each 
slowmover, it was determined with which of the fastmovers the slowmover's change-over 

time was the shortest Basedon this outcome, the item groups were formed. 

Though the purpose of this metbod was to determine the change-over times and the item 

groups in order to make the planning more transparent and more easily accessible for 

others than the planner herself, some additional developments were put into motion. This 

became especially apparent in the production department. First of all, some items appeared 

not to fit with any of the groups. This was usually caused by one of the teehoical 
characteristics of the item. In most cases, a slight revision in the molds, caused a 
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disproportional decrease in change-over time. The groups, listing the causes of long 

change-over times, therefore became one of the constraints by developing molds. 

Systematically using these groups in mold design and (e.g.) in the design of packaging 

pattern, bas led to a decrease in the item change-over times. 

Next to physical rednetion in change-over times, combinations of products became 

apparent which had not been thought of before. The newly developed change-over matrix 

indicated that some items could be easily manufactured consecutively, while the 

production department had always objected to these combinations. The quantitative norms 

indicated otherwise and experiments (actually producing these items consecutively) 

showed that the matrix was right. 

The technica! development of the items according to the item groups and the planning of 

the items according totheitem groups (as far as the dynamic demand would admit this) 

bas caused to more strict combinations of production lines and item groups. In the short 

run, still the mix flexibility is available to produce a lot of items on more than one line. 

However in the long run, a specific group is attached to a single line. This reduces the 

number of inter-groop change-overs, and also reduces the planning complexity. 

7.4.2. Development of a Decision Support System 

The initia! request of the company included the development of an automatic planning 

system. In line with the thought of planning complexity and market and production 

dynamics, we advised the company to have a control structure developed first, and then 

a decision support system (OSS) presenting the available data in a user-friendly way and 

fitting the control structure. 

The first subject to be included in the OSS bas been the calculation and starage of the 

change-over times. Furthermore, for each product the expected time-phased inventory data 

are presenred using the current inventory position, the planned production runs, and the 

most recent forecasts. Obviously, the OSS presents the production schedule. A recent link 

of the stand-alone developed OSS to the central company computer has improved the 

accuracy and availability of the data. 

Quite a number of routines are available to the production planner when she is making the 

production schedule. A planning session starts off with the current schedule and the 

revised demand data (short term demand forecasts are changed continuously by the inside 
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sales section). The routine "production advisor" is then run to check if any of the 

fastmovers run out of stock before the short term planning horizon. A list is provided, for 
each of the fastmovers combined with the appropriate slowmovers. 

Consequently, the planner can change the current schedule with a number of routines, such 
as exchanging two production runs, changing the length of a run, etc. At each of these 
changes, the projected inventory is adjusted. 

The DSS has been written in TURBO-Pascal® and is run at the company on an IBM PC 
Model 50, attached to an Ethemet® network. It provides helpful support to the planner, 

especially in monitoring and calculating functions. It does however not generate a 
production schedule. This is still the workof the planner, who has to balance production, 
inventory and demand, using the parameter setting decided on at the capacity coordination 

level. 

7.5. Evaluation 

The case study was performed parallel to the development of the theoretical model. 
Nevertheless the case has proven to be very useful in the research project. We will discuss 
the following issues in this section: 

Extemal validity of the model 
Use of the theoretica} model in the design of the practical production control 
structure 

The assumptions underlying the theoretica} model are summarized in the list of EFPIPS 
characteristics. These characteristics were discussed in Section 1.2.1 on page 6. 

It is clear that in this case study the bottleneck was not a single machine but a set of 

parallel machines. The limited interchangeability of products between the various 

production lines however caused a situation in which a limited number of products were 
produced on a single installation. For the long-term capacity coordination decision, the 
developed principles could be used. For the short term operational control function, 

(limited) extra flexibility existed in addition to the basic control principles of the model 
presented in Chapter 5. 

The next item on list of EFPIPS characteristics is the diversity in cost structure. This 

diversity existed in this case study too. The differences in cost structure were related · to 
the market situation (bottles and jars), and also to the specific technical product 
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characteristics. Besides, large differences in demanded quantity existed between the 

products. Single item annual demand quantity ranged from 1,500,000 forsome items until 

110 million for other items. 

At the glass manufacturing company, the product change-overs were dominant in the 

planning process. One of the main problems, which is not addressed in the theoretical 

model presented in this text, was the sequence-dependability of the change-over times. The 
product grouping metbod resulted in a control structure which allowed for stabie cycle 

times while still taking the sequence dependability into account. By now the change-overs 

are being evaluated as the amount of capacity which they consume, instead of counting 

the individual number of change-overs. 

Finally, the utilization of capacity was very high. The instaflations were always being 

used, be it for production set-up or maintenance. Total downtime (all non-productive time) 

included only about 3% of the gross capacity. 

The second issue we wish to address in this section is the use of the theoretical model in 

the design of the production control structure. As mentioned above, the theoretical model 

was developed parallel to the case study. This parallel development bas led to a model 

which is closely related to practice. The long term capacity coordinatio* decision at the 

company now bears the ideas of our long-term capacity coordination model. However, 

retrospectively, the development of a practical model which is more closely related to the 

theoretical model might have been implemenled at the firm. The design of the company

specific production control system has primarily been based on the control concept of 

stabie cycle times and performing part of the order acceptance function to the tactical 

decision level. The yearly budget determinations are controlled by capacity availability: 

in the long term (one year) plan, decisions need to be made regarding customer and 
demand priorities. 

This case has been a useful mustration of theoretical aspects used throughout this text. The 
general characteristics of the EFPIPS can be found in the glass manufacturing case. The 

basic design principles, as a second issue, appeared to be applicable in the illustrative 

case. Thirdly, the operational control is being obtained by a strict control of the cycle 
times. 
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Discussion 

The research project in this monograph has been focused on the Elementary Flow Process 

Industries Production System (EFPIPS). The project had theoretica! and practical aspects, 

both of which have been addressed in this monograph. The text has started with the reason 

for initiating this research project: its direct relevanee can be found in practice. Especially 

the glass manufacturing company has provided the theoretica! part of the research with the 

necessary practical background. Following the recognition of the practical relevanee and 

the description of its business background, a theoretica! model was developed which 

focused on the EFPIPS mentioned above. In Chapter 7, a feedback of the theoretica! 

model towards the practical background of the glass manufacturing company was 
provided. 

In the first section of this Chapter, we will summarize the main findingsof this research. 

The fmdings will be distinguished into two categories: 

Insight into the system dynamics of the EFPIPS, resulting in guidelines for 

production control 

A two-tiered hierarchical decision model using the insight developed earlier on 

In Section 8.2, we will consecutively discuss the individual characteristics of the EFPIPS 

and their influence on the research findings. This section is important from two points of 

view: practical and theoretica!. The practical aspect refers to the applicability of the 

research fmdings in business: which characteristics of the production process are essential 

so that the model can be applied? The theoretica! aspect refers to the area of non

applicability of the model. Further research will have to be done since practical guidelines 

will also be required for the process industries production systems not covered in this 
work. 
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We will conclude this chapter with a retrospective view on the research project. 

8.1. Main Research Findings 

The objectives of the production system studied in this work are two-fold: 
Maximize expected profit in the long run 

Control the service levels (fill rates) of each of the individual products 

These objectives are the background for the analyses, designs and experiments throughout 
this work. The presented results should beseen against this background. These results can 

be distinguished into two categories, namely the insight into the system dynamics of the 
EFPIPS and the two-tiered hierarchical model. 

8.1.1. EFPIPS System Dynamics 

Analysis of the behavior of the EFPIPS under elementary scheduling rules makes it clear 
that the objectives mentioned above can only be reached if the cycle times are controlled. 

This is caused by the effect that a reduction in cycle time means an increase in capacity 
spent on setting up. This cannot be compensated later on, since extra capacity is not 
available due to round-the-clock production. An increase in cycle time also leads to an 

uncontrolled reaction of the system. A sudden increase in cycle time will cause some of 
the products to run out of stock and therefore reduce the fill rate considerably and in an 
uncontrolled way. 

These arguments have been illustrated by simulation experiments which were described 
in Chapter 3. In Subsection 5.2.2, more comprehensive experiments have shown a 
considerable difference between a policy which uses the varlation in cycle time as a short

term control measure and a policy which focuses on cantrolling the cycle time (i.e., 
keeping it stable). 

8.1.2. The Two-tiered Hierarchical Model 

Additionally, a model has been developed, which consistsof two hierarchically arranged 
decision functions, viz: 

Long-term capacity coordination 
Short-term production order scheduling. 
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The taskof the long-term capacity coordination function is to set the system parameters. 

These parameters are, for each product. an integer multiple and a target inventory level. 

These parameters determine the target cycle times, which determine the distribution of 

available capacity over production and set-up. The target inventory levels and the integer 

multiples together determine the fill rates for each of the individual products. 

An ari.alysis of the traditional lot-sizing functions for uncapacitated situations (Appendix 

4.1) has demonstrared that these functions set the cycle times contrarily to the capacity 

concerns. As long as there is no product which consumes more than half of the available 

capacity, these traditionallot-sizing functions cause the cycle time to beshorter at a higher 

level of product dernand. Arguing from the capacity coordination viewpoint, however, the 

cycle times should be extended if more capacity is to be delivered. Additionally, more 

demand should be delivered as long as the expected profit is increased. This is the basis 

of the Capacity Coordination Heuristic, which bas been designed to support the capacity 

coordination function. 

Finally, we have analyzed the scheduling function within the hierarchical framework 

provided. Bearing in mind the objective of controlled service levels, it became clear that 

a scheduling policy based on equalization of run-out times led to uncontrolled service 

levels (a supportive proof was given in Appendix 3.1). In case of a limited number of 

products, it was therefore argued to use a fixed sequence policy for operational scheduling. 

Later on it was demonstrared that a modi:fied run-out policy, called the controlled run-out 

time policy, performs justas well. The prominent difference between the modified run-out 

time procedure and the traditional run-out time procedure is the inclusion of the 

parameters which determine the individual product service levels. 

8.2. EFPIPS Relaxations 

The EFPIPS bas been defmed in Subsection 1.2.1. The intention of defining the EFPIPS 

was to enable the researcher to delineate the field of study and to derive the research 

question. Consequently, the theoretica! analysis bas been focused on the EFPIPS. At the 

condusion of this project, we would like to provide a feedback of the results towards the 

original area of study: flow process industries. 

We wilt do this by discussing relaxations of the original EFPIPS characteristics. 
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8.2.1. Instanation 

The EFPIPS consists of a single machine, which is the dominant process step in the 
production plant, generating the largest portion of the added value. Relaxing this, two 

modifications can be distinguished. First, there is the situation with parallel machines. As 

long as the interchangeability of products between the lines is limited, the concept seems 

to be applicable. This has been discussed in the evaluation of the glass manufacturing case 

inSection 7.5. 

If there does not exist a dominant process step, but a number of serlal machines together 

determine the added value, the situation might be different. This depends on a number of 

issues. First, it is important to know whether any relevant buffers exist between the 

various process steps. If a buffer does not exist, the production system more closely 

resembles the single stage system. If buffers exist, the various machines can be planned 

and managed more independently. Second, it is important to know whet!her all machines 

and installations have similar characteristics regarding production control variables. In this 

respect, we should think: of similar change-over impact, similar production rates, and 

similar machine availability. As long as close relations exist between the consecutive 

machines (small buffers, comparable production control variables), the essentials of the 

concept presented in this work will remaio unchanged. 

An essential characteristic of the installation is the dominanee of the change-over times 

related to the low added value. If the change-over times are short and/or the added value 

is high, the necessity to control the change-over times- and, consequently, the cycle times 

- is much smaller. Capacity loss due to cycle time reduction will be marginal. Other 

concepts can be used in these cases, where mostly the material coordination problem will 

be more dominant than in the production system studied in this work. 

The high utilization of capacity is also essential to the control concept. If volume 

flexibility is available either via overtime or via lower utilization rates, the necessity to 

control cycle times is much less than in the EFPIPS. This has been demonstrated in the 

workof Leachman and Gascon (1988). 

8.2.2. Products 

In the EFPIPS, the number of different products is limited. This is closely related to the 

high change-over times and also to the choice of make-to-stock production. A considerable 

increase in the number of products may have several consequences for the control concept. 
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First. the possibility will have to be considered that the production system will remain a 

mak:e-to-stock system if the number of products will become very large. If a large variety 

of products are made to stock. considerable inventories will be needed to achleve a 

reasonable service level. Especially safety stock will be much higher than in the case 

where a limited number of products are manufactured. It can therefore be very 

advantageous to choose the concept of a mak:e-to-order production system. if the number 

of different products is very high. The most important determinant for this choice is the 

required customer order lead time. For. also in mak:e-to-order systems with high set-ups, 

the cycle times need to be controlled in order to safeguard productive capacity from extra 

set-ups. Cycle times can be controlled under two conditions. The frrst condition is the 

control of the total workload (order acceptance). The workload cannot be allowed to 

exceed the productive capacity - which is planned based on the cycle time settings. The 

second condition is the fact that. when using a standard lead time per product. this lead 

time should at least be equal to the cycle time of the product. If this is true. only then it 

can be guaranteed that each product will have at least one manufacturing opportunity 

during its lead time. An application of the concept based on stabie cycle times in a mak:e

to-order environment can be found in Bertrand et al. (1990, 239-268}. 

Second, if a mak:e-to-order concept is not possible (due to market lead time requirements). 

the operational sequencing policy has to be reconsidered. The performance of the run-out 

time based sequencing policy as compared to the fixed sequencing policy may be expected 

to improve as the number of products increases. Remember that the worse performance 

of the run-out time based sequencing policy was caused by the extensive run-lengtbs of 

some products (Appendix 3.1). As the number of products increases, the influence of the 

run-length of one product on another product will be less direct. Therefore the perform

ance of the run-out time based sequencing policy may be expected to improve. In this 

respect the controlled run-out time policy presented in Chapter 5 should be taken into 

consideration. 

8.2.3. Market Demand and Cost Structure 

The EFPIPS which has been used as a starting point for developing the hierarchical model, 

has two specific characteristics referring to market demand and cost structure. First. the 

demand of each of the products may have (considerably) different means and standard 

deviations. Second, the contribution margin, inventory cost and set-up cost may differ 

(considerably) between the products. 



108 Chapter 8 

The formulation of the capacity coordination probletn is based on these two characteristics. 

Priorities between the products are based on their respective demand levels and cost 

structures. This assumes that these factors are dominant in the long-term planning process. 

lt can be argued that a third factor is important. namely the customer priorities. This factor 

is not addressed in this study. Depending on the influence of this third factor, the 
applicability of the model is restricted. Essentially two situations can be distinguished: the 
situation where contri bution and cost characteristics prevail over customtrr characteristics, 

and the reverse situation. 

lf contribution and cost characteristics prevail over customer priorities, the capacity 
coordination beuristic is applicable. Some aspects however need special attention. 

Constraints may be laid upon the minimum service levels {equation 4.9 on page 52) in 

order to guarantee deliveries to important customers. At the operational level, this may 

cause the necessity for applying a rationing policy. This is not necessary, for the products 

with a high expected fill rate, since the effect of rationing is very smalt in those cases 
(Haynsworth and Price 1989, and Section 2.2). Rationing will be necessary for products 

with a low expected fill rate and some high priority customers. 

The reverse situation is the one where customer priorities prevail over product contribution 

and cost characteristics. We especially mean the situation where the price is not 

predominantly influenced by the product, but by the customer. These situations do occur 

in practice, but it is likely that this situation does not occur very often in flow process 

industries, since the added values in flow process industries are generally low. Ifhowever 

this reverse situation applies, a completely different model at the capacity coordination 

level is required. Further research needs to be done in this area. This research should 

investigate îrrst whether this problem exists in business practice and describe its 

characteristics. Then, the model at the capacity coordination level should be reformulated. 

Finally, we should mention that the research project reported in this text has considered 

only stationary stochastic demand. An analysis of the consequences of dynamic demand 

rates has not been performed. Consictering dynamic demand rates, a number of aspects 

need to be distinguished, viz. 

high or low utilization rate 

aggregate dynamic demand levels or detailed dynamic demand levels 

If the utilization rateis low, the beuristic provided by Leachman and Gascon (1988) has 

proven to perfarm well under dynamic demand conditions. 
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If the utilization rate is high, it is necessary to distinguish between a dynamic denland 

situation where the aggregate demand is stationary, and a dynamic demand.situation where 

the aggregate demand is also dynamic. In the latter situation, a production control structure 

bas to be designed which levels the aggregate demand. Since the utilization is high, 

dynamic demand pattemscan only be foliowed if an inventory build·up can be realized. 

In the former situation, the aggregate demand level is stationary, but the demand at the 

item level is dynamic. In this case, mix flexibility bas to be used. An interesting research 

question is how the model proposed in this work should be adapted to be able to deal with 

these circumstances. 

8.3. Retrospect 

The original area to be investigated in this study was production control in flow process 

industries. In order to structure the research and to delineate the area of flow process 

industries, the Elementary Flow Process Industries Production System (EFPIPS) was 

defined. The EFPIPS distinguished itself from traditional planning and scheduling 

approaches publisbed in the literature on three aspects: 

Stochastic demands 

Differences in contribution and cost structure between the products 

Very high utilization rates 

Wedevelopeda control concept and a hierarchical model for the EFPIPS. In the previous 

section we attempted to identify the possible practical use of the research results. 

Basically, the research results fonn a three·tiered hierarchy, viz: 
The insight into the system dynamics of the EFPIPS, resulting in guidelines for 

production control 

A two-tiered hierarchical structure using the insight developed earlier on 

The exact fonnulation of the hierarchical decision model ( especially at the capacity 

coordination level) and the accompanying beuristic 

We may say that the area of applicability is smaller as the specificity grows. The 

developed insight and guidelines are generally valid for flow process industries which 

match the characteristics of high change-over times, high utilization of capacity, and more 

or less stationary demand rates. The two·tiered hierarchical structure is quite generally 

applicable in flow process industries. In some cases, a rationing level may have to be 

added, as bas been explained in the previous section. Finally, the exact fonnulation of the 
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model clearly depends on the specitic situation. As long as prices are determined by 

products rather than by customers, however, the core of the formulation can be 
maintained. In some cases, it may be necessary to add extra restrictions. 

In retrospect, we may conclude this work by stating that the typical characteristics which 

can be found in many flow process industries will make the applicatiori of the concepts 
developed in this research project possible. 



References 

ABAD, P .L. (1982a) An Optimal Control Approach to Marketing-Production Planning. 

Optima/ Control Applications & Methods 3: 1, 1-14. 

ABAD, P.L. (1982b) Approach to Decentralized Marketing-Production Planning. 

International Journalof Systems Science 13: 3, 227-235. 

ABAD, P.L., AND D.J. SWEENEY (1982) Decentralized Planning with an Interdependent 

Marketing-Production System. OMEGA 10: 4, 353-359. 

ANTHONY, R.N. (1965) Planning and Control Systems; A Frameworkfor Analysis. Boston 

MA, USA: Harvard University. 

BER1RAND, J.W.M., AND J.C. WORTMANN (1981) Production Control and lnformation 

Systems for Component Manufacturing Shops. Amsterdam, The Netherlands: 

Elsevier. 

BER1RAND, J.W.M., AND J. WUNGAARD (1986) The Structuring of Production Control 

Systems.International Journat of Operations & Production Management 6: 2,5-20. 

BER1RAND, J.W.M., J.C. WORTMANN, AND J. WUNGAARD (1990) Production Contro/. A 

Structural and Design Oriented Approach. Amsterdam, The Netherlands: Elsevier 

Science Publishers. 

BITRAN, G.R., AND A.C. HAX (1977) On the Design of Hierarchical Production Planning 

Systems. Deelsion Sciences 8: 1, 28-55. 

BI1RAN, G.R., E.A. HAAS, AND A.C. HAX (1981) Hierarchical Production Planning: A 

Single Stage System. Operations Research 29: 4, 717-743. 

BOMBERGER, E.E. (1966) A Dynamic Programming Approachtoa Lot Size Scheduling 

Problem. Management Science 12: 11, 778-784. 

BROWN, R.G. (1963) Smoothing, Forecasting and Prediedon of Discrete Time Series. 

Engtewood Cliffs NJ, USA: Prentice Hall. 

BROWN, R.G. (l971)Materials ManagementSystems: AModular Library.NewYorkNY, 

USA: John Wiley. 

DAMON, W.W., AND R. SCHRAMM (1972) A Simnltaneous Decision Model for Production, 

Marketing and Finance. Management Science 19: 2, 161-172. 

DOLL, C.L., AND D.C. WHYBARK (1973} An lterative Procedure for the Single-Machine 

Multi-Product Lot Scheduling Problem. Management Science 20: 1, 50-55. 

111 



112 References 

ELMAGHRABY, S.E. (1978) The Economie Lot Scheduling Problem (ELSP): Review and 

Extensions. Management Science 24: 6, 587-598. 

FRANSOO, J.C., AND J.W.M. EERTRAND (1990) A Hierarchical Model for Production 

Control in Process Industries. ORSAJTIMS Joint National Meeting, October 29-31, 

Philadelphia PA, USA. 

FRANSOO, J.C. (1991) Long Term Output Control Through Short Term Order Acceptance 

in Process Industries. Annual Meeting of the Production and Operations 

Management Society, November 10-13, New York NY, USA. 

FRANSOO, J.C. (1992a) Demand Management and Production Control in Process 

Industries.International Journalof Operations & Production Management 12: 7/8, 

187-196. 

FRANSOO, J.C., AND V. SRIDHARAN (1992b) An lmproved Reuristic for Long Term 

Planning in a Hierarchical Model with Cyclical Schedules. Decision Sciences 

Institute Annual Meeting, November 22-24, San Francisco CA, USA. 

FREELAND, J.R. (1980) Coordination Strategies for Production and Marketing in a Func

tionally Decentralized Firm. AllE Transactions 12: 2, 126-132. 

GALBRAITH, J.R. (1969) Solving Production Smoothing Problems. Management Science 

15: 12, B665-B674. 

GASCON, A. (1984) Multi-Item Scheduling on a Single Machine. PhD-Thesis. Berkeley 

CA, USA: University of California. 

GASCON, A. (1988) The Lookahead Reuristic for Multi-item Single-machine Production 

Scheduling with Dynamic, Stochastic Demands. INFOR 26: 2, 114-126. 

GASCON, A., AND R.C. LEACHMAN (1988) A Dynamic Programming Solution to the 

Multi-item, Single-machine Scheduling Problem. Operations Research 36: 1, 50-56. 

GASCON, A., R.C. LEACHMAN, AND P.LEFRANÇOIS (1992) The Multi-item, Single-machine 

Scheduling Problem with Stochastic Demands: A Comparison of Heuristics. 

Document de Travai/92-59, Faculté des Sciences de l'Administration, Université 

Laval, Québec, Canada. 

GUERRERO, H.H., AND G.M. KERN (1988) How to More Effectively Accept and Refuse 

Orders. Production and Inventory Management Journal 29: 4, 59~63. 

GUERRERO, H.H. (1991) Demand Management Strategies for Assemble-to-Order 

Production Environments. International Journalof Production Res(!arch 29: 1, 39-

51. 

HARRIS, F.W. (1913) How Many Parts to Make at Once. Factory, The Magazine of 

Management 10: 2, 135-136. 

HAX, A.C., AND H.C. MEAL (1975) Hierarchical lntegration of Production Planning and 

Scheduling. In: Geisler, M.A. (ed.) Logistics. Amsterdam, The Netherlands: North 

Holland, 53-69. 



References 113 

HAX, A.C. (1977) Integration of Strategie and Tactical Planning in the Aluminum 

Industry. In: Bradley, S.P., A.C. Hax, and T.L. Magnanti, Applied Mathematica[ 
Programming. Reading MA, USA: Addison Wesley, 269-290. 

HAX, A.C., AND G.R. BITRAN (1979) Hierarchical Planning Systems- A Production 

Application. In: Ritzman, L.P. et al. (eds.) Disaggregation; Problems in Manufac
turing and Service Organizations. Boston MA, USA: Martinus Nijhoff, 63-93. 

HAYNSWORTH, H.C., AND B.A. PRICE (1989) A Model for Use in the Rationing of 

Ioventory during Lead Time. Naval Research Logistics 36: 4, 491-506. 

HOLT, C.C., F. MODIGLIANI, J.F. MUTH, AND H.A. SIMON (1960) Planning, Production, 
/nventories and Work Force. Engtewood Cliffs NJ, USA: Prentice Hall. 

KOENE B. (1988) Logistiek in de Procesindustrie. Tijdschrift voor Inkoop en Logistiek 4: 

12, 32-35 (in Dutch). 

KONIJNENDOK P., AND J. WONGAARD (1991) Co-makership in the Delivery ofPackaging 

Materials. International Joumal of Operations & Production Management 11: 3, 

21-31. 

KONIJNENDUK, P.A. (1992) Coordination of Production and Sales. PhD-Thesis, 

Eindhoven, The Netherlands: Eindhoven University of Technology. 

LEACHMAN, R.C., AND A. GASCON (1985a) The Dynamic Cycle Lengths Reuristic for 

Scheduling Multi-item, Single-machine Production Systems- Part I- Develop

ment of the Heuristic. Document de Travail 85-14, Faculté des Sciences de 

l' Administration, Université Laval, Québec, Canada. 

LEACHMAN, R.C., AND A. GASCON (1985b) The Dynamic Cycle Lengths Reuristic for 

Scheduling Multi-item, Single-machine Production Systems - Part 11 -

Extensions of the Reuristic and Tests against Other Methods. Document de Travail 
85-15, Faculté des Sciences de 1' Administration, Université Laval, Québec, Canada. 

LEACHMAN, R.C., AND A. GASCON (1988) A Reuristic Scheduling Policy for Multi-item, 

Single-machine Production Systems with Time-varying, Stochastic Demands. 

Management Science 34: 3, 377-390. 

LEACHMAN, R.C., Z.K. XlONG, A. GASCON, AND K. PARK (1991) Note: An Impravement 

to the Dynamic Cycle Lengths Reuristic for Scheduling the Multi-item, Single

machine. Management Science 37: 9, 1201-1205. 

LEITCH, R.A. (1974) Marketing Strategy and the Optimal Production Schedule. Manage
ment Science 21: 3, 302-312. 

MEAL, H.C. (1978) A Study of Multi-stage Production Planning. In: Hax, A.C. (ed.) 

Studies in Operations Management. Amsterdam, The Netherlands: North Holland, 

256-285. 

MEAL, H.C. (1984) Putting Production Decisions Where They Beloog. Harvard Business 
Review 62: 2, 102-111. 



114 References 

NAHMIAS, S., AND W.S. DEMMY (1981) Operating Characteristics of an Inventory System 
with Rationing. Management Science 27: 11, 1236-1245. 

SALOMON, M. (1990) Deterministic Lotsizing Models for Production Planning, PbO
Thesis. Rotterdam, The Netherlands: Brasmus University. 

SIL VER, E.A., AND R. PETERSON (1985) De cision Systems for Inventory Managementand 

Production Planning, second edition. New York NY, USA: John Wiley. 
TAYLOR, S.G., S.M. SEWART, AND S.F. BOLANDER (1981) Why the Process Industries are 

Different Production and Inventory Management Journa/22:4, 9-24. 
TuMs, H.C., AND H. GROENEVELT (1984) Simpte Approximations fortheReorder Point 

in Periadie and Continuons Review (s,S) Inventory Systems with Service Level 
Constraints. European J ournal of Operational Research 17: 2, 175-190. 

VAN DONSELAAR, K.H. {1988) Safety Stock Norms in Divergent Systems with Non
identical Final Products. Research Report TUE/BDK!ORS/88-04, Eindhoven 
University of Technology, Eindhoven, The Netherlands. 

VEINOTI, A.P. JR. (1965) Optimal Policy in a Dynamic, Single Product, Nonstationary 
Inventory Model with Several Demand Classes. Operations Research, 13: 5, 761-
778. 

VERGIN, R.C., AND T.N. LEE (1978) Scheduling Rules for the Multiple Product Single 
Machine System with Stochastic Demand. INFOR 16: 1, 64-73. 

VERWED, M. (1991) The Limits ofControl: A New Control Structurefor the Viton®-plant. 

MSc-Thesis (no. 1859). Eindhoven, The Netherlands: Eindhoven University of 
Technology, Graduate School of Industrial Engineering and Management Science. 

VOLLMANN, T.E., W.L. BERRY, AND O.C. WHYBARK (1988)Manufacturing Planning and 

Control Systems, second edition. Homewood IL, USA: Dow Jones-Irwin. 
WALLACE, T.F. (ED.) (1984) APICS Dictionary, fifth edition. Falls Church VA, USA: 

American Production and Inventory Control Society. 
WAGNER, H.W., AND T.H. WHITIN (1958) Dynamic Version of the Economie Lot Size 

Model. Management Science 5: 1, 88-96. 
WEIERS, R.M. (1991) Introduetion to Business Statistics. Chicago IL, USA: Dryden Press. 
WINTER, R. (1989) Der Ansatz des Massachusetts Institute of Technology zur Mehrstu

figen Produktionsplanung. Arbeitsbericht 89-01, Institut für Wirtschaftsinformatik, 
Johann Wolfgang Goethe- Universität, Frankfurt, Germany (in German). 



Appendix 

Data from Simulation Experiments 

This Appendix contains the raw data from the simulation experiments described elsewhere 

in this work. The data represent the following: 

Product 
Fi 11 Rate 
Target Cyc le Time 
Cycle Time 
Cyc ie Time Var i at ion 

a 
(1) 

(2) 

( 3) 

(4) 

b 
(5) 

(6) 
(7) 
(8) 

c 
(9) 

(10) 
(11) 

( 12) 

d 
(13) 

(14) 

( 15) 
( 16) 

e 
(17) 

(18) 

(19) 

(20) 

The cycle time variatien is definëd as the standard deviation in the cycle time divided by the actual cycle 
time. 

Total Contribution 
Total Inventory Cost 
Total Cost 
Tot al 

(21) 
(22) 
(23) 

(24) 

The filf rate is given as a percentage. The cycle times are given in hours (1 period/day=24 

hours}. The cost figures are given in dollars. 
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Policy: Cycle Times HeU,ristic (Section 3.2}. - -Results dernand level variations, each five runs. j -Each run of ar. initialization of 3000 an actual run of 3000 periods. "' 
Demand Level: & (1) (2) (3) ( 6) (7) (8) (9) (10) ( 12) (13) (14) (15) (16) (18) (19) {20) {21) (22) (23) {24) 
98.2150127.6 150 131.0 0. 1504 97.7 150 0.1556 96.1 150 137.7 0.1834 150 137.8 0.1617 3202952 95954 405900 2701098 w 
98.0 150 126.5 150 131.1 0.1620 97.6 150 0.1760 96.4 150 137.3 0. 1826 150 136.7 0.1765 3208291 96063 407850 2704378 "-' 

98.3 150 128.8 150 132.1 0.1593 97.1 150 0.1513 95.8 lSO 138.6 0.1816 150 137.1 0.1738 3209410 94754 403800 2710856 
98.1 150 128.1 150 133.1 0.1486 97.4 150 0.1415 95.6 150 139.4 0.1701 lSO 138.7 0.1621 3212251 93503 400350 2718398 
98.4 150 127.8 150 132.7 0.1555 97.3 lSO 0.1573 96.5 150 138.1 0.1675 lSO 137.1 0.1642 3207497 94781 404400 2708316 

Demand Level: 
(1) (2) (3) (6) (7) (8) (9) (10) (12) {13) (14) {15) (16) {18) (19) (20) (21) (22) (23) (24) 
98.9 200 167.1 200 170.3 0.1368 98.1 200 0.1406 96.7 200 180.3 0.1909 200 179.0 0.1703 3386573 132500 310350 2943723 
98.7 200 167.5 200 174.0 0.1419 97.7 200 0.1584 96.6 200 181.5 0.1842 200 180.8 0.1711 3383721 130237 307500 2945984 
98.8 200 168.6 200 174.3 0.1406 97.9 200 0.1308 97.3 200 180.9 0.1626 200 179.9 0.1600 3396540 130774 307200 2958566 
98.9 200 171.7 200 175.6 0.1234 97.9 200 0.1299 96.6 200 185.1 0.1646 200 184 .o 0.1538 3399837 127590 301650 2970597 
98.8 200 168.4 200 174.4 0.1315 97.9 200 0.1280 97.0 200 179.8 0.1684 200 180.4 0.1602 3386929 130968 307500 2948461 

Demand Level,91.7% 
(1) {2) {3) (4) (5) 16) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) 
99.3 300 251.5 0.1049 99.4 300 252.8 0.1129 99.0 300 258.9 0.1200 98.1 300 266.7 0.1605 98.1 300 268.5 0.1512 3576565 205344 208050 3163171 
99.1 300 250.7 0.1196 98.8 300 255.1 0. 1233 98.8 300 257.3 0.1297 97.6 300 269.1 0.1716 97.4 300 267.3 0.1576 3572086 203699 207900 3160487 
99.4 300 253.3 0.1061 98.7 300 259.4 0.1264 98.9 300 259.0 0.1169 97.9 300 271.5 0.1414 97.4 300 270.0 0.1427 3584280 201714 205650 3176916 
99.0 300 259.0 0.0955 99.0 300 263.0 0.1086 98.8 300 264.2 0.1125 97.3 300 274.7 0.1515 97.6 300 274.5 0.1300 3586317 197397 202350 3186570 
99.1 300 253.3 0.1138 99.0 300 257.8 0.1207 99.1 300 258.1 0.1182 98.3 300 264.8 0.1484 98.0 300 268.4 0.1484 3579278 202787 207450 3169041 

Demand Level' 95.8% 
(1) (2) (3) (4) (5) {6) (7) (8) (9) (12) (13) (14) (15) {16) (18) (19) (20) (21) (22) (23) (24) 
96.6 295 286.7 0.0662 95.9 295 289.0 0.0820 95.9 0. 0895 94.1 295 302.2 0.1210 295 306.3 0.1158 3610417 178975 183000 3248502 
96.6 295 283.9 0.0834 96.2 295 287.4 0.0837 95.2 0.0987 93.4 295 302.7 0.1408 295 301.4 0.1430 3607235 179923 184050 3243262 
96.8 295 286.3 0.0706 96.1 295 292.3 0.0954 95.6 0.0917 91.8 295 310.1 0.1383 295 303.5 0.1353 3609819 176209 181950 3251660 
96.3 295 287.8 0.0705 95.2 295 295.0 0.0839 95.7 0.0870 92.0 295 310.2 0.1493 295 300.8 0.1212 3611858 175831 181500 3254527 
96.5 295 283.7 0.0824 96.3 295 290.8 0.0905 95.4 0.0910 94.0 295 299.4 0.1282 295 302.4 0.1320 3612556 179224 183600 3249732 



Policy: Variable Cycle Times Heuristic (Section 3.3). 
Results for four demand level variations, each consisting of five runs. 
Each run consists of an initialization of 3000 periods and an actual run of 3000 periods. 

Demand Level: 83.3% 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) ( 14) (15) ( 16) ( 17) 
96.5 150 125.4 0.1968 95.9 150 105.0 0. 3485 94.2 150 107.6 0.3461 94.4 150 107.4 0. 4226 94.0 
96.5 150 122.9 0.2263 94.9 150 106.8 0. 3305 95.0 150 108.4 0. 3301 93.8 150 110.6 0. 4033 93.6 
96.1 150 124.4 0.2281 95.0 150 105.2 0. 3276 94.2 150 105.9 0. 3278 94.0 150 111.1 0. 4284 94.1 
95.9 150 125.6 0.1950 94.0 150 106.0 0. 3314 94.0 150 108.9 0.3164 93.5 150 110.9 0. 3904 94.6 
96.3 150 124.4 0.2052 94.2 150 105.7 0. 3432 94.9 150 105.6 0.3347 94.6 150 111.5 0. 3944 93.1 

Demand Level: 87.5% 
(1) (2) (3) (4) (5) ( 6) (7) (8) (9) (10) (11) ( 12) (13) ( 14) (15) (16) (17) 
94.0 200 131.0 0.1759 91.9 200 109.4 0. 2827 91.5 200 112.0 0. 2724 90.1 200 116.8 0.3721 90.3 
94.2 200 130.3 0.1759 90.5 200 110.8 0.2907 90.4 200 114.1 0. 2763 90.8 200 117.2 0.3546 91.6 
94.2 200 129.0 0.1916 91.4 200 111.7 0. 2767 90.1 200 111.9 0.2771 90.4 200 117.4 0. 3487 90.0 
93.8 200 130.4 0.1897 89.9 200 110.0 0.2674 91.8 200 114.1 0. 2665 90.1 200 114.8 0. 3 640 89.8 
93.7 200 131.4 0.1678 92.5 200 111.0 0.2697 90.6 200 111.8 0.2629 90.1 200 118.0 0.3370 91.1 

Demand Level: 91.7% 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) ( 14) (15) ( 16) (17) 
97.9 300 126.2 0.6055 93.1 300 130.5 0. 5986 93.4 300 134.3 0.6133 93.2 300 169.6 0. 3901 93.2 
97.2 300 120.8 0.6070 95.2 300 129.5 0. 6229 92.2 300 130.7 0. 6112 92.8 300 169.1 0. 3808 93.4 
97.4 300 123.5 0.5655 93.7 300 127.0 0. 6309 92 .o 300 133.5 0. 6020 93.2 300 169.0 0. 3945 93.2 
97.6 300 126.8 0.5678 92.8 300 125.9 0. 5902 92.2 300 139.8 0. 5995 93.0 300 167.2 0.3936 93.7 
97.0 300 125.0 0.5951 93.8 300 139.1 0.5937 92.0 300 139.8 0. 6101 91.7 300 162.9 0. 4018 93.1 

Oemand Level' 95.8% 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) ( 16) (17) 
96.0 295 137.4 0.4844 90 .o 295 139.7 0.5628 89.5 295 141.9 0. 5900 88.7 295 171.6 0. 3673 89.5 
95.8 295 135.7 0.5025 90.5 295 137.5 0.5734 87.8 295 144.1 0. 5851 88.4 295 168.7 0. 3759 89.0 
95.9 295 140.6 0.4923 90.8 295 142.6 0.5808 87.8 295 151.2 0. 5582 89.4 295 170.6 0. 3796 88.5 
96.4 295 133.6 0.5167 89.1 295 139.0 0. 5638 87.8 295 145.2 0.5733 89.2 295 172.9 0. 3648 89.3 
95.7 295 137.2 0.4992 91.3 295 141.0 o. 5898 87.7 295 147.7 0. 5550 88.4 295 171.2 0. 3849 89.7 

(18) (19) (20) (21) (22) 
150 111.9 0. 4162 3128991 87633 
150 110.0 0. 4142 3133866 87131 
150 107.8 0. 4267 3133454 86294 
150 107.4 0. 4074 3130888 85808 
150 107.9 0. 4345 3124314 86743 

(18) (19) (20) (21) (22) 
200 115.2 0. 3506 3173176 79166 
200 113.7 0. 3641 3178347 79208 
200 112.8 0. 3645 3175190 78876 
200 114.9 0. 3568 3179085 78334 
200 115.2 0. 3691 3175538 79481 

(18) (19) (20) (21) (22) 
300 164.3 o. 3835 3420519 132598 
300 164.8 0. 3789 3427264 132619 
300 164.4 0. 3742 3425066 131447 
300 166.6 0. 3579 3431108 131561 
300 166.8 0. 3924 3401847 131324 

(18) (19) (20) (21) (22) 
295 170.1 0. 3579 3453913 120888 
295 169.9 0. 3699 3447800 119954 
295 167.8 0. 3702 3458571 120213 
295 171.3 0. 3431 3464160 119950 
295 167.1 0. 3597 3450400 120679 

"...... 

9 
.§ 
~ ..., 

(23) (24) 
VJ 486450 2554908 

484350 2562385 '-' 

488550 2558610 
484800 2560280 
487950 2549621 

(23) (24) 
463650 2630360 
462000 2637139 
464250 2632064 
463650 2637101 
461250 2634807 

(23) (24) 
378000 2909921 
384900 2909745 
382800 2910819 
377400 2922147 
372000 2898523 

(23) (24) 
358200 2974825 
360450 2967396 
351450 2986908 
357900 2986310 
355800 2973921 
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Policy: Capacity Coordination Heuristic Fixed Sequence {Sect ion 4. 4) . """"' -Results for six demand level variations, each consisting of five runs. 9 ...... 
Each nm consists of an initialization of 3000 periods and an actual run of 3000 periods. 00 

~ 
Detnand Level : 83.3% 8 
(1) (2) (3) (4) {5) (6) (7) (8) (9) {10) (ll) (12) (13) (14) (15) ( 16) (17) (18) (19) (20) (21) (22) (23) (24) 

.... 
98 .1 139 136.0 0. 0917 98.0 139 136.0 0.0848 97.8 139 136.0 0.0850 98.4 139 136.0 0. 0869 98.5 139 136.0 0.0892 322 6632 107707 397050 2721875 ~ 
97.7 139 135.0 0.1073 97.9 139 135.0 0.1007 97.8 139 135.0 0.1014 98.2 139 135.0 0.1030 98.4 139 135.0 0.1053 3229638 108730 400050 2720858 '-' 
98.0 139 136.4 0.0922 97.9 139 136.4 0.0856 97.5 139 136.4 0.0850 98.1 139 136.4 0.0877 98.1 139 136.4 0.0896 3233573 107155 395700 2730718 
97.9 139 138.0 0.0877 97.6 139 138.0 0.0816 97.7 139 138.0 0.0827 97.8 139 138.0 0.0846 98.1 139 138.0 0.0867 3238019 105668 391350 2741001 
98.2 139 135.6 0.0960 98.0 139 135.6 0.0888 97.6 139 135.6 0.0888 97.9 139 135.6 0.0907 98.5 139 135.6 0.0937 3229568 108199 398250 2723119 

Demand Level: 87.5 
(l) (2) (3) (4) (5) (6) (7) (8) {9) (10) (11) (12) (13) (14)(15) (16) (17) (18) (19) (20) (21) (22) (23) (24) 
98.1 176 172.6 0.0906 98.0 176 172.6 o. 0868 97.5 176 172.6 o. 0871 98.3 176 172.6 0.0869 98.4 176 172.6 0. 0889 3383890 130142 312750 2940998 
97.9 176 171.8 0.1021 97.8 176 171.8 0.0974 98.0 176 171.8 0. 0994 98.1 176 171.8 0.0995 97.8 176 171.8 0.1010 3390198 130723 314550 2944925 
98.0 176 173.3 0.0851 97.9 176 173.3 0.0806 97.7 176 173.3 0.0804 98.0 176 173.3 0.0811 97.9 176 173.3 0.0829 3396867 129399 311400 2956068 
98.0 176 175.4 0.0788 97.7 176 175.4 o. 0756 97.8 176 175.4 0.0771 97.9 176 175.4 0.0767 98.0 176 175.4 0.0778 3401834 127535 307800 2966499 
98.2 176 172.3 0.0946 98.0 176 172.3 0.0893 97.8 176 172.3 0.0904 98.0 176 172.3 0.0916 98.5 176 172.3 0.0930 3392401 130449 313350 2948602 

.Oemand Leve 1 ; 91.7% 
(1) (2) (3) (4) (5) (6) (7) (8) {9) {10) (11) {12) (13) (14) ( 15) (16) (17) (18) (19) (20) (21) (22) (23) (24) 
98.2 256 248.9 0.0802 98.6 256 248.9 0.0783 98.6 256 248.9 o. 0785 98.6 256 248.9 0.0789 98.9 256 248.9 0.0792 3562458 186511 217200 3158747 
97.9 256 248.7 0. 0924 98.0 256 248.7 0. 0893 98.5 256 248.7 Q. 0904 98.4 256 248.7 0.0906 97.9 256 248.7 0.0913 3559427 185898 217200 3156329 
98.0 256 251.4 0.0733 98.3 256 251.4 0.0714 98.3 256 251.4 0.0711 98.3 256 251.4 0.0711 97. 6 256 251.4 0.0721 3566578 183412 214950 3168216 
97.7 256 254.8 0.0672 98.0 256 254.8 o. 0647 98.4 256 254.8 0.0656 98.1 256 254.8 0.0659 97.9 256 254.8 0.0670 3568981 180302 211950 3176729 
98.2 256 247.8 0.0893 98.4 256 247.8 0. 0853 98.4 256 247.8 0.0861 98.3 256 247.8 0.0872 98.5 256 247.8 0.0879 3562686 186532 218100 3158054 

Demand Level: 95.8% 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) [15) (16) ( 17) (18) (19) (20) (21) (22) (23) (24) 
96.8 389 376.0 0.0536 97.8 389 376.0 0. 0520 98.0 389 376.0 0.0510 98.9 389 376.0 0.0512 99.1 389 376.0 0. 0522 3702972 256694 143700 3302578 
96.6 389 373.8 0.0720 97.3 389 373.8 0. 0685 98.0 369 373.8 0.0703 98.9 389 373.8 0.0701 98.6 389 373.8 0. 0709 3703893 257359 144600 3301934 
96.8 389 381.1 0.0440 97.4 389 381.1 0.0411 97.6 389 381.1 0.0411 98.9 389 381.1 0.0416 98.4 389 381.1 0.0433 3710521 251210 141600 3317711 
96.2 389 382.2 0.0391 97.0 389 382.2 0.0376 98.0 389 382.2 0.0386 98.5 389 382.2 0.0387 98.6 389 382.2 0.0392 3710751 250101 141300 3319350 
96.7 389 375.1 0.0583 98.1 389 375.1 0.0552 97.8 389 375.1 0.0556 98.9 389 375.1 0.0562 99 .o 389 375.1 0.0570 3708715 257769 144000 3306946 

Oemand Leve 1: 100.0% 
(1) {2) (3) {4) (5) (6) (7) (8) (9) {10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) {22) (23) (24) 
88.7 328 324.5 0.0243 93.1 328 324.5 0. 0242 95.5 328 324.5 0.0242 97.2 328 324.5 o. 0240 97.3 328 324.5 0. 0242 3693983 192889 166350 3334744 
88.3 328 323.5 0.0340 93.2 328 323.5 0.0325 94.8 328 323.5 0.0344 97.4 328 323.5 0.0336 96.8 328 323.5 0. 0342 3693796 193207 166950 3333639 
88.5 328 324.8 0.0266 92.9 328 324.8 0.0257 94.9 328 324.8 0.0247 96.9 328 324.8 0.0251 96.5 328 324.8 0.0262 3696670 192105 166200 3338365 
87.9 328 325.1 0.0235 92.4 328 325.1 0.0225 95.2 328 325.1 0.0239 97.1 328 325.1 0.0237 97.1 328 325.1 0.0229 3699482 191358 166050 3342074 
88.5 328 324.9 0.0265 93.6 328 324.9 0.0240 94.9 328 324.9 0. 0242 97.4 328 324.9 0.0244 97.2 328 324.9 0.0247 3696580 192517 166200 3337863 

Demand Level' 104.2% 
(1) (2) (3) (4) (5) {6.) (7) (8) (9) (lQ) (11) (12) (13) {14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) 
83.5 396 394.4 0.0158 92.1 396 394.4 0.0157 95.0 396 394.4 0. 0156 97.2 396 394.4 0.0163 97.3 396 394.4 0.0155 3774162 227975 136950 3409237 
83.3 396 393.4 0.0185 92.1 396 393.4 0.0192 94.8 396 393.4 0.0197 97.1 396 393.4 0.0195 96.4 396 393.4 0.0192 3775029 227421 137250 3410358 
83.5 396 394.4 0.0174 91.9 396 394.4 0.0168 94.4 396 394.4 0.0170 96.8 396 394.4 0.0166 96.3 396 394.4 0.0176 3776625 226876 136800 3412949 
82.8 396 394.6 0.0155 91.3 396 394.6 0. 0152 95.0 396 394.6 0.0156 96.7 396 394.6 0.0153 96.9 396 394.6 0.0162 3779321 226394 136800 3416127 
83.5 396 394.0 0.0176 92.6 396 394.0 0. 0169 94.3 396 394.0 0.0166 97.1 396 394.0 0. 0158 97.1 396 394.0 0. 0167 3776109 227662 137100 3411347 ~ 
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-- Run-out Time Sequence (Section 5.1). ,....._ 
t::::l Q each consisting of five 1::1 

3000 periods and an periods. 
.§ ~ 

Demand Level: 91.7% ft ~ ""' (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (16) (17) (18) (19) (20) (21) (22) (23) (24) 
VI :! 98.9 256 243.0 0.0910 98.5 256 247.2 0.1138 98.8 256 247.4 0.1175 0.1420 97.0 256 261.3 0.1554 3555447 185948 214800 3154699 

98.5 256 242.7 0.1189 98.3 256 248.8 0.1237 98.5 256 249.5 0.1193 0.1557 97.1 256 256.2 0.1432 3557496 184817 215250 3157429 
.,_, 

V, 
98.8 256 244.6 0. 0995 98.7 256 249.8 0.1214 98.5 256 250.7 0.0994 0.1471 96.7 256 262.3 0.1364 3565425 183120 212850 3169455 §' 
98.8 256 248.0 0.0887 98.2 256 253.5 0.1041 98.1 256 256.5 0.1044 0.1396 96.4 256 263.8 0.1385 3564417 178899 210000 3175518 ;:: 
98.8 256 239.8 0.1129 98.3 256 250.6 0.1228 98.6 256 245.5 0.1140 0.1407 96.9 256 256.7 0.1553 3556715 186386 216750 3153579 S" 
Demand Level: 95.8% §"· 
(1} {2) ( 3) (4) (5) (6} (7) (8) (9) (10} (11) (12) (14} (15) ( 16) (17) (18)(19} (20) (21) (22) (23) (24) ;= 
97.9 389 365.8 0.0729 98.3 389 367.5 0.0860 98.8 389 371.5 0. 0902 389 399.5 0. 1352 96.0 389 404.4 0.1366 3690778 254063 141750 3294965 

~ 97.7 389 360.8 0.0990 97. a 389 368.7 0. 0983 98.6 389 368.3 0. 0953 389 402.9 0.1461 96.1 389 396.6 0.1373 3691290 256169 142650 3292471 
98.1 389 366.2 0.0822 98.2 389 372.1 0.0825 98.1 389 373.7 0.0768 389 403.6 0.1351 95.9 389 401.7 0.1335 3699663 253052 141000 3305611 
97.3 389 367.6 0.0810 98.0 389 372.2 0.0829 98.0 389 379.0 0.0891 389 401.7 0 .1262 96.5 389 398.1 0.1194 3703096 252079 140850 3310167 "" "' 97.7 389 366.1 0.0870 98.0 389 373.0 0.1000 98.3 389 371.8 0.0820 389 395.3 0.1266 96.6 389 395.3 0.1275 3696212 254845 142050 3299317 §" 
Demand Level: 100.0% ~ 
(1) (2) ( 3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (14) (15) ( 16) (17) (18) (19) (20) (22) (23) (24) !:;-
92.2 328 310.2 0.0774 94.1 328 317.1 0.0954 94.7 328 327-2 0.1085 328 360.1 0.1513 91.1 328 360.1 0.1595 187195 161850 3308066 
92.0 328 308.4 0.0905 93.6 328 321.7 0.1023 94.4 328 328.4 0.1255 328 357.6 0.1559 91.3 328 355.8 0.1583 186798 162000 3313055 
92. l 328 309. 9 0. 084 3 94.3 328 318.1 0.1007 94.4 328 326.9 0.1071 328 359.1 0.1696 89 .1 328 363.3 0.1646 187118 161700 3310107 
92.0 328 307.5 0.0911 93.4 328 320.5 0.1049 93.9 328 332.4 0.1158 328 368.4 0.1609 91.7 328 350.8 0.1463 185079 161400 3313828 
92.3 328 308.4 0.0924 94.0 328 322.0 0.1029 93.6 328 328.7 0.1101 328 353.2 0.1517 91.4 328 357.4 0.1437 188920 162000 3310706 

Policy: Capacity Coordination Heuristic -- Controlled Run-out (Section 5.1). 
Results for three demand level variations, each consisting of 
Each run consists of an initialization of 3000 periods and an 3000 periods. 

Demand Level: 91.7% 
(1) (2) (3) (4) (5) (6) (7) (8) {9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (22) (23) (24) 
98.7 256 242.9 0.1024 98.6 256 247.5 0.1114 98.7 256 251.6 0.1187 97.8 256 256.1 0.1409 97.6 256 257.4 0.1465 184759 215100 3157142 
98.6 256 242.3 0.1158 98.5 256 244.0 0.1153 98.6 256 248.6 0.1163 97.3 256 257.5 0.1600 96.8 256 258.1 0-1563 185294 216150 3156819 
98.7 256 247.1 0.0932 98.6 256 250.5 0.1043 98.8 256 249.6 o. 0970 97.0 256 262.4 0.1437 97.0 256 260.5 0.1308 182379 212700 3173223 
98.4 256 249.5 0.0876 98.4 256 251.4 0.1004 98.4 256 255.8 0.1121 97.3 256 264.4 0.1328 97.2 256 260.6 ().1344 179758 210750 3179969 
98.8 256 242.0 0.1077 98.6 256 247 .o 0.1246 98.5 256 247.9 0.1134 97.3 256 257.6 0.1495 97.3 256 256.5 0.1462 185789 216000 3156561 

Demand t.evel 95.8% 
(1) (2) (3) (4) (5) (6) (7) (8) (9) {10)(11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) {22) (23) (24) 
97.3 389 370.9 0.0685 97.9 389 372.3 0.0799 98.2 389 376.6 0.0809 98.2 389 384.7 0. 0999 98.0 389 388.8 0.1129 3700123 256128 142650 3301345 
97.4 389 366.9 0.0883 97.6 389 374.3 0.0866 97.9 389 376.1 0.0998 97.7 389 387 .1 0.1239 97.5 389 387.5 0.1226 3701023 255680 142650 3302693 
97.2 389 375.5 0.0671 97.8 389 377.6 0.0768 97.8 389 378.6 0.0641 98.1 389 390.9 0. 0949 97.5 389 387 .a 0-1024 3708790 251828 141150 3315812 
96.8 389 377.9 0.0589 97.4 389 380.0 0.0662 98.0 389 383.9 0.0696 97.5 389 392.7 0.1148 97.7 389 394.3 0.1034 3708377 249342 139950 3319085 
97.2 389 371.8 0.0761 98.6 389 374.6 0.0779 97.8 389 377.1 0.0798 97.9 389 386.1 0.1156 97.7 389 389.4 0.1026 3702027 254045 142350 3305632 

Demand Level: 100.0% 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) ( 19) (20) (21) (22) (23) (24) 
88.7 328 323.7 0.0375 93.3 328 323.8 0.0612 95.4 328 326.6 0.0661 97.4 328 328.3 0.0885 97-1 328 329 -1 0.0812 3693761 192262 165450 3336049 
88.7 328 321.8 0.0507 93.4 328 323.0 0.0578 94.9 328 326.0 0. 0735 96.6 328 329.0 0.0929 96.3 328 331.5 0.0916 3691899 191860 165450 3334589 
88.8 328 323.3 0.0479 92.9 328 326.7 0.0717 95.3 328 324.3 0.0569 96.6 328 330.8 0.0904 95.8 328 332.3 0.0897 3697286 189394 164850 3343042 
88.1 328 324.6 0.0424 92.1 328 327.5 0.0657 95.3 328 327.5 0.0702 96.7 328 330.7 0.0886 96.8 328 327.3 0.0683 3697918 190239 165000 3342679 -88.9 328 324.0 0.0406 93.5 328 325.7 0.0596 94.7 328 327.4 0.0600 97.1 328 327.7 0.0845 96.9 328 328.4 0.0806 3694902 191203 165300 3338399 -\C 



Analysis of Variance~ Randondzed Block Design (Section 5.2.2} 
CCH/ROC vs CCH/FS 
Definitions according to Weiers (1991, 543) 

Souree of Varîation sum of Squares Degrees of Preedom 

Treatments 
Blocks 
Sampling Error 
Tot al 

significant at the 0.025 level. 

23262292932 
69934687741706 

3511241121833 
70309191156471 

average (CCH/ROC) : 3746327.1 
average (CCH/FS) 3723590.8 
difference 0. 61% 

Analysis of Variance; Randomized Block Design (Section 5.2.2) 
VCT vs CCH/ROC 
Definitions accordinq to Weiers (1991, 543) 

Souree of Variatien SUm of Squares Degrees of Freedom 

Treatments 
Blocks 
Sampling Error 
Total 

Significant at the 0. 005 level. 

38983378245428 
36463961722059 
28396016977184 

103843356945271 

3003927.7 
3662068.0 
21.9% 

1 
179 
179 
359 

Mean Square 

23262292932 
785783008334 

3946529459 

Mean Square 

38983378245428 
203709283363 
158636966356 

F-Ratio 

5.89 
199.11 

F-Ratio 

245.74 
1.28 



Summary 

This text discusses production control and demand management in capacitated flow 

process industries. A production control model is developed which balances long-term and 

short-term objectives. 

Flow process industries include the manufacturers of bulk chemicals, glass manufacturing, 

paper production and steel molding. They are characterized by one (or very few) process 

steps, the same process routing for all products, a divergent matenals flow and a low 

added value. These characteristics are different from batch process industries like 

pharmaceutical and other fine chemical industries and require a different production 

control approach. 

During the last decade, flow process industries have been affected by the general industrial 

trend of increased product variety, smaller order quantities, and higher quality and 

reliability standards. A needis identified fora production control system which is able to 

deal with this increased uncertainty while capacity constraints are still tight. 

An analysis of flow process industries in practice bas led to the definition of the 

Elementary Flow Process Industries Production System (EFPIPS). The EFPIPS is the 

object of analysis in the theoretica! part of the research project. It is characterized by a 

single machine, a limited number of products (each possibly differing in contribution 

margin, cost structure and demand characteristics), high change-over times and a high 

utilization of capacity. Additionally, we assume that any sales which are not filled directly 

out of stock, get lost. 

The development of the production control model for the EFPIPS can be distinguished in 

three consecutive phases. The first phase is the analysis of the EFPIPS dynamic system 

behavior. Then, based on these findings, the model is designed. Finally, the model is 

tested. The design phase and the testing phase are repeated twice. One of the repetition 

cycles focuses on the upper level of the (hierarchically structured) model, the other focuses 

on the lower level. 
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The objectives of the production control system are assumed to be: 

maximization of profit 
controllability of individual product service levels 

Summary 

The profit is defined as the profit which can be influenced by the production control 
decision, i.e., the contri bution of the products sold, minus the inventory holding and set-up 

cost. The service level is defined as the fill rate, i.e., the percentage of demand tilled out 
of stock. 

Analysis of the behavior of the EFPIPS under elementary scheduling rules makes it clear 

that the objectives mentioned above can only be reached if the cycle times are controlled. 
This is caused by the effect that a reduction in cycle time means an increase in capacity 

spent on setting up. This cannot be compensated later on, since extra capacity is not 

available due to round-the-clock production. An increase in cycle time also leads to an 

uncontrolled reaction of the system. A sudden increase in cycle time will cause some of 
the products to run out of stock and therefore reduce the fill rate considerably and in an 
uncontrolled way. 

Additionally, a model bas been developed, which consists of two hierarchically arranged 
decision functions, viz: 

Long-term capacity coordination 

Short-term production order scheduling. 

The task of the long-term capacity coordination tunetion is to set the system parameters. 

These parameters are, for each product, an integer multiple and a target inventory level. 
These parameters determine the target cycle times, which determine the distribution of 
available capacity over production and set-up. The target inventory levels and the integer: 

multiples together determine the fill rates for each of the individual products. 

An analysis of the traditional lot-sizing functions for uncapacitated situations bas 
demonstrated that these functions set the cycle times contrarily to the capacity concerns. 

As long as there is no product which consumes more than half of the available capacity, 
these traditional lot-sizing functions cause the cycle time to be shorter at a higher level 

of product demand. Arguing from the capacity coordination viewpoint, however, the cycle 

times should be extended if more capacity is to be delivered. Additionally, more demand 
should be delivered as long as the expected profit is increased. This is the basis of the 

Capacity Coordination Heuristic, which has been designed to support the capacity 
coordination function. 
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After analyzing the capacity coordination function, which is the upper level of the two

tiered model, we have analyzed the scheduling function (the lower level). Bearing in mind 
the objective of controlled service levels, it became clear that a scheduling policy based 

on equalization of run-out times led to uncontrolled service levels. In case of a limited 
number of products, it was therefore argued to use a fixed sequence policy for operational 
scheduling. Later on it was demonstrated that a modified run-out policy, called the 

controlled run-out time policy, performs justas well. The prominent difference between 

the modified run-out time procedure and the traditional run-out time procedure is the 
inclusion of the parameters which determine the individual product service levels. 

The model has been tested extensively by a series of simulation experiments. It has been 

benchmarked against a beuristic which varles the cycle times in order to fill short-term 

demand. The experimental results indicate that the newly proposed policy gives a 
considerable impravement in performance (profit and controllability of fill rates) if the 

utilization rate is very high. Differences are negligible at lower levels of utilization. 

Finally, the research results have been used to develop a production control structure for 
a glass manufacturing company. This case serves as an mustration for the applicability of 
the principles. 
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Samenvatting (Summary in Dutch) 

Dit proefschrift behandelt de produktiebeheersing en de orderacceptatie in de hoogbezette 

procesgewijze fabrikage. Er wordt een produktiebeheersingsmodel ontwikkeld dat een 

afweging maakt tussen doelen op korte termijn en doelen op lange termijn. 

De procesgewijze fabrikage omvat onder andere de producenten van bulkchemicaliën, glas, 

papier en staal. Zij wordt gekenmerkt door één of zeer weinig processtappen, dezelfde 

routing voor alle produkten, een divergente materiaalstroom en een lage toegevoegde 

waarde. Deze kenmerken verschillen van die van de meer batchgeoriënteerde procesindus

trie, zoals de farmaceutische industrie en de fijnchemie. De procesgewijze fabrikage 

vereist dan ook een andere produktiebeheersingsaanpak. 

Sinds het begin van de jaren '80 wordt ook de vraag naar produkten die door dit soort 

bedrijven worden voortgebracht, gekenmerkt door een toenemende variatie in produkten, 

kleinere bestelhoeveelheden en hogerekwaliteits-en betrouwbaarheidseisen. Er is behoefte 

aan een produktiebeheersingssysteem dat met deze toename in de onzekerheid kan 

omgaan, terwijl de capaciteit nog steeds beperkt is. 

Een analyse van een aantal procesgewijs fabricerende bedrijven heeft geleid tot het 

definiëren van het Elementary Flow Process Industries Production System (EFPIPS -

elementair procesgewijs fabrikagesysteem). Het EFPIPS is het onderwerp van analyse in 

het theoretische deel van het onderzoeksprojekt. Het wordt gekenmerkt door één enkele 

produktie-installatie, een beperkt aantal produkten (elk zich mogeliJK onderscheidend door 

contributiemarge, kostenstructuur en kenmerken van de vraag), hoge omsteltijden en een 

hoge bezettingsgraad. Bovendien wordt aangenomen dat alle vraag die niet direct uit 

voorraad kan worden beleverd, verloren gaat. 

Het ontwikkelingstraject van een produktiebeheersingsmodel voor het EFPIPS kan in drie 

achtereenvolgende fases worden onderscheiden. De eerste fase is de analyse van het 

dynamische systeemgedrag van het EFPIPS. Vervolgens wordt op basis van de 

bevindingen uit de eerste fase het model ontworpen. Tenslotte wordt het model getest. De 

ontwerpfase en de testfase worden elk tweemaal herhaald. In de eerste herhaalcyclus wordt 
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het bovenste niveau van het hiërarchische model herontworpen, in de tweede fase het 

onderste niveau. 

Er wordt uitgegaan van de volgende doelstellingen van het produktiebeheersingssysteem: 

maximalisering van de winst 

beheersing van de serviceniveaus van elk produkt 

Hierbij wordt de winst gedefinieerd als de winst die beïnvloed kan worden door de 

produktiebeheersingsbeslissing, d.w.z. de contributiemarge van alle ver~ochte produkten, 

verminderd met de kosten voor voorraadhouden en omstellen. Het serviceniveau wordt 

gedefinieerd als de fill rate, d.w.z. het percentage van de vraag dat direct uit voorraad 

wordt geleverd. 

De analyse van het gedrag van het EFPIPS onder eenvoudige scheduling-regels maakt 

duidelijk dat de bovengenoemde doelstellingen alleen kunnen worden bereikt wanneer de 

cyclustijden worden beheerst. Dit wordt veroorzaakt door het effect dat een verkorting van 

de cyclustijd leidt tot een toename van het deel van de capaciteit dat aan omstellen wordt 

besteed. Dit kan later niet worden gecompenseerd, aangezien extra capaciteit niet 

beschikbaar is omdat er volcontinu wordt geproduceerd. Een verlenging van de cyclustijd 

leidt ook tot een onbeheerste reactie van het systeem: een plotselinge toename van de 

cyclustijd veroorzaakt een situatie waarin een aantal produkten buiten voorraad geraken 

en leidt tot een onbeheerst serviceniveau. 

Vervolgens is een model ontwikkeld, dat bestaat uit twee hiërarchisch geordende 

beslissingsfuncties, namelijk: 

Lange-termijn capacitei tscoördinatie 

Korte-termijn scheduling van produktie-orders 

De taak van de lange-termijn capaciteitscoördinatiefunctie bestaat uit het vaststellen van 

de systeemparameters. Deze parameters zijn, voor elk produkt, een geheeltallige 

vermenigvuldigingsfactor en een doelvoorraadniveau. Deze parameters bepalen de 

doelcyclustijden, die op hun beurt de verdeling van de beschikbare capaciteit bepalen over 

produceren en omstellen. De doelvoorraadniveaus en de geheeltallige vermenigvul

digingsfactoren bepalen samen de fill rates voor elk van de produkten. 

Een analyse van de traditionele seriegroottefuncties voor situaties met een onbeperkte 

capaciteit heeft aangetoond dat deze functies niet alleen geen rekening houden met de 

beperkte capaciteit, maar bovendien deze capaciteitsverdeling nadelig beïnvloeden. Zolang 

er geen produkt is dat beslag legt op meer dan de helft van de beschikbare capaciteit, 
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leiden deze traditionele functies tot kortere cyclustijden bij hogere vraagniveaus. Indien 

echter van het standpunt van capaciteitscoördinatie wordt uitgegaan, zullen de cyclustijden 
moeten worden verlengd bij een hoger vraagniveau. 

Na het herontwerp van de capaciteitscoördinatiefunctie (het bovenste niveau van het 
model), is de schedulingsfunctie (het onderste niveau) geanalyseerd. Met in het 

achterhoofd de doelstelling van beheerste serviceniveaus werd duideliJK dat een 

schedulingregel die gebaseerd is op het gelijkmaken van de hoeveelheid voorraad in tijd 

uitgedrukt (run-out tijd), leidt tot onbeheerste serviceniveaus. Indien het aantal produkten 
beperkt is, wordt daarom gekozen voor een schedulingregel die een vaste volgorde 

hanteert. Later is aangetoond dat een aangepaste run-out tijd regel, aangeduid als de 

"beheerste run-out tijd". ongeveer even goed functioneert. Het meest opvallende verschil 

tussen beide run-out tijd procedures is de aanwezigheid van de parameters die de 

individuele serviceniveaus van elk produkt bepalen, in de aangepaste procedure. 

Het model wordt uitgebreid getest door een serie simulatie-experimenten. Het model wordt 

vergeleken met een heuristiek die de cyclustijden varieert teneinde op korte termijn aan 
de fluctuerende vraag te kunnen voldoen. De resultaten van de experimenten duiden op 
een aanzienlijke verbetering in prestatie (winst en beheersbaarheid van serviceniveaus) 

wanneer de bezettingsgraad erg hoog is. De verschillen zijn zeer klein bij lagere 

bezettingsgraden. 

Tenslotte zijn de onderzoeksresultaten gebruikt om een produktiebeheersingsstructuurvoor 

een glasfabriek te ontwerpen. Deze casus dient als illustratie voor de toepasbaarheid van 
de principes. 
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STELLINGEN 

behorende bij het proefschrift 

"Production Control and Demand Management 

in 

Capacitated Flow Process Industries" 

van 

Jan C. Fransoo 



I 

Indien een beperkt aantal produkten met verschillende vraagniveaus op één installatie wordt 
geproduceerd is het vanuit beheersingsoogpunt beter om een vaste volgorde tê hanteren dan 

om te werken met zogenaamde "equalization of run-out times". 

l Dit proefschrift, hoofdstuk 3 l. 

n 

In hoogbezette procesmatige produktiesystemen met dominante omsteltijden en een stationaire 

stochastische vraag is de leverprestatie wanneer de cyclustijden stabiel worden gehouden 

hoger dan wanneer de lengte van de cyclustijd wordt gebruikt om korte termijn fluctuaties in 

de vraag op te vangen. 

[Dit proefschrift, hoofdstuk 3} 

lil 

De traditionele kosten-georiënteerde benadering voor het bepalen van cyclustijden in één

machine-meer-produkt-omgevingen leidt tot kortere cyclustijden, indien de vraag hoger is. 

Daarom is deze methode ongeschikt voor situaties met een beperkte capaciteit en hoge 

insteltijden en dient daar een meer capaciteit-georiënteerde benadering te worden gebruikt. 

[Bijvoorbeeld: Dol/, CL., and D.C. Whybark (1973), Anlterative Procedure for the Single 

Machine Multi-product Lot Scheduling Problem, Management Science 24: 6, 587-598] 

f Dit proefschrift, hoofdstuk 4 en 5] 

IV 

In tegenstelling tot wat in de gevestigde literatuur beschreven is, is het zeker niet altijd 

economisch verantwoord om in geval van een seizoensmatige vraag en een één-machine-meer

produkten situatie, de fastmovers op voorraad te leggen en de slowmovers in het hoogseizoen 

te produceren. 

[Bijvoorbeeld: Magee, J.F., and D.M. Boodman (1967), Production Planning and 

lnventory Control. New York NY, USA: McGraw Hili] 



V 

Het uitvoeren van bedrijfskundig onderzoek op basis van eenvoudige modellen van de 

werkelijkheid is zinvol teneinde besturingssystemen voor de complexe werkelijkheid te 

verbeteren. 

VI 

Indien militaire dienst gezien wordt als het beschikbaar stellen van een deel van het leven tot 

nut van het algemeen, dienen alle Nederlanders naar hun vermogen en capaciteiten op een of 

andere manier deze breuk in hun carrièrepad te ondergaan. Aangezien tegenwoordig slechts 

minder dan 20% van de Nederlandse bevolking werkelijk in militaire dienst gaat, tast dit het 

gelijkheidsbeginsel aan waarvan in de grondwet wordt uitgegaan. 

[Grondwet, Art. 1 en 98; Dienstplichtwet] 

VII 

Als iedereen die - grotendeels op kosten van de maatschappij - een hogere beroeps- of 

academische opleiding heeft gevolgd ervan overtuigd zou zijn dat hij/zij moreel verplicht is 

zijn/haar kennis en vaardigheden in zijn/haar vrije tijd ter beschikking te stellen aan diezelfde 

maatschappij, zou het {kwantitatieve en kwalitatieve} kaderprobleem waarmee veel 

verenigingen en organisaties die op vrijwilligers bouwen nu kampen, niet bestaan. 

VIII 

Ook van vrijwilligers moet worden g~ist dat zij de professionele kwaliteiten bezitten om een 

bepaalde funktie te vervullen. 

IX 

Het feit dat de wetenschappelijke vooruitgang is gediend bij discussie pleit ervoor om 

wetenschappelijk onderzoekers met twee personen op een kamer onder te brengen. 



x 

Indien een kwantitatief georiënteerde bedrijfskundige promovendus niet in staat is om de 

essentie van zijn proefschrift uit te leggen aan niet-kwantitatieve bedrijfskundige onderzoekers 

en bedrijfskundigen die in de praktijk werkzaam zijn, kan deze promovendus niet bedrijfskun

dig worden genoemd. 

XI 

Indien Nederland en België zouden stoppen met korfballen, zou korfbal binnen zeer korte tijd 

een Olympische sport zijn. 

Eindhoven, 16 februari 1993. 


