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Controller model 

productOrder <- self receiveFrom: customer. 
materialOrder <- self formulateOrderFrom: productOrder. 
self send: materialOrder to: supplier. 
task <- self formulateTaskFrom: productOrder. 
self send: task to: transformer. 
forever 

Transfarmer model 

task <- self receiveFrom: controller. 
material <- self receiveFrom: supplier. 
product <- self transformFrom: material 

accordingTo: task. 
self send: product to: customer. 
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SUMMARY 

Factory automation has been a subject of interest 
for some decades; one which has received fresh 
impetus from the development of modern electranies 
and in particular from computers. Much successful 
work on automated systems has been reported in the 
literature. On the one hand, machines have been 
equipped with automated controllers, while on the 
other hand, administrati ve tasks have been 
automated. As a result, machines have become ever 
more flexible, and office administration has 
increased its scope considerably. In this regard it 
is remarkable that similar control processes have 
had scarcely any effect on the output of the total 
system, and that little is known of the conneetion 
between the various parts of a system as a whole. 

It is here demonstrated that the interrelations 
between each part of a factory may be investigated 
and revealed with the aid of a conception of the 
control process. It will only be possible to achieve 
the integrated automation of a complete factory 
through the use of such a control concept. 

The objective of this investigation is, therefore, 
the development and testing of a control concept in 
the interests of integrated factory automation. The 
Process-Interaction Approach has formed the basis 
of the development of this control concept. Use of 
this approach permits the separation of the various 
processes and interrelationships present within the 
factory. 

The Process-Interaction Approach has been used to 
model a factory, the emphasis being placed on the 
control elements. Thereafter, the control model so 
created is extended to other areas, in particular 
the timely delivery of products. Various delivery 
strategies are studied using the model. In order 
that the theory may be shown to be useful in 
concrete cases, it is shown how a model of a factory 
control system may be developed and implemented. 
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Thereafter two currently popular techniques - MRP 
and the Kamban system - are analysed. It is 
explained what elements of a total control strategy 
are contained in both techniques 1 and an explanation 
is given of why both techniques are of only limited 
applicability. The gap in automation techniques 
between short-term and long-term applications is 
also explained. Finally 1 the control concept so 
developed is applied to a specific case in one of 
the factories of the Vredestein Rubber Company. The 
case study of the Vredestein plant shows that it is 
possible to model a control system and thereafter to 
implement it using the control architecture 
developed during the analysis. 

This investigation has produced a control concept 
that may be used to model a variety of factory 
control systems. Depending on circumstances 1 the 
model may cernprise one or more control layers and 
it is therefore named the Multi-Layer Control 
Concept. 

Use of the Multi-Layer Control Concept as an 
analysis and roedelling tool reveals a particular 
control architecture in which the formalisable 
segments may be automated. The model also provides 
room for manual intervention in the non-formalisable 
segments. An integrated control structure for a 
factory is thus created 1 whereby many existing 
techniques for achieving the timely delivery of 
products may be incorporated. A similar approach is 
also suitable for ether functions 1 such as product 
development and qual i ty control. Furthermore 1 i t may 
be possible to formalise remaining segments of the 
total control scheme 1 and suggestions are presented 
for further work in this direction. 
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SAMENVATTING 

Het automatiseren van fabrieken staat sinds enige 
decennia sterk in de belangstelling, met name door 
de mogelijkheden die de moderne elektronica en in 
het bijzonder de computers daartoe bieden. In de 
literatuur is veel bekend over met succes 
geautomatiseerde systemen. Enerzijds worden machines 
voorzien van een automatische besturing, terwij 1 
anderzijds administratieve taken worden 
geautomatiseerd. Het resultaat is dat machines 
daardoor steeds flexibeler worden en administratieve 
systemen steeds veelomvattender. Daarbij valt het op 
dat automatisering van dergelijke besturingen 
nauwelijks effect heeft gehad op het resultaat van 
het totale systeem, en dat er weinig bekend is over 
de samenhang en mogelijke integratie van de diverse 
besturingsonderdelen binnen een fabriek. 

Verondersteld wordt nu dat de relaties tussen alle 
onderdelen van een fabriek kunnen worden onderzocht 
en gevonden met behulp van een conceptuele 
benadering van het besturingsproces. Een integrale 
automatisering van fabrieken zal alleen tot stand 
zijn te brengen door middel van zo'n 
besturingsconcept. 

Het doel van dit onderzoek is derhalve: het 
ontwikkelen en testen van een besturingsconcept ten 
behoeve van de integrale automatisering van 
fabrieken. Bij de ontwikkeling van dit 
besturingsconcept heeft de Proces-Interactie 
Benadering als uitgangspunt gefungeerd. Deze 
benadering maakt het mogelijk om de verschillende 
processen en hun onderlinge verbanden binnen een 
fabriek gescheiden van elkaar te kunnen beschouwen. 

Vanuit deze Proces-Interactie Benadering is een 
fabriek gemodelleerd, met de nadruk op het 
besturingsdeel. Daarna is het besturingsdeel verder 
uitgewerkt, met name gericht op het tijdig leveren 
van produkten. Verschillende strategieen van leveren 
zijn in het model aangebracht. Om te demonstreren 
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dat de theorie in concrete gevallen toepasbaar is, 
is aangegeven hoe een model van een 
fabrieksbesturing kan worden opgezet, getest en 
geimplementeerd. Daarna zijn twee actuele technieken 
- MRP en Kamban - geanalyseerd. Er is uitgelegd 
welke onderdelen van een totaal besturingssysteem in 
beide technieken schuilen en er is een verklaring 
gegeven voor hun beperkte toepasbaarheid. Daarnaast 
is de verklaring gevonden voor de automatiserings
kloof tussen de korte-termijn en de lange-termijn 
automatisering. Tot slot is het aldus ontwikkelde 
besturingsconcept toegepast in een specifieke 
situatie binnen één van de fabrieken van Vredes te in. 
De case studie van deze Vredestein vestiging toont 
aan dat het mogelijk is om een besturingssysteem te 
modelleren en daarna te implementeren op basis van 
het ontwikkelde integrale model. 

Als resultaat van dit onderzoek is een 
besturingsconcept ontstaan, dat voor de modellering 
van een groot aantal fabrieks-besturingssystemen 
kan woren gebruikt. Afhankelijk van de strategie 
bevat het model een of meerdere besturingslagen, en 
het is daarom het Multi-Layer Control concept 
genoemd. 

Het gebruik van het Multi-Layer Control concept als 
een analyse- en modellerings-tool leidt tot een 
specifieke besturings-architectuur, waarin de 
formaliseerbare onderdelen zijn te automatiseren. 
Het model heeft ook ruimte voor handmatige 
interventie in het geval van niet te formaliseren 
onderdelen. Zo ontstaat een integrale besturing van 
een fabriek, waarin vele bestaande technieken met 
betrekking tot het tijdig leveren van produkten zijn 
op te nemen. Een soortgelijke benadering is ook 
toepasbaar op andere functies, zoals 
produktontwikkeling en kwaliteitscontrole. Daarnaast 
wordt een aantal suggesties gedaan voor verder 
onderzoek in de richting van het kunnen formaliseren 
van de gehele besturingsarchitectuur, zodat 
uiteindelijk een integrale automatisering van 
fabrieken kan worden gerealiseerd. 
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CHAPTER 1 

The Growing Need for Automation 

Over the last few decades there has been an 
increasing trend towards the automation of 
industrial systems 1 such as factories. According to 
Webster • s Dictionary ( 1984) 1 1 automation 1 may be 
defined as: •a system or method in which all the 
processes of production 1 movement and inspeetion of 
parts and materials are automatically performed or 
controlled by self-operating machinery 1 electronic 
devices 1 etc. 1 • Thus 1 following this de fini tion 1 

many of the functions hitherto undertaken by human 
beings are being replaced by compute'r-controlled 
machinery. The next step in this development would 
seem to be the completely automated factory 1 in 
which human intervention consists only in the 
resolution of small technica! problems in supply 
units and the adjustment of the process conditions. 
Such an 'unmanned' manufacturing system has been 
termed the challenge of the future. 

The drive towards the goal of unmanned factories 
may be viewed as an evolutionary process that 
originated about 200 years ago. Three significant 
periods may be distinguished within this time span 
(Pieterson 1 1984). The first period 1 commonly termed 
the industrial revolution 1 started at the end of the 
18th century. The years following may be described 
as the first era of mechanisation: the major 
innovation in this period was the invention of 
mechanica! drives. Natural energy sourees such as 
wind and water were replaced by energy derived from 
other prime movers 1 particularly steam engines. 
Handwerk was replaced by machinery 1 and labeur 
became yet further divided up into several 
specialities. The cottage industry 1 for example -
based on the worker's home and relying on individual 
craftsmanship - was transformed into a factory
oriented system of manufacture. It was in this 
period that the first •manufactories• were founded. 

The secend period, which cernmeneed around 1875, saw 
the application of a burgeoning science and 
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technology to machinery and production systems, 
resulting in the introduetion of a great number of 
inventions and technica! innovations to production 
systems. New prime rnavers were also introduced, 
principal among them being electricity, eontributing 
enormously to the advance of technology. The 
introduetion of electricity and eleetric motors led 
to a reorganisation of the production processes: 
machines were no langer dependent on mechanica! 
power transmission from a central source, but could 
be equipped wi th their own autonorneus souree of 
mechanica! energy. All these innovations and 
inventions contributed to a further mechanisation of 
the production process: Henry Ford seized upon the 
new opportunities and, in 1913, he set up one of the 
first assembly lines in history. 

The third period, in which we now find ourselves, 
cammeneed in about 1946 with the introduetion of 
electronics, in particular of electronie computers. 
A wave of applications of electronic systems and 
computerisation followed: teehnology basedon relays 
was replaced by programmabie logie control (the 
electronic equivalent) and computers made their 
first impact in the scientific, military and 
administrative fields, and later in industrial 
production systems. Industrial computers took over 
many of the eperating funetions and then, 
increasingly, machine control took over many of the 
remaining functions that had been left to human 
intervention. That period marked the birth of 
industrial automation. 

The rapid spread of automation throughout industrial 
production systems did not, of course, occur simply 
because of the need for industrial progress and the 
availability of electranies and of computers: it was 
also stimulated by the changing economie and social 
elimate. 

Eeonomically, the recession of the 1970s forced a 
major change in attitudes to industrial production. 
The market demanded increasingly higher qual i ty; 
increasing competition forced greater attention to 
eest levels and demanded a high level of eest 
control-accounting. What had previously been a 
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sellers' market changed into a buyers' market. 
Companies became increasingly aware that they had 
to respond rapidly to changing market demands, and 
it was this development that led to a return to 
small production runs, after decades in which mass 
production had been the norm. But small production 
runs implied a need to manufacture with increasing 
flexibility, greater efficiency, and shorter lead 
times. These requirements led in turn to a need for 
a production system that could change over rapidly 
and flexibly to the manufacture of different 
products. Manual implementation of the increasing 
number of handling actions necessitated by this 
response would not result in a competitive 
advantage, so the only way to achieve such a rapid 
and flexible response seemed to be a high degree of 
automation. 

Social factors, too, played a major role in the 
automation of industrial systems. With the changing 
social elimate came a change in the conception of 
the dignity of labeur. Workers had to be freed from 
the dirt and monotony of daily toil. This attitude, 
supported by streng trades union pressure, forced 
companies to recognise the potential effered by 
automation in the reorganisation of the werkers' 
tasks, as well as of the production process itself. 

It may be observed that the automation of factories 
has been mainly concentrated on two aspects: the 
real-time automation of machinery, and the 
automation of the more long-term aspects of the 
administrati ve functions. Between these two extremes 
there is a gap in the implementation of automation. 
Given the economie and societal importance of the 
complete automation of whole factories, it is of 
interest to determine the reasens for the existence 
of such a gap and to investigate how i t may be 
plugged. To that end, we shall now describe the 
current status of machine automation, on the one 
hand, and of administrative systems on the ether, 
befere continuing further with this work. 
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1.1. The Current State of Factory Automation 

Factory automation, as has been stated, occurs on 
two fronts: machinery and administration. We shall 
therefore describe the current state of affairs in 
the automation of machinery, and then that of 
administrative systems. 

The current thinking concerning the automation of 
production machinery is that a production system 
should be automated in the same way as it is built 
(Rooda, 1987). Engineers commonly regard an 
industrial process as being built up of unit 
operations, werking in a given sequence. They use 
the materials flow between the successive unit 
processes as their guide in following the process 
through from raw materials to finished product. The 
design, engineering, layout and installation of 
production machinery is thus mostly determined on 
the basis of material flow considerations. A metal 
finishing plant, for instance, will be organised so 
that the rolling . plant comes befare the drilling 
and milling sections, with the grinding process 
coming last. Transfer of material is necessary 
between these unit stages and thus the production 
line comes into existence. 

The same mode of thought usually applies when 
considering the automation of production systems. 
It is apparent that the engineer considers that the 
requirements of rapid and flexible response of a 
manufacturing system to changing market demands can 
best be solved by the separate automation of the 
individual parts of the system. This is in fact what 
has happened in the majority of cases. Machinery is 
the first item to become automated, foliowed by 
material handling and transport. Only at the very 
end of the process will control of the whole system 
be considered. This mode of thought has led to the 
stand-alone automation of separate production 
elements and has given us machines with Programmabie 
Logic Controllers (PLC), Computer Numerically 
Controlled (CNC) machines, computer controlled 
Machining eentres (MCs), robots, and Automatic 
Guided Vehicles (AGVs). 
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The development of individual production elements 
according to this sort of thinking may well give a 
high output and the system may even be rapidly 
adaptable to the manufacture of alternative 
products, but the question still remains whether a 
production system composed of such separate elements 
really roeets the requirements of an automated system 
(Herroelen, 1985). The answer seems to be that it 
does not. On the contrary, attempts to introduce as 
much flexibility as possible into the manufacturing 
process led to island automation. A well automated 
system implies flexibility in adapting to a change 
in product specification, as well as flexibility in 
the way that material flows through the plant. 
Partial automation, as it is nowadays implemented, 
does not ipso facto confer flexibility on the total 
manufacturing system (Bemelmans, Wortmann, van Rijn, 
1985; Bilderbeek, 1985). 

Nowadays, a frequently adopted strategy is the 
gathering of all production units into one compact 
manufacturing system, which is called a Flexible 
Manufacturing System (FMS) (de sitter et al., 1986; 
Brinkman, 1989). This certainly solves the problem 
associated with changes in the flow of raw 
materials, components, and semi-finished products, 
but flexibility towards a change in product 
specificatien has to be designed into the FMS 
itself. The FMS can indeed adjust rapidly and 
flexibly to changing external demands, but such a 
change implies that each individual process within 
the FMS must be adjusted mutually and rapidly, which 
can give rise to mechanical and dynamical problems. 
Any lack of tuning between the various elements of 
the FMS requires a great deal of improvisation to 
evereome any mismatch in the process conditions or 
tolerances, and the FMS thus becomes a sort of 
automated workshop, dealing with manufacturing 
problems as they arise in a rather ill-defined and 
ad hoc manner. And that is the status of automation 
today: even the FMS may be considered as merely a 
colleetien of stray, isolated processes. 

So much for the automation of machinery. It should 
be clear that any advance in the trend towards full 
automation of industrial production systems must be 
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based not only on the technical aspects of the 
individual processes that make up the system; it 
must also be concerned with the way in which the 
production process is organised as a whole (Albus, 
Barbara, Nagel, 1981; Ruissen, 1986). Both aspects 
tagether are indispensable if an optimal degree of 
automation is to be achieved. What may be termed 
the •engineering approach' to automation, which has 
been outlined above, disregards the fact that the 
individual unit processes are not only linked by 
materials flow; they also have to be mutually 
adjusted, both to each other, and to any change in 
the product specification. It is the integration 
and control of the processes as a whole that has 
been neglected in factory automation systems that 
have so far been implemented. What has, in fact, 
happened is that standard processes have been 
computerised, just as, in the past, standard relay 
technology was aped by the early programmabie logic 
controllers . 

We now turn to the other facet of factory 
automation: the administrative systems. Early 
considerations of the concept of computerisation 
led to the introduetion of automated accountancy 
tasks. Computers replaced tasks and procedures that 
were particularly computationally laborieus and 
labour intensive, such as costing, inventory 
control, management accounting, etc. Inevitably, 
with the growing power and dropping price of 
computers, they were applied to increasingly large 
and more complex tasks and systems. This movement 
has lead to the development of financial management 
and materials management software packages, of which 
MRP (Material and Resources Planning) is an example. 
Such was the success of these systems that a growing 
market has developed for software development and 
sales bureaux, aided in part by the modern software
development environments (Gelders, van Wassenhove, 
1981). This modern-day trend is too well known to 
require any extensive description at this point. 

In sum, the current status of administrative 
automation presents a picture in which cost prices 
can still only be calculated after expendi ture has 
occurred, and in which control and integration with 
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ether parts of the factory system are absent. In 
particular, the much-desired automatic conneetion 
between sales and production has not yet been 
achieved. Purthermere, most automation has been 
implemented using the existing administrative system 
as a basis, regarding the computer merely as a new 
solution to an existing problem. 

It can thus be seen that the automation of 
production systems today is characterised by partial 
automation, i.e. the automation of separate elements 
within the system. There is no conneetion between 
machines, none between the machines and the 
administrative system, and none between the sections 
of the administrative system. There is obviously a 
gap between the various parts of the automated 
system, but to what can this be ascribed? In the 
first place, current automation is based on 
previously-exi,sting systems. Machines are automated 
using PLCs, for instance, and the same solution is 
adapted to the creation of machine clusters and 
FMSs. Accountancy still uses the same methods as it 
always did, but computers do the counting. No 
interface between such extreme examples can be 
achieved, since there is an insufficient knowledge 
of the elements that go to make up the system, and 
of the relations between them. We may therefore 
state the starting point of this research as 
fellows: 

It is the control of the system as a whole that is 
particularly important in ensuring that the process 
is directed and regulated in such a manner that 
effective and optimal integrated automation may be 
achieved. 

The Oxford English Dictionary gives several relevant 
definitions of the word 'control': 

The fact of centrolling, or of 
directing action; the function 
directing and regulating ... 
to check or verify, and hence to 

checking and 
or power of 

regulate ... 
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to check by comparison, and test the accuracy of 
(statements .•. ) ... 
to exercise restraint or direction upon the free 
action •.. 

Certain common elements can be deduced from the 
various dictionary definitions. In the first place, 
two processes may be distinguished: a cantrolling 
process, and a controlled process. Implicit in the 
statement 'to check by comparison' is the notion of 
a goal. Finally, it should be apparent that the 
controller must 'know' the goal (in some sense), 
and must thus attempt to influence the controlled 
process and to direct it and regulate it in such a 
manner that the goal is reached. 

The current status of factory automation does not 
take account of this way of thinking: automation is 
based on previously existing systems, and not on a 
global control concept. Using such a concept as a 
basis ensures that the various parts of a complete 
process are designed so as to interface with each 
other, making total automation an achievable goal. 
This is the fundamental assumption on which this 
research work is based: that it is necessary to have 
an integral control concept when seeking to automate 
a factory. 

1.2. The Systems Approach to Control 

It is important, when considering the effective 
integral automation of a complete industrial system, 
that an approach be adopted that enables us to 
consider the system as a whole, with control as an 
integral part of it. Within the context of factory 
automation a model of the total factory has to be 
constructed in order to gain a perspective of the 
whole system. 

In general, systems development involves a lot of 
modelling, making a simplified abstraction of the 
system. The model must support the relevant aspects 
of the system, and the process of rnadelling may be 
viewed as a way of solving problems: it involves 
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the use of symbols in order to structure the way 
that the system is built. Structuring facilitates 
the process of problem solving, which is why 
modelling is important to the conceptual process, 
and also to the communication process during the 
development of the system. The importance of 
modelling to the thinking process is revealed by a 
consideration of how mathematical problems are 
solved. Models also provide a handy means of 
communication, since they provide a common 
vocabulary of symbols, language and rules, which is 
important when working in teams, and when the 
problem is being checked by several people drawn 
from different disciplines, all working together. 

The developer requires some way of presenting his 
model appropriately. Based on the presentation, we 
may distinguish three types of model. The iconic 
model represents certain aspects of the system in a 
visual way - paintings and sculptures are typical 
examples of iconic models. The analogue model 
represents the properties of one system in terms of 
the properties of another system, typical examples 
being the analogue computer and a budget. The 
symbolic model represents the system by means of 
symbols and relations, and typical examples of this 
type of model are differential equations and 
computer programs. 

Symbolic models may be classified according to the 
techniques used in their solution and validation: 
they may be solved by mathematical or simulation 
techniques. Mathematical techniques may be used when 
the system can be described by statements which 
represent the formal properties of the system. This 
abstract description has to be amenable to solution 
either by analysis or by numerical techniques. In 
contrast to the class of exact analytical solutions, 
numerical solutions use an iterative method to solve 
the statements representing the formal properties of 
the systems. The simulation technique is concerned 
with the informal and dynamic verification of the 
model. The system is verified by implementing the 
model as a prototype and then testing its dynamic 
behaviour. 
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Analytica! and numerical techniques are usually 
preferred, since they yield deterministic solutions, 
but it is not always possible to construct such 
models. It is particularly difficult, in the case of 
complex systems, to achieve the right degree of 
abstraction when translating the system into model 
terms. The problem is one of selection: too little 
information, and the model will not accurately 
represent the system; too much, and the model will 
not be amenable to solution. When the system is too 
complex for the application of analytica! or 
numerical roodels, recourse must be had to simulation 
techniques. Simulations aften result in the exact 
tormulation of parts of the system, and these parts 
may subsequently be modelled in detail by analytica! 
or numerical methods. 

An approach in rnadelling industrial systems has been 
developed by Rooda (1982), who states that: (1) in 
order that the approach may be applicable to all 
parts of the system (2) during all phases of its 
existence, the various parts of the system must not 
be viewed as separate elements werking independently 
of each other; their mutual interrelationships must 
also be taken into account. Living and non-living 
elements are distinguished from each ether, and the 
system is further split into processes and 
interactions. This approach implies the development 
of a symbolic model of the industrial system to be 
investigated. Rooda has, in fact, proposed the 
Process-Interaction Approach as an appropriate 
concept when adopting an integrated approach to the 
rnadelling of systems. 

Overwater (1987) has developed a forma! symbolic 
descriptive methad for rnadelling systems according 
to the Process-Interaction Approach, and has applied 
it to industrial systems. He has shown that this 
methad offers advantages in specifying the rnadelling 
of industrial systems. The methad consists of a 
graphical representation of the model and its 
description using a formalised language. This 
provides an unambiguous formal description of the 
system, as well as facilitating· communication 
between the laymanjuser and the expertjdeveloper. 
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Such a roedelling approach is necessary, but net 
sufficient. In a systems approach it is necessary 
to consicter all the phases of a system, and to be 
able to describe them methodically. The integral 
approach to the description of industrial systems 
(Rooda, 1987) divides the life cycle of the system 
into various phases, allowing ene to concentrate on 
any specific activity during the whole life cycle 
of the system. The division of the life cycle of a 
system into these phases increases the effecti vene ss 
of the activities undertaken. 

There are five phases in the life cycle of a system: 
the orientation phase, the specificatien phase, the 
realisation phase, the utilisation phase, and the 
eliminatien phase. Only three phases are important 
during the development of a system: · the orientation, 
specification, and realisation phases. The 
specificatien phase cernmences with the idea that a 
system should be developed. The function of the 
system must be described so that a design of the 
system may be sought. The search cernmences by 
consictering only the most important aspects of the 
system, and thus a simplified representation of the 
system is constructed. Th is representation of a 
system is called a model. The model will be 
specified by using drawings, descriptions, and 
algorithms. When, at the end of this phase, all 
partsof the system have been covered, the system's 
design is completely specified. 

Befere implementing the system, ·it is desirable to 
verify the specificatien thoroughly. This may often 
be done analytically, but in complex cases the only 
possibility is to check the system design by 
simulation, which implies a dynamic verification of 
the system-to-be. The results of the verification 
phase determine the next step: go on to the next 
phase, or go back to the specificatien phase. 

The final step in the realisation of a system is 
its implementation: the completed specificatien is 
translated into a real system. It is here that the 
Process-Interact ion Approach displays ene of i ts 
main advantages: the ease of converting the design 
into a real implementation. 
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After completion of the development phases, the 
operational phases fellow: one will now see to what 
extent the system eernes up to the requirements 
imposed on it. If it does not perferm as specified, 
then the development phase must be re-initiated, 
with a better definition of the problem. 

The division of the life cycle of the system into 
various phases allows one to concentrate on any 
specific activity within the life cycle, which 
brings with it various advantages, especially when 
considering automation problems during the system 
development phase. In the preceding sectien the 
phases in the life of a system have been presented 
as separate entities but time, in relation to these 
phases, is only relative, since the system does not 
necessarily pass sequentially through each 
individual phase. Having regard to the size and 
complexity of some systems it is sametimes quite 
possible that different parts of the system may 
sirnul taneously be in different phases of their 
existence. In such cases the interactions between 
these parts are particularly important: they 
guarantee the conneetion of the parts when they once 
again come into phase with each ether. Using the 
Process-Interaction Approach and splitting the 
system into processes and interactions ensures a 
smooth transfer from one phase to another, which is 
another advantage of this approach. 

Rooda's Process-Interaction Approach and the 
splitting of the system up into life-phases, as well 
as Overwater's formalised description met~odology 
will be applied in this werk to the systems approach 
during the rnadelling of a factory and the 
development of the integral control concept. 

1.3. The Present Werk 

In view of the foregoing discussion, it should be 
clear that the concept of control is indispensable 
to the idea of automation. It can be claimed that a 
proper basis for the construction and automation of 
the control function has yet to be developed. This 
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study will thus present a development of a concept 
for the construction of factory control systems. 

Chapter 2 describes the roedelling of industrial 
production systems, according to the Process
Interaction Approach, which will be described more 
fully. In the model thus developed, emphasis will 
be placed on the control aspect, which will be 
further elucidated in Chapter 3, where the basic 
elements of a control strategy will be presented. 
In particular the control of materials delivery in 
factories will be considered. The roodels thus 
developed, however, will be framed as universally 
as possible, in order to form the basis of a new 
control concept. 

In Chapter 4 we go into detail on the operational 
use of the control concept as applied to existing 
control situations, taking as examples two widely
used systems of factory control: kamban and MRP. 
This analysis will further be used to explain the 
current gap in the application of automation to the 
control of various parts of an industrial plant. 

In Chapter 5 we present, by way of illustration, 
the control of a production plant of the Vredestein 
Rubber Company. The Doetinchem factory of this 
company has used the control concept presented here 
in i ts bicycle tyre production plant. Detailed 
illustrations of the werk undertaken at the 
Vredestein plant in Doetinchem are contained in 
chronologically arranged sections. 

Chapter 6 presents a discussion of the application 
of the factory control concept as an architecture 
in several practical and simulation studies, and 
its implementation and significanee in various 
industrial situations. Possible implications of this 
study for the future of factory automation are also 
discussed, and a new era in the evolution of 
industrial systems will be announced. 
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The Modelling of Factories 

The systems approach that has been chosen for the 
development of a factory control concept consists 
of the Process-Interaction Approach, division of 
the project into life phases, and a model 
description methodology. Befere this approach can 
be applied, we shall need to deal with the basic 
aspects of the Process-Interaction Approach and the 
related descriptive method. We shall not deal in 
detail with the life phases of the system, since 
the roedelling process occurs within a specific phase 
of the life of the project, i.e. the specificatien 
phase. 

By way of an introduetion to this approach, we deal 
in this chapter with the roedelling of a factory. 
Using the Process-Interaction Approach a factory 
may be modelled as a production process having 
interact i ons wi th i ts surroundings. The surroundings 
may comprise ether factories, and sub-factories may 
also be detected within factories. 

The roedelling process is initiated by a 
consideration of the interactions present at the 
outer edges of the factory. The model thus developed 
will then be stepwise refined to gain an impression 
of some of the detail, especially that which 
concerns materials and equipment. There are further 
interactions, besides these of materials and 
equipment: the delivery of supplies, products and 
equipment within an industry is compensated by the 
exchange of money. The exchanges of materials, 
equipment and money are physical interactions. 
Control of the physical interactions is accomplished 
by the exchange of information between various parts 
of the system. The following sections of this 
chapter will be devoted to the roedelling of a 
factory, based upon these exchange aspects. 
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2.1. The Process-Interaction Approach 

It will be necessary to describe the Process
Interaction Approach more fully, befare applying it 
to the roedelling of a factory. The explanatory 
methad to be adopted will be that of describing a 
number of fundamental concepts (Wortmann, Rooda, 
Boot, 1989), tagether with the relevant tools. 

A model of an industrial system may be viewed as a 
depietion of the system as a colleetien of active 
and passive elements and the relationships between 
them, relative to a particular problem· formulation 
(Rooda, Boot, 1983). The relationships may appear 
between the internal elements of the system, as well 
as between the surrounding environment and the 
elements of the model. 

This representation cannot be precisely specified 
in the case of industrial systems. Different people, 
werking on the rnadelling of a given system, may not 
necessarily produce the same model. Besides which, 
there are no objective criteria by which the quality 
of a model may be assessed. None of which means that 
all roodels are equally good. One of the important 
criteria by which a model may be assessed is to what 
degree it represents the actual state of the 
relevant aspects of the industrial system. In order 
to be able to create a model of an industrial 
system, the following definitions are important. 

Active elements are those that, through the 
execution of actions, can change the state of the 
system. Passive elements cannot change the state of 
the system, but they are important to the system by 
their presence, or by their possession of a •value'. 
They are also known as objects. Elements do not have 
to have an actual physical existence: information, 
for instance, may be under certain circumstances 
regarded as an element. 

The state of a system is a listing of all elements 
present in the system, tagether with their values, 
and of the structure of the system (the ruling 
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relations). An action is a change in the condition 
of the system. 

A process is a collection of actions that are 
executed by an active element. A process may change 
the value of elements, or it may remove elements 
from the system, or add them to it. Each act i ve 
element executes a process. The course of a process 
is a series of actions that actually execute a 
process. A system may comprise a variety of 
processes having the same description. This does 
not necessarily lead to the same course. In any 
case, the course of a process is also determined by 
the environment of the process, by virtue of the 
interactions with the environment. 

Interactions transport passive elements between 
active elements in order to achieve synchronisation 
or communication between them. Each process can 
perform two types of action for each interaction: 
it may either send (or dispatch) or receive. The 
action of dispatching makes an obj eet from a process 
available for interaction via an interaction 
pathway. A receive action brings an object that is 
available for interaction via an interaction pathway 
within the process. 

Both send as well as receive actions specify which 
interaction pathway is available for the 
interaction. In a process description, send and 
receive actions may occur that conneet with a 
variety of other processes. In order to be able to 
separate these, processes are provided with named 
send and recieve ports. The send and receive actions 
specify the port relevant to the given action, and 
thereby determine the required interaction pathways. 
Any given port may serve either for send actions or 
for recieve actions. 

Interaction pathways specify that two ports on two 
processes are connected to each other. Interaction 
pathways have a name and the pathways are directed. 
They leave a send port, and they approach a receive 
port. The existence of an interaction pathway 
between a send and a receive port provides the 
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possibility that an interaction takes place between 
the two relevant processes. 

In general, the send port, the path and the receive 
port bear different names. The port has a different 
functional meaning in the send mode than it does in 
the receiving one. Both meanings, again, may differ 
from the meaning of the interaction pathway in the 
environment surrounding the processes. (This is 
comparable with the use of formal parameters in the 
definition of a procedure). 

A number of interaction pathways may arrive at the 
same port, which allows the given process to 
communicate with a nurnber of other processes, but 
only with one at a time. A send action then has the 
meaning: 'Send to one of the connected processes' 
(and analogously for the receive side). Under such 
circumstances, the first process to be prepared for 
an interaction will be the first one to execute that 
interaction (first come-first served). 

Under certain circumstances it is desirable that a 
process should receive from two interaction ports; 
reception must then occur frorn either one or the 
other port, and the further execution of the process 
is then governed by the actual port frorn which is 
received. In the case of such receive actions one 
specifies the two interaction ports that may be 
received from, and what actions must be executed in 
each of the two cases. Here, too, it is the sender 
that is ready to cornmunicate first that gets served 
first by the receiver. 

Despite its not being explicitly given in the 
definition of an interaction, in practice the 
following extension to the definition is tacitly 
applied: in a compound interaction in which various 
processes operate a send action, the behaviour of 
the interaction is the same for all the actions. 
The same applies, mutatis mutandis, to the receiving 
action. For a detailed description of interactions 
we refer the reader to Wortmann (1988). 

The design of a model begins, in general, at a given 
level of abstraction with the definition of 
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processes and of interaction pathways. In the first 
place, one considers those processes that execute a 
particular function. Only at a later stage does the 
creation of a model of such a process come into the 
picture. It can happen, when the time comes for the 
construction of such a model, that a certain amount 
of parallelism is detected within this one process. 
In that case, the process has to be incorporated 
into the model as a colleetien of sub-processes. 
This procedure may be repeated as necessary when 
the level of detail required renders it necessary, 
thus giving rise to a tree-like structure of 
processes. A process that is incorporated in the 
model as a colleetien of sub-processes is called an 
expanded process. A sub-process is also called a 
child of the expanded process, and vice versa, an 
expanded process is termed the parent process. All 
processes and interaction pathways within a parent 
process are described as a level. A process that is 
not expanded is called a leaf process. Expansion is 
an important property of the Process-Interaction 
Approach, enabling an hierarchical structure to be 
conferred on the model, which brings with it the 
advantage of being able to design in an hierarchical 
manner. 

The interaction pathways that are coupled to a 
process are important for the process' s environment, 
since they determine its functionality. At this 
level, the exact model of the process may be 
neglected. At this level it makes no difference 
whether the process is expanded, nor whether i t 
contains any internal interactions or how many sub
processes may be incorporated within it. (The power 
of the capacity for expansion may be compared, in 
terros of computer programming languages, with the 
capacity to define and to call functions from within 
the definition of other functions.) 

Interaction pathways that are connected to an 
expanded process are in fact connected to the child 
processes of the parent. Finally it is the leaf 
processes that execute the send and receive actions. 

It is possible to permit a variety of external 
interaction pathways to arrive at or to exit from a 
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single parent port. This implies that, viewed 
functionally, the parent process has a single port 
with a single defined function. In the 
implementation of the the model, this port may well 
actually be connected with a number of child 
processes. 

With the assistance of the definitions of these 
ideas we can now proceed to a better description of 
what we understand by a model of a system. such a 
model consists of a collection of processes and 
interactions. A process, in turn, is either a 
collection of processes with interaction pathways 
between the processes themselves, as well as between 
the processes and the environment, or a description 
in terms of actions. In the first case, the process 
is an expanded one, while in the second case it is 
a leaf process. In this way one may create levels of 
modelling, with the interactions always ensuring 
consistency between the different levels of the 
model. Each level may contain one or more 
subsystems, each of which may be worked on 
separately. 

Symbolisations of Process-Interaction roodels make 
use of a graphical presentation and a formal 
description. In the Process-Interaction Approach, a 
process is represented by a bubble, and the 
possibility that an interaction may occur between 
two processes is given by an arrow between the two 
bubbles. This most appropriate technique for the 
presentation of the Process-Interaction Approach 
has been established by Rooda. This method of design 
and documentation has i ts disadvantages: each worker 
could use his own style when descrihing parts of the 
model. Furthermore, such an informal manner of 
modelling strongly increa.ses the likelihoed that 
attention may be distracted to peripheral matters, 
rather than remain concentrated on the central 
problem, since the design is complex and not easy to 
grasp, and there are no fixed rul es of presentation. 
Other disadvantages are that corrections cannot 
readily be made, and the model does not lend itself 
readily to communication with other professionals. 
It was such considerations that led Overwater (1987) 
to investigate the formal description of Process-
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Interaction models. The results of this work were 
the PRIND and DIDOC, a display facility and a 
specificatien language. The display facility is 
called PRIND: the PRocess Interaction-Diagram. The 
specificatien language is called DIDOC: Diagram 
DOCUmentation. 

The Process-Interaction Diagram also represents 
processes by bubbles and interaction pathways by 
arrows. The arrow and its direction indicate that 
an object can be sent from one process to another. 
The Diagram Documentation description of a process 
and an interaction in the form of a pseudo-language 
is based upon the Modula-2 language. The operands 
Take and Give are used to describe the exchange of 
interactions between processes. 

The Process-Interaction Approach and the PRIND en 
DIDOC facilities will now be used in the following 
sections to model factories. There have been a 
number of modifications to the descriptive 
methodology (Wortmann, Rooda, Boot, 1989). These 
mainly concern aspects such as the notatien of 
levels, textual conventions, multiple receive 
options, the division of processes, consistency and 
some graphical conventions. The descriptive 
methodology is summarised below. The roodels in the 
following sections may serve to clarify matters. 

In each bubble, two names are written: first the 
name of the specific process; and, second, the 
family name of this process. When there is only one 
process belonging to a given family, the name of 
the family is used. At the perimeter of the bubble, 
inside it, are written the names of the ports by 
which the arrows are connected to the bubble. A port 
name may occur more than once. 

The name of a non-external interaction pathway is 
written along the arrow. In expanded processes the 
ports are shown by giving their names. 

A code is used to formulate the decription of a 
process. In such a case one has to weigh the trade 
off between a very formal description and, on the 
ether hand, a description that is easy to read. 
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Natural language is easily read by everybody, but 
it does introduce a degree of ambiguity. Executable 
code is unambiguous, but it is often difficult to 
read. According to Rooda (1987) the selection of an 
object-oriented language seems to avoid these 
disadvantages. Smalltalk-80 is such a language, and 
will be used as a reference in this study (Goldberg, 
Robson, 1983). 

As a mode of expression, Smalltalk-80 syntax 
camprises a receiver followed by a message. A 
message camprises a method selector and possibly 
some arguments. The receiver and the arguments are 
described by other expressions. The selector is 
specified literally. In Smalltalk methods are used 
for function abstraction (they can be compared with 
functions in Pascal). There arealso simpler types 
of expressions, such as variable or literal 
expressions. 

For example, the expression 1 order deliveryDate 1 

may provide the delivery date for the object 
1 order 1 • Here the method se lector is 'del i veryDa te 1 : 

there are no arguments. 1 machine2 send: order to: 
sendPort 1 may ensure that the process specified as 
the obj eet machine2 sends the order through the 
relevant port. In this case 1 send: to: 1 is the 
method selector, and the order and the sendPort are 
the arguments. Within the description of a process, 
the process itself may be referred to by the 
variable 1 self 1 • 

The send and the receive actions are frequently 
encountered. They have the following syntax: 

self receiveFrom: receivePortName. 
self send: object to: sendPortName. 
self receiveFrom: port1 then: [ item 1 ••• J 

orReceiveFrom: port2 then: [ item 1 ]. 

This last receive action specifies the reception 
from one port or the other. If reception is from 
the first port, then the first block is executed 
(i.e., the expression between the first pair of 
square brackets) , and analogously for the second 
port. Within the blocks of code, the received object 
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may be referred to by the variable that occurs 
between the symbols [ and I . 

The summary of the task language and some special 
actions are provided in Appendix I. An explanatory 
example of a model is included in Appendix II in 
order to illustrate the syntax of the task language 
in conneetion with the graphical representation of 
the model. 

Using the Process-Interaction Approach and the 
corresponding tools, a system is considered as 
consisting of processes having interact i ons wi th 
their surroundings and, in this way, a system can 
be structured in logical and comprehensible parts 
having clearly defined links. The adeption of such 
an attitude towards the control of an industrial 
system will greatly facilitate the development of 
the control system, and enhances its quality and 
effectiveness. The descriptions of the processes 
sametimes need further explanation. In that case a 
short commentary will be given after having coded 
the processes. The formal description of actions 
inside the processes are coded in detail only when 
helpful for understanding these actions. 

2.2. The Materials Interactions 

The prime goal of a factory - from an engineer's 
point of view - is the manufacture of goods: on this 
view the most important interactions between a 
factory and its environment are the materials 
interactions, which may be grouped as raw material 
incoming interactions and finished product outgoing 
interactions. 
Products are created by processes of material 
transformation, connected by transportation 
processes. The incoming materials to a 
transformation process are changed in some way into 
a different product, which may be a component for a 
downstream process, a semi-finished, or a finished 
product. The transportation process does not bring 
about any change in the nature of the substance 
transported, but does change its location in time 
and space. The transformation and the transportation 
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processes are sometimes, in other work, called 
production and distribut ion processes. And when 
viewed from the perspective of the processes 
themselves, raw materials are supplied by a supply 
process, and finished products are removed by a 
consumption process. We do not use this terminology 
here. Instead of using all these options to specify 
a process between material interact i ons, we only use 
the term transformation, covering all types of 
material change. 

The notion of rnadelling a factory as a collection 
transformation processes will now be applied to the 
rnadelling of a blast furnace plant into which ore 
enters as raw material, and from which roetal exits 
as finished product. In between the operations are 
incorning and outgoing interactions. The roetal is 
extracted from the ore. The transformation process 
is termed an extraction process and is modelled in 
Figure 2.1. 

__,m_,_"a"-"te"-'-r'-"-ia'--1 ---->-Jsupplier Extraeter custome material 

forever 

Figure 2.1. A Blast Furnace Plant. 
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Instructiens on reading the code may to be found in 
Smalltalk-80 (Goldberg, Robson, 1983) and in 
Appendices I and II. Of the roodels in this study, 
some essential parts are described and explained in 
detail, ethers should be obvious. 

If no ore is delivered, then the extraeter is idle, 
adopting a wait state in the receiveFrom operatien 
until delivery from the supplier. 

The complexity of a transformation process depends 
very much on the types and number of material 
interactions that have to be considered. When, for 
instance, a large range of products bas to be 
manufactured - i.e. when the consumption process 
demands a wide product range - then the content of 
the transformation process will be very complex. In 
order to be able to describe the transformation 
process, it will first be necessary to know all the 
different possible material interactions. The 
material interactions are specified by reference to 
such aspects as 1 composi tion 1 and 1 amount 1 • The same 
holds for raw material and product interactions and 
processes. 

When material is exchanged between two factories, 
the relations involved are called external, and when 
material is exchanged between two processes inside 
a factory, the relations are called internal. 

2.3. Dual- and Multi-Port Factories 

Each transformation process is accompanied by its 
own interactions and, using this rnadelling 
technique, a supply process is always linked to a 
consumption process. When viewed from the supply 
side, this is a supplier-customer relation, and this 
is a denetatien that is widely used in industry. 
Such supplier-customer relations are also to be 
found within the factory and, by splitting the plant 
into sub-processes based on the various different 
production and distribution steps, each step may be 
described as a separate production or distribution 
process. In this way a model is built up of the 
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internal structure of the factory, based on the 
supply and consumption relations. 

There are different combinations of suppliers and 
customers. When processes are linked by one supply 
and one consumption interaction, the process may be 
modelled as a Dual-Port model. An example of this 
is the production line, in which each production 
stage is fed from an upstream stage and the product 
is passed to a downstream stage. The model of the 
Dual-Port Factory is shown in Figure 2.2. 

Figure 2.2. A Dual-Port Factory. 

In this model there are two processes of the 
DualPortTransformer family, namely DPT-1 and DPT-2. 
The •transformFrom' methad gives a process its 
unique characteristics. 
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When the input or output of a given process is 
obtained from or passed to different (more than one) 
processes the process may be modelled as a Multi
Port model. This is dealt with by dividing up the 
total incoming andjor outgoing interactions into 
several sub-interactions which, in turn, will lead 
to the detection of convergent and divergent 
structures. According to Browne, Harhen and Shivnan 
(1988), these are also called disjunctive and 
combinative operations. 

A convergent structure is present when a process 
requires more than one supply process, delivering 
material to it for the production of only one single 
product. The assembly line is a perfect example of 
this variant: the assembly of an automobile, for 
instance, requires the supply of many components to 
one single producer, and the material flows in this 
case are convergent. The convergent structure of the 
Multi-Port model is particularly useful when 
examining many half-product stages in a model. 

When a process supplies products to more than one 
consuming process, it is termed a divergent 
structure. Such a divergent materials flow is found 
in the steel industry, where material from one 
supplier is transforrned into different products for 
a variety of customers. It will be seen from the 
discussion of the bicycle tyre production unit of 
the Vredestein company, that tyre production also 
contains divergent structures. 

The model of a Multi-Port Factory is illustrated in 
Figure 2.3. 
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material 

MultiPort- ~ 
Transformer material 

---~lsupplier customer 

material 

's = supplier, c = customer' 
[ 1 to: numberOfCustomers do: 

[ c I 
1 to numberOfSuppliers do: 
[ s 1 rawMaterials at: s put: 

MPT3 
---------,. 

( self receiveFrom: supplier at: s) ] . 
finishedProduct <- self transformFrom: rawMaterials. 
self send: finishedProduct to: customer at: c ] 

Figure 2.3. A Multi-Port Factory. 

Most complex factories contain both convergent and 
divergent Multi-Port models. Once again, an example 
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may be found in the automobile industry, where 
different parts are manufactured, followed by 
assembly of the various parts onto a chassis. 

These Oual-Port and Multi-Port roodels form the 
primitives in the rnadelling of factories. Using 
them, all kinds of processes can be modelled. 

2.4. Equipment and Value Exchange 

A factory needs equipment in order to perfarm its 
function of making products, and the equipment is 
supplied by an equipment- supplying process. The 
primitives developed above may be used t .o model such 
a process and its interactions. In fact, the system 
has almast the same supplier-consumption structure 
as the material flow, wi th the difference that, 
whereas materials are delivered during the 
utilisation phase of a factory's life, equipment is 
delivered during the realisation phase. Furthermore, 
the equipment consumption process is the last one in 
a chain: the equipment is not transformed into 
anything el se. The consumption process uses the 
equipment to add value to the materials passing 
through the plant and, in doing so, the worth of the 
equipment is diminished correspondingly. The 
delivery of equipment is illustrated, using the 
blast furnace model of the previous sectien, in 
Figure 2.4. 
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material 
Constructor 

supplier 

material 

bricks <
furnace <
self send: 
forever 

model 

furnace <- self 
[ furnace OK ] 
whileTrue: 

Extractor customer material 

[ ore <- self receiveFrom: supplier. 
metal <- self extractFrom: ore using: furnace. 
self send: metal to: customer ] 

Figure 2.4. Parallel Processing of Materials and 
Equipment. 
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The commonest items of equipment are machines and 
men, and they may both be described by their 
interactions using this approach. 

Each material and equipment interaction must be 
compensated by the exchange of some token of value, 
which will now be modelled. In fact, money - or any 
other unit of value - is another particular form of 
energy. Money is the dr i ving force, the energy tha t 
keeps the system alive. It is necessary to the 
existence of the system, and it may be transformed 
and transported. It is thus not surprising that the 
modelling technique of the material flow and 
material interactions may be used to model value 
and financial transactions, with the difference that 
the value and cash flow in the opposite direction to 
the material interactions, in order to compensate 
them. Figure 2.5 shows the value interactions added 
to the blast furnace model. 

BlastFurnaceFactory model 

value value 
supplier customer 

Extractor 

material supplier customer 
material 

self send: rawMaterialCosts to: supplier. 
ere <- self receiveFrorn: supplier. 
rnetal <- self extractFrom: ere. 
productRevenues <- self receiveFrorn: custorner. 
self send: rnetal to: custorner. 
profit <- profit + (productRevenues - rawMaterialCosts) 
forever 

Figure 2.5. A Blast Furnace Plant with Value 
Interactions. 
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This model, of course, is suitable for mapping both 
material and equipment interactions. As may be seen 
from the figure, the smelter has to pay for his 
furnace, the builder collects money for supplying 
the furnace, and has to pay for construction 
materials. If there is a positive cash balance after 
cash colleetien and paying out, then according to 
this simple criterion at least, the factory may be 
considered to be successful. The material and 
energyjmonetary aspects may be differentiated from 
each other by splitting the process up into partial 
process. By this means, attention may be directed on 
the one hand to the physical, material transforrning 
and transporting part, while on the other hand, the 
financial responsibility also remains guaranteed. 
Such partial processes and the earning of money are 
depicted in Figure 2.6. 
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compensator model 

self send: rawMaterialCosts to: supplier. 
productRevenues <- self receiveFrom: custoroer. 
self send: custoroerHasPaid to: extractor. 
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profit <- profit + (productRevenues - rawMaterialCosts) 
custoroerisSupplied <- self receiveFroro: extraeter 
forever 

Extraeter model 

ore <- self receiveFroro: supplier. 
roetal <- self extractFroro: ore. 
custoroerHasPaid <- self receiveFrom: subtractor. 
self send: roetal to: custoroer. 
self send: custoroerisSupplied to: subtractor 
forever 

Figure 2.6. Parallel Processing of Materials and 
Value. 

As can be seen from the figure, the process has been 
divided into two subprocesses in order to model the 
parallelism between the value flow and the material 
flow. For this reason new interactions are added to 
the model, namely customerHasPaid and 
customerisSupplied. These synchronisation 
interactions allow an exchange of information on 
the status of the two processes, which is necessary 
in order to determine whether the respect i ve act i ons 
can be executed. The manufacture and delivery of 
products may now take place without the need to wait 
for earnings. The same thing applies to the receipt 
of raw materials and their payment. The structure of 
the two parts of the last model is identical. Here 
the information is internal information. In the next 
section, external information will also be 
considered. 
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2.5. Information and Control 

A factory may be modelled in detail if all possible 
material 1 equipment and value flows within each 
process are known in detail. But each process must 
still be activated and terminated in the correct 
order 1 and so information is needed in order to 
control the process. So the physical interactions 
between the production unit processes are 
accompanied by information flows 1 the effect of 
which is to adjust the processes one to another. The 
information that one process requests from another 
is usually termed the order information. Order 
information contains a specificatien of the physical 
interaction 1 formulated in information terms. Orders 
are issued to request delivery of materials 1 

equipment or value. The clearest example of this may 
be found at the material level 1 where the order 
information is directly related to the material 
interaction. It is clear that the order information 
must contain information about the material 
interaction: a process needs to know which product 
the customer requires 1 how much of it 1 and when. 
Similarly 1 a process must inform a supplier about 
what supplies are necessary and so on. 

Now that we can see why 1 in outline 1 order 
information is necessary 1 we have to explain how 
such information may be exchanged. This works as 
fellows: the process receives an order from the 
customer. This order will be used to determine the 
corresponding raw material order. After receiving 
the necessary raw materials 1 the process starts 
making the products. Order information 1 added to 
the model of a factory developed above 1 is presented 
in Figure 2. 7. We shall henceforth use the following 
abbreviations: 'material' insteadof 'rawMaterial' 
and 'product' insteadof 'finishedProduct'. 
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intermation supplier customer 
intermation 

Transfarmer 

material supplier 
material 

customert--==-'-'-'----+ 

productOrder <- self receiveFrom: customer. 
materialOrder <- self formulateOrderFrom: productOrder. 
self send: materialOrder to: supplier. 
material <- self receiveFrom: supplier. 
product <- self transformFrom: material. 
self send: product to: customer 
forever 

35 

Figure 2. 7. A Factory wi th Information Interactions. 

The material and order information relevant to the 
same product may be current at different moments in 
time, such as when products have to be delivered at 
different times. In order to model such parallelism, 
we split the process into two sub-processes. The 
physical process takes care of material 
interactions, and the control process looks after 
the order interactions. The control process 
interprets the product orders and generates supply 
orders. Another function of the control process is 
the formulation of a transferm task and the dispatch 
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of this task to the physical process. This is shown 
in Figure 2.8. 

material Transfarmer 
supplier customer material 

Controller model 

productOrder <- self receiveFrom: customer. 
materialOrder < - self formulateOrderFrom: productOrder. 
self send: materialOrder to: supplier. 
task <- self formulateTaskFrom: productOrder. 
self send : task to: transformer. 
forever 



THE MODELLING OF FACTORlES 

Transfarmer model 

task <- self receiveFrom: controller. 
material <- self receiveFrom: supplier. 
product <- self transformFrom: material 

accordingTo: task. 
self send: product to: customer. 

Figure 2.8. Parallel Processing of Materials and 
Information. 
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Such a system of information processing is common 
to all transformers. The coordination of the 
equipment interaction between two processes is 
performed by an equipment order and the 
corresponding actions. The eenstructor process, in 
analogy to the general transfarmer process, is split 
into two sub-processes, thus reveal ing the 
parallelism between the physical and the 
informational actions and interactions. On the value 
side of the model, the order interaction contains 
invoices, and these are added to the interaction 
pattern to complete the picture. Invoice information 
is relevant to both sides of the process: it eernes 
from the supplier side and passes to the customer 
side, and this process demands cernpensatien for 
material delivered. Here again, parallelism leads to 
a splitting of the compensator process into two sub
processes: a physical part and an informational 
part. Si nee invoices are of acute concern, the 
information part of the compensator process is 
called the invoice process. It is now possible to 
introduce the total model of a factory. An example 
of such a model will be presented in the next 
section. 

2.6. Towards the Control Layer 

We have presented the various aspects of the 
roedelling of a factory in the foregoing sections, 
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and we have demonstrated the simplicity inherent in 
the use of the Process-Interaction Approach and in 
the construction of such a model using the 
presentation and description tools. We have 
developed general models, relevant to the roedelling 
of any factory. The aspects in roedelling a factory, 
presented in this chapter, are summarised in Table 
2 .1. 

TABLE 2.1. 
Aspects Covered in Modelling a Factory. 

material transfarmer model 

equipment eenstructor model 

value compensator model 

When a specific question is asked about any given 
system, we could start developing our answer by 
constructing a model, isolating the answer to the 
question within one or more parts of the model. Such 
an approach is also relevant to the central theme of 
this investigation: the search for a control concept 
to explain the automation gap. In the model 
developed above, the regulation of a factory has 
been concentrated wi thin the control process by 
observing the information exchange aspect. The 
equipment and value exchange have made it clear that 
ether aspects - in analogy to the material exchange 
- could also be incorporated in the model of a 
factory. But in respect to the central theme of this 
investigation, from now on the equipment and value 
exchange aspects will not be used any further. For 
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illustration purposes only we give an example of the 
resulting total model of a factory in Figure 2.9. 

Factory model 

Figure 2.9. Example of a Total Factory Model. 
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After having isolated the control sectien of a 
factory in this chapter, it is a sirnple matter to 
envisage a correspondence between the control 
processes on both the supplier and custorner sides, 
and such a correspondence holds for all Dual- and 
Mul ti-Port roodels. All the control processes of such 
roodels are connected in one layer, which is why this 
rnanner of cantrolling is given the name Layer 
Control. Wi thin the context of this study, the 
control layer of an industrial factory will be 
analysed in greater detail in the following 
chapters. 



CHAPTER 3 

Industrial Factory Control Strategy 

In order to gain a clearer insight into the basic 
control strategies a detailed theoretical model will 
be constructed of the control layer of a factory. 
The model will be based on the same principles as 
were used in the previous chapter. To explain the 
automation gap, the following chapters will 
concentrate on the application of the model in 
practical situations. 

Creating a model is always a matter of 9hoosing the 
right level of abstraction in order to simplify all 
the components and their relations, relative to a 
particular problem formulation, and thus to gain a 
clear view of the system. In the basic model of a 
factory, the control of materials flow is simplified 
by a control process which processes order 
interactions. In order to achieve the regulation of 
materials flow, and to work out the strategy 
further, it is necessary to describe the control 
process more clearly, bringing greater detail into 
the model and descrihing a number of actions more 
fully. 

The most essential interactions needed to control 
the materials flow are these with the customer and 
the supplier. These interactions and their 
corresponding actions will therefore be specified 
in detail, with emphasis being placed on the time 
aspect of the process. This is why time will play a 
leading role in the detailed description of the 
system, and three time-related strategies are 
developed in this chapter. 

In this connection, two strategies will be described 
that are directed to the earliest function of the 
control process: the reception of orders. The 
assumption here is that the order-receive function 
must be preceded by an acceptance function. The 
necessary criterion is that delivery must be 'on 
time', in sofaras that is known at the moment of 
acceptance. The strategies are directly related to 
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this criterion, and called Post-Order Processing and 
Ante-Order Processing. Both strategies provide 
detail in the control model. 

The following strategy is related to another 
function of the control process, viz. scheduling. 
Scheduling is executed whenever more than ene type 
of product must be efficiently fabricated by the 
same transformer. In such a case, a choice is made 
of the sequence of orders so as to 1 imi t the 
changeover time. This results in a maximum number 
of orders that could be accepted, and in this way 
scheduling is directly related to the acceptance 
function. The scheduling strategy also implies the 
provision of detail in the model, and results in 
the Sert-Order Processing control model. 

The description of the various basic control 
strategies and their respective roodels leads 
ul timately to their combination in the generally 
applicable Multi-Layer Control concept. 

3.1. Processing Orders in the Control Model 

The most important actions in a control process, as 
described in Chapter 2, are the reception and the 
issuance of customer- and supplier-orders, and the 
issuance of transformation tasks. To be able to 
describe these orders and the corresponding actions 
in detail, we concentra te on these transfermers that 
physically change the material. A closer inspeetion 
of product and raw material order objects reveals 
that they must have the same nature; they both 
contain detailed information on material flow, and 
three particular aspects may be distinguished: 
composition, routing, and time. 

Composition information specifies the physical flow. 
The specificatien contains a descriptor and a 
quantity. The descriptor contains information on 
such matters as type, colour, dimensions and mass. 
Quantity is important in each order. From a 
practical perspective, a system does not have to 
deal in externally-defined units of mass, length, 
time, or quantity, but may conveniently use units 
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that are relevant 
specifications. 

to its own internal 

Routing information tells each process to which 
souree and to which destination it is connected. 
Routing information is most needed when a factory 
contains complex Dual- and Multi-Port models. The 
routing information in this case directs the 
material to the requisite process. Routing is not 
relevant if we confine our attention to a simplified 
model consisting of a process with only one supplier 
and one customer. 

Time information specifies when a material is 
ordered 1 and when i t has to be del i vered. Th is 
information is important when tuning processes to 
each other. The time-difference between the ordering 
time and the delivery time tells sarnething about the 
reaction interval. 

The information contained in the various segments 
of the order interactions are used to control the 
materials flow. It can be seen from these segments 
that the composi tion and routing in formation are 
mostly static in the way that they are used: the 
information is determined by the customer and the 
design-knowledge 1 respectively. The time 
information1 however 1 gives us the dynamic behaviour 
of the control process. As a result of the 
dependenee of the adjustment and reaction of 
processes on time information1 the time aspect will 
be used as a basis for the further development of 
the control concept. 

First of all 1 we shall now concentra te on the 
reception and the acceptance of orders. For this 1 
the time information contained in the order 
interaction between the customer and a factory is 
of interest in that the time when the order is 
placed and the time when the goods are to be 
delivered are both relevant (Dellaert1 1988). These 
time stamps are called the product-order (or take)
timestamp and the product-delivery (or due)
timestamp1 respectively. By matching the intervals 
between the time stamps and composition information 
to the capabilities of the production process 1 the 
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control process controls the materials flow. In 
order to be able to cover the actions of the control 
process corresponding to these time stamps the time 
stamps are first of all converted to time intervals. 
Three time intervals are of interest: ( 1) the 
available time interval; (2) the supplier time 
interval; and (3) the transfarmer time interval. 
These time intervals will be described separately 
below. 

( 1) The time interval between the product-order time 
stamp and the product-delivery time stamp is 
defined as the •available time interval', which 
is a demand for a certain speed of reaction from 
the factory and its suppliers. 

(2) By analogy with the available time interval to 
the customer, we can see that there is a 
supplier time interval from the supplier, which 
is the time between the material-order time 
stamp and the material-deliver time stamp. The 
materials are ordered at the instant of the 
material-order time stamp, and the material
deliver time stamp is formulated according to 
the requirements of the control process. 

( 3) The transfarmer process reaction is based on 
such constraints as capacity and set-up time. 
Capacity is a reflection of the amount of 
material that can be processed in one time unit. 
The transfarmer time interval can be calculated 
from these constraints, which are known from the 
internal details contained within the order 
process. It is the time required to produce the 
quantity requested: the time that is necessary 
to transferm the materials. 

The time interval necessary for the delivery of the 
product order is called the required time interval. 
This required time interval consists of the 
transfarmer time interval plus the supplier time 
interval. Symbolically, these variables may be 
expressedas in Figure 3.1, where TI= Timeinterval. 
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I< availableTI >I 
<---- requiredTI -----> 
<- supplyTI ->1<- transformTI -> 

availableTI= product(deliveryTime) - product(orderTime) 
requiredTI = transformTI + supplyTI 
supplyTI material(deliveryTime) - material(orderTime) 
transformTI= f(capacity, setup, composition) 

Figure 3.1. Time Intervals in the Control Process. 

Now some . details of the order-interactions, in 
particular the time interval and order acceptance, 
are formalised in order to make the transfer to the 
formulation of a strategy possible. 

First of all it is necessary to be able to determine 
the supply time interval. The desired material 
del i very time is determined on the basis of the 
required product delivery time, minus the necessary 
tranformation time. The material delivery time is 
thereby known - albeit indirectly. 

In order to determine the transfarm time interval 
the control process requires a knowledge of the 
physical process. This knowledge is available since 
information is gathered during the design phase. 
Examples of the information contained in the process 
are lists of components according to product type, 
manufacturing capacity expressed in man and machine 
terms, and set-up times . . 

By adding the supply and the transfarm time 
intervals tagether one obtains the required time 
interval. Now a camparisen can be made between the 
required time interval and the available time 
interval. The control process will attempt to 
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transfarm each product order within the available 
time interval by giving the appropriate tasks to 
the transformer. This is the most essential goal of 
the control process. A number of strategies are 
available to achieve this goal. Now that we know 
the various time intervals, and the model has been 
expanded in a number of ways, we can begin to 
formalise the strategy for the order acceptance 
control functions of our factory. One strategy is 
called Post-Order Processing. In using this 
strategy, only those orders are accepted that have 
a longer available time interval than the required 
time interval; ordering and transformation of 
material only starts after (Post) the reception of 
an order. Another strategy is called Ante-Order 
Processing: in this case orders may be accepted for 
which the available time interval is indeed shorter 
than the required time interval, but now some action 
has to be undertaken before (Ante) receiving an 
order. Besides this, it is naturally possible to 
conceive that orders may be received for different 
products, and that an efficient plan must be made 
for this case, to be able to accept the maximum 
amount of orders. Under such circumstances a 
schedule strategy has to be added. In the following 
sections we describe these Post-Order Processing, 
Ante-Order Processing and Scheduling strategies and 
their impact on control modelling. 

3.2. Post-Order Processing Control Strategy 

In using the Post-Order Processing strategy, the 
control process may only accept orders with an 
available time interval where the required time 
interval can fit. This situation is depicted in 
Figure 3.2. 
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Figure 3.2. AvailableTimeinterval exceeds 
RequiredTimeinterval. 

To verify this, the transferm time interval and the 
supply time interval have to be determined. The 
required transferm time interval is calculated with 
reference to the quantity of product requested and 
the capacity and setup information. Before the 
supply time interval can be calculated, the 
necessary materials have to be determined from the 
product order using translation formulas to 
determine the exact composition of the order, 
possibly also making an allowance for normal 
wastage. The desired materials delivery time is 
deduced by subtracting the transferm time interval 
from the product delivery time. Then, by sending 
the supply time interval to the supplier and waiting 
for the supplier' s answer to this request, the 
control process determines whether to accept the 
product order or not. In cases when the product 
structure is a complex one and the number of 
suppliers is large, the timeliness of the delivery 
is checked by camparing the required delivery time 
with the maximum individual material delivery time. 

After fabrication, the physical process feeds back 
its results to the control process. The control of 
correct delivery of supplies and products is 
performed by the control process. This check is a 
comparison performed by the control process. It 
primarily affects the amount of the specified 
product and the product delivery time stamp in 
future, by changing the translation formulas. Should 
the production results show an abnormal amount of 
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wastage 1 then the subsequent action could be the 
reordering of supplies and possibly a late delivery. 
A surplus of product may result 1 however 1 in which 
case the surplus may be diverted to a subsequent 
order. Late delivery is discovered by cernparing 
order with result. Actions taken to prevent future 
failure may be a resetting of the rules for 
accepting orders 1 or an update of the knowledge base 
governing the various processes. 

The activities of the Post-Order control system are 
summarised in the model description shown in Figure 
3.3. The Post-Order Control model demonstrates the 
processing of product orders where only these orders 
may be accepted that can be manufactured and 
delivered within the time requested by the client. 
The controller achieves this by providing the 
acceptance action with a check on the availability 
of capacity and the timely availability of the 
materials. An explanation of some important parts 
fellows the model. 
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order 
OrderController 

order 

material 
Transfarmer 

supplier material 

\ 

Transfarmer model 

task <- self receiveFrorn: controller. 
material <- self receiveFrom: supplier. 

product <- self 
transforrnFrom: material accordingTo: task. 

self send: product to: customer. 
result <- self forrnulateResultFrom: task and: product. 
self send: result to: controller 
forever 

49 
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self 
receiveFrom: customer 
if: [ order 1 self isAcceptableProductOrder: order ] 
then: [ order 1 self handleProductorder: order ] 
orReceiveFrom: transfarmer 
then: [ result 1 self handleTransformResult: result 
forever 

Ordercontroller isAcceptableProductOrder: anorder 
(planning hasCapacityFor: anOrder) 'see Figure 3.4.' 
ifFalse: [ Afalse ] 
ifTrue: 

[ materialOrder <- self 
formulateMaterialOrderFrom: anOrder. 

self 
send: materialOrder 
immediateTo : supplier 
ifSucceededThen: ['supplier accepts my order' Atrue] 
else: ('supplier rejects my order' Afalse] 

OrderController handleProductOrder: anorder 
planning claimCapacityFor: anorder 

OrderController handleTransformResult: aResult 
planning releaseCapacityFor: aResult associatedOrder. 
planning notEmpty 

ifTrue: 
[ task <- planning bestChoice. 

self send: task to: transfarmer 

OrderController formulateMaterialOrderFrom: anOrder 
'use specificatien of productOrder and process-knowledge 
todetermine material-type(s), amount(s) and dates' 

Planning hascapacityFor: anorder 
'returns whether it is possible to accept this order 
consictering the planning of the transformer' 

Planning claimCapacityFor: anOrder 
'add this order to our planning' 

Planning releaseCapacityFor: anOrder 
'remove this task from our planning since it is ready 
and delivered' 

Figure 3.3. Post-Order Control System. 
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The order controller here has capacity at its 
disposal for an unlimited time, and it may equally 
accept orders for an unlimited period. This capacity 
and the orders are maintained in a so-called plan: 
a representation of the available and claimed 
capacity for the product orders, as illustrated in 
Figure 3.4. In this plan the accepted orders are 
converted into a corresponding claimed capaci ty 
area, and inserted in the available capacity area 
backwards from their product delivery time stamp. 
The method 'planningHasCapacityFor:' is using the 
information in this plan. In the case of different 
product types with restricted resources, a capacity 
plan for each product type has to be stored and 
updated, as well as a plan for the overall capacity 
of the transformer. 

capacity a 

time 

a = available capacity 
c = claimed capacity 

c 

Figure 3.4. Capacity Plan. 

The 'isAcceptableProductOrder:' checks transformer, 
supplier and may send a materialOrder to the 
supplier; accepting or rejecting an order on the 
basis of dueDate, transformTimeinterval and 
availabilty of capacity before delivery must be 
performed; this availability can be deduced from 
the instantaneous transformer plan; the 
TransformStartTime(stamp) can now be determined for 
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the benefit of the FormulateMaterialOrder; check 
whether the material will be available on time. 

In 'handleProductOrder:' it is guaranteed that the 
materialOrder has al ready been sent. After 
acceptance, the order is added to a list of as yet 
to be delivered orders, and capacity is thereby 
indirectly reserved. 

When the available time interval is always langer 
than the required time interval, orders can always 
stay ahead of deliveries. When orders are present 
far in advance of the necessary required time 
interval, it is possible to receive deliveries or 
produce products earlier than necessary and, in this 
case, a stock would build up. The material or 
product stock is allocated to orders. Each material 
stock can be described and accounted for by using 
the material orders information and subtracting the 
amount of stock used. The quantity of the products 
stocked is accounted for by continuously totalling 
the quantity of products delivered to the current 
stocks and subtracting the amount of products sent 
to the customer according to the product-delivery
times. 

The control process can use i ts stock buffer to 
evereome delay inherent in setup times, and to force 
the physical process into batch production. This 
possibility will be discussed in greater detail in 
Sectien 3. 5. The most important function of stock is 
the possibility that it creates for accepting orders 
that would not otherwise fit into the normal 
required time interval. We shall consicter the stock 
si tuation and theoretically unacceptable product 
orders in the next section, in which consideration 
is given to the situation in which manufacturing is 
started in advance of the receipt of any orders. 

3.3. Forecasting Actions in the Control Model 

Until now, we have only considered ideal ratios 
between time intervals. The question we consicter 
now is: how does control function when the available 
time interval of an order is shorter than the 
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required time interval? The production process now 
has to try to deliver the product within a given 
available time interval, unless the required time 
interval is not long enough. As will become clear in 
this section, the control process can be designed to 
tackle such an adverse ratio between available time 
intervals and required time intervals. We shall 
first describe how this may be achieved by 
correcting the time intervals. The basis for this 
idea is that - in the context of studying control 
strategies - adaptation of the order control process 
only may be applied in the model, and not of ether 
processes. The next sections contain a description 
of the relevant adaptations and models. 

Befere receiving an order, some action has to be 
undertaken in order to deliver the requested 
products. In such a situation the control process 
is said to be undertaking forecast actions. The 
fundamental problem for the control system is to 
realise product deliveries under the eenstraint that 
the required time interval is greater than the 
available time interval. It may readily be 
appreciated from the discussion in the preceding 
sectien that this will not be possible based only 
on the product order itself. The control process 
has to take extra actions that allow delivery of 
the order within the time interval requested. 
Theoretically these actions are related to the time 
variables: on the one hand the order process can 
attempt to extend the available time interval. On 
the ether hand, it can try to shorten the required 
time interval. The available time interval (TI) can 
be reformulated by introducing corrections in the 
supply- andjor the transform-timeinterval. The third 
possibility is an early start of actions in the 
controller process. Ultimately, any alteratien in 
the time intervals has to result in the same 
si tuation as in Post-Order Processing: the resul ting 
available time interval must always be longer than 
the resulting required time interval. All 
possibilities for correction are represented in 
Figure 3.5. 
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Forecasting 

original situation 

I<- avail~bleTl -> I •• ·1 
<- requ1redTI --> 

corrected situation 

.... ~<- avail~bleTl 

.... <- requ1redTI ---~1 
a. Extending the availableTimeinterval . 

1
<- avail~bleTl ->1 ... I 
<- requ1redTI --> 

. . . ·i<- avail<;tbleTl -> I ...... . 

.... <- requ1redTI -> ...... . 

b. Shortening the requiredTimeinterval. 

1
<- avail~bleTl ->1 ... I 
<- requ1redTI --> \ ... 1<- availableTl ->J· ..... . 

< requiredTI -> ....•.. 

c. Early start of controller actions. 

Figure 3.5. RequiredTimeinterval exceeds 
AvailableTimeinterval. 

Our discussion of the possibility of introducing 
such corrections starts with (a) the correction of 
the available time interval. In order to extend the 
available time interval by the correction given in 
(a) above, the following questions have to be 
answered: Can the customer wait for the products 
ordered? Can alternative products be offered? Both 
questions can only be answered if the customer's 
specificatien can be changed. 

Correcting the available time interval does not 
therefore provide a solution. Such a correction does 
not, in nay case, lie within the capacity of the 
controller. There remains the option of correcting 
the required time interval. The required time 
interval may be reduced by correcting the transfarm 
time interval or the supply time interval, according 
to formulation (b). 
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In order to reduce the required time interval by 
correcting the transferm time interval the 
specificatien of the physical process has to be 
altered, or we have to use batch processing to 
eliminate set-up times. This batch processing option 
will be described in the context of the Scheduling 
strategy in Sectien 3.5. If we add more transfarmer 
units, we have more available capacity. If we 
accelerate the process and reduce the set-up times 
we would also reduce the transferm time interval. 
Shorter set-up times, moreover, lead to greater 
flexibility. In order to reduce the required time 
interval by correcting the supply time interval, the 
supply process will have to be asked to deliver more 
rapidly. One way of doing the same job is to search 
for better suppl i ers. Most of the corrections, 
however, are design dependentand are not within the 
capacity of the controller. 

One could also reduce the required time interval by 
using the early startoption (c). Shortening the 
supply time interval by building up a stock of 
supplies using special material orders would seem 
to offer the possibility of reducing the supply time 
interval to a maximum of zero. This salution allows 
the processing of material orders far in advance of 
the corresponding product orders. The finest 
correction in sending material orders in advance 
results in the delivery of material 'just in time' 
(Jackson, 1982); in this situation there will be no 
material stock at all. 

The related solution, besides the early start of 
sending material orders, seems to be the early start 
of processing product orders. Doing this would seem 
to shorten the required time interval, and the 
factory will have more margin in which to make the 
products. The presence of a buffer stock of products 
makes it possible always to meet the required time 
intervals; productscan bedelivered right away from 
stock. Again, the perfect delivery of products is 
done according to the 'just in time' principle; the 
products are ordered just far enough in advance to 
prevent a stock build up. 
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In order to have the material or products 'just in 
time' or to build up a stock of supplies or products 
one needs an estimate of future product orders: such 
estimates are often called forecasts of orders. It 
is assumed that the controller can itself influence 
these forecasts of orders. 

The viable solution to the smooth functioning of 
the control process is a reduction of the required 
time interval by using the early action option, 
utilising forecasts of orders. The •just in time' 
option is incorporated in the early action option. 
The early action results in the desired required 
time interval and, from now on, this is the strategy 
that will be adopted in the Ante-Order process. By 
using the early material order option the final 
required time interval can never be shorter than the 
transfarm time interval, even having regard to any 
forecasts of orders made, and the stock of supplies. 
The early product order option may allow the 
resulting required time interval to be reduced to 
a minimum of zero. In the next section the Ante
Order Control stategy will be modelled in detail, on 
the basis of an early material or product order 
option. 

3.4. Ante-Order Processing Control Strategy 

Now that the early cammencement of actions has been 
defined as the Ante-Order strategy, further 
modelling of the situation is both possible and 
necessary. The two solutions with an early start of 
actions are summarised in Figure 3.6, both with an 
ideal just-in-time situation and a non-ideal stock 
situation. 
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...... , ~ ........... . .... I<-- a~:~~~;~~i : I 
::::: <- supplyTI >1<- transformTI 

al early material order, just-in-time . 

. . . . . . . . . . . . . . . . . . . . . . . I<-- availableTl >~I 

..... I< requiredTI 
1<- supplyTI >1--·· 1<- transformTI 

a2 early material order, stock . 

. . . . . . , ~ ...... ... ....... I<-- a~:~~~;~~i : I 
::::: <- supplyTI ->1< transformTI 

bl early product order, just-in-time . 

. . . . . . . . . . . . . . . . . . . . . . . I<-- availableTl > I 

... .. I< requiredTI > 
1<- supplyTI - >1< transformTI >! .... 

b2 early product order, stock . 

Figure 3.6. Early Actions of the Control Process. 

In order to describe the processes and their 
functions within the Ante-Order control system, we 
shall require the knowledge gained from the 
description of the Post-Order control system given 
above. Modelling of the forecasts and the stocks 
are the most important extension in regard to the 
Post-Order strategy-based control model, where extra 
attention has to be paid to the uncertainty in using 
forecasts. In order to incorporate these extensions 
in the control model one uses a comparison between 
orders and forecasts as a link. The orders are 
always fully dependent on the customer, rather than 
the forecasts: the latter depend greatly on the 
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capabilities of the factory and its suppliers, and 
the quality of forecast activity. The forecasts have 
to be updated frequently. This may be well modelled 
by a secend process in the control model, ether than 
the extant control process. A new forecast control 
process may be added to the existing order control 
process, thus generating the forecast information. 
First we shall describe the extension to the order
controller process, on the basis of the order
controller of the Post-Order model, and then we 
shall specify the forecast-controller process. 

The order controller process has to look after the 
delivery of materials and products. Therefore, the 
order controller process has to send an order to 
the supplier in the absence of a real product order. 
The order controller process therefore has to use 
forecasts of material order and product order 
information. This information is generated by the 
forecast controller. Forecasts of material orders 
are sent directly to the supplier and result in the 
delivery of materials. During acceptance of the 
forecasts of product orders, they are judged on the 
basis of executability and are processed to give 
material orders. There is no difference (for the 
order controller) between processing material orders 
based upon forecasts of product orders and 
processing material orders based upon real product 
orders, and therefore the same solution may be used 
as was developed in the Post-Order controller 
process. The material orders are thus determined by 
the forecast order- and dueDate- time stamps. The 
order controller process sends the raw material 
orders to the supplier (provided that the orders 
are found to be acceptable) . The resul t of the 
difference between a forecast of a product order 
and a real product order comes into existence only 
when the real product order is accepted and does 
not correspond with the forecast product order: in 
this case the forecast materials or products remain 
partly in stock and are not transformed or delivered 
to the customer. 

When the order process recei ves a product order from 
the custorner process, this order will only be 
accepted if the resulting available time interval 
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is longer than the resul ting required time interval. 
In this case the early actions in respect to raw 
materials and products allows acceptance of those 
product orders that would normally be ruled out by 
the supplier's time interval and the transferm time 
interval constraint, respectively. This manner of 
order acceptance reduces the remaining capaci ty and, 
in the end, product orders have to be turned down 
once again. Of course, if the orders can be 
fulfilled without having recourse to the stock, then 
this could be done. Depending upon the properties of 
the products a first in-first out sequence may be 
preferable; for instanee when the products are 
perishable. 

The forecast controller has as a unique 
characteristic, in comparison with the order 
controller, in that it determines the best 
assessment of future order quantities. In order to 
make this assessment, the forecast controller 
process contains information and rules to generate 
the forecasts of product orders. The forecasts so 
generated must always be checked for feasibility, 
which depends on conditions in the physical 
processes, the material processes, and the 
properties of the supplies themselves, for instanee 
their price, lifetime, and their bulk volume. This 
check can be performed in the same way as in the 
order-controller process and thus prevents the 
generation of forecasts that could not be 
implemented. A logical consequence of this check is 
that forecasts can be initiated by the elient' s 
forecast controller. 

Forecasts are translated into material orders by 
means of a comparison between the necessary date of 
the materialOrder and the possible date by which 
this order will actually be recieved. If ordering 
were to occur too late, so that the order would not 
be received on time, then a forecast of a material 
order to occur at least just-in~time is necessary. 
If, besides this, production were to start too late, 
after receipt of the actual order, then a forecast 
of a product order is preferred, and the order 
controller will be permitted access to it. As soon 
as the forecasts of product orders are made, 
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capacity is reserved. In this case production will 
start even in advance of the receipt of an actual 
order. 

Besides the information necessary to estimate orders 
that may be expected in the future, the forecast 
controller also takes account of the risk that 
arises as soon as a stock starts being built up. A 
relevant consideration here is the damage that may 
occur should an order not be recieved in respect of 
a possible later delivery. Naturally, this form of 
service - the building up of a trading stock - also 
costs money. This aspect, as well as the interaction 
(feedback) between the order and the forecast 
control processes, are not considered in this work. 

Figure 3.7 displays the Ante-Order control model. 
The model describes how orders may be accepted more 
frequently by virtue of forecasting. In this version 
of the Ante-Order model the forecast controller 
prediets the level of product orders or of material 
that must be ordered in advance, whereby the effect 
of the predietien of orders by one forecast 
controller on another controller and the resul t 
interaction between the order , and the forecast 
controller are not forrnalised. 
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AnteOrderControl model 

ForacastController 
order 

~---

OrderController 
order 

orderController 

Transfarmer 
material supplier 

ForecastController model 

productOrder <- self makeForecast. 
productOrder needsEarlyTransforrnationStart 

ifTrue: 
[ self 

send: productorder irnrnediateTo: orderController ] 
ifFalse: 

[ materialorder <- self forrnulateFrom: productOrder 
materialorder needsEarlySupply 

ifTrue: 
[ self send: materialorder 

irnrnediateTo: orderController ] ] 
] forever 
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OrderController model 

self 
receiveFrorn: customer 
or: forecastController 
if: [ order 1 self isAcceptableProductOrder: order ) 
then: [ order 1 self handleProductOrder: order ) 
orReceiveFrom: forecastController 
if: [ order 1 self isAcceptableMaterialOrder: order 
then: [ order 1 self handleMaterialOrder: order ] 
orReceiveFrom: transfarmer 
then: [ result 1 self handleTransformResult: result 

forever 

Ordercontroller isAcceptableProductOrder: anOrder 
availableProduct <- productStockinfo availableFor: 

anorder. 
remainingProductOrder <- anOrder subtracting: 

availableProduct. 
remainingProductOrder isErnpty 

ifTrue: ["true). 
ifFalse: 
[ planning hascapacityFor: remainingProductOrder. 

ifFalse: [ "false ) 
ifTrue: [ •use materialStock' 
availableMaterial <- materialStockinfo availableFor: 

rernainingProductOrder. 
materialToOrder <- remainingProductOrder 
materialNeeded subtracting: availableMaterial 
rnaterialToOrder isEmpty ifTrue: ["true]. 
ifFalse: 

[ "self isAcceptableMaterialOrder: 
( materialOrder for: materialToOrder ) ) ) 

OrderController handleProductOrder: aPreductOrder 
productStockinfo updateFor: aProductOrder. 
materialStockinfo removeMaterialFor: aProductOrder. 
planning clairncapacityFor: aPreductOrder 

OrderController isAcceptableMaterialOrder: anOrder 
self send: anorder 

immediateTo: supplier 
ifSucceededThen: [ 'supplier accepts rny order' "true 
else: [ 'supplier rejects my order' " false ) 

Ordercontroller handleMaterialOrder: aMaterialOrder 
materialStockinfo addMaterialFor: aMaterialOrder. 

OrderController handleTransformResult: aResult 
planning releaseCapacityFor: aResult associatedOrder. 
planning notEmpty 

ifTrue: 
( task <- planning removeBestChoice. 

self send: task to: transfarmer ) 
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Transfarmer model 

'assume material precedes task' 
( self 

receiveFrom: orderController 
then: ( task 1 handleTask: task 
orReceiveFrom: supplier 
then: ( material 1 materialStock add: material ] 

forever 

Transfarmer handleTask: aTask 
finishedProduct <- productStock removeProductFor: aTask. 
material <- materialStock removeMaterialFor: aTask. 
finishedProduct add: (self transformFrom: material) . 
aTask isForProductStock 

ifTrue: ( productstock add: finishedProduct ] 
isFalse : ( self send: finishedProduct to: customer ] . 

self send: (self formulateResultFor: aTask 
and : finishedProduct) to: orderController. 

Figure 3.7. Ante-Order Control System, including 
Forecasts. 

The capacity checks, claims (reservations) and 
releases in the plan of the forecast controller and 
the order controller are independent of each ether. 
Both controllers consult the plan, which may be 
:cegarded as a process that takes charge of the 
consistency and the updating of the capacity. The 
resulting interactions between the order controller 
and the forecast controller ensure that these 
reservations may be released. This is not explicitly 
shown in the model. 

The model incorporates a test of whether i t is 
actually necessary to create a forecast within the 
'needsEarlyTransformationStart' and 'needsEarly
Supply'. In ether words, if the order controller 
itself has enough time to order materials, or to 
make products, respectively, then it is naturally 
not necessary to start in advance. This test is 
applied by means of a camparisen between 
materialOrder-takeDateandproductOrder-takeDate, or 
the productOrder-takeDate and the productOrder-
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startProcessDate, respect i vely, and the availabil i ty 
of transfarmer capacity. 

The material and the finished products are thus 
consigned to forecasts on the basis of an estimation 
of the future product orders from the customer, sent 
by the customer, or made by the 'Forecastcontroller 
makeForecast'. The order controller is notifying the 
forecasts of orders in two stock information 
collections: 'productstockinfo'and 'material
Stockinfo'. During the execution of the stage 
' isAcceptableProductOrder: anOrder' by the order 
controller the stockpiles are counted, and during 
execution of 'handleTask: aTask' by the trans former, 
both stockpiles may be used, provided that they are 
intended for the relevant anOrder. 

Werking with the Ante-Order control process strategy 
enables stock holding to be maintained at such a 
level that, given a satisfactory forecast, 
production can always start without waiting for 
supplies. Direct delivery is possible when a process 
has a distribution function and functions as a 
warehouse. In all applications the perfect Ante
Order control is achieved when products and 
materials are 'just in time', and real stocks do 
not come into being. 

It may occur that the forecasts of orders are 
unrealistic. As soon as these orders are estimated, 
therefore, it is logica! to assume that the 
supplier' s forecast controller - in analogy with 
Post-Order control - must be able at least to accept 
the forecast material orders befare being able to 
deal with realistic forecasts of product orders. In 
that case the forecast controller should have 
interactions with the supplier and the customer, and 
should be extended so as to be capable of executing 
the corresponding actions. This principle could be 
coded analogously to the Post-Order controller 
'isAcceptable' methods, but for reasans of clarity 
the detailed code is not described in this section; 
nevertheless we shall use it in general terros in the 
following chapters. 
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If we term the existing Post-Order control model 
the order layer, we have now have made some 
extensions to this layer and introduced a ( full 
scale) forecast layer to model the Ante-Order 
control. With the Ante-Order control model an early 
start with the actions makes it possible to accept 
forecast product orders. To be able to accept even 
more product orders, we mentioned in Section 3.3 
the possibility of reducing the set-up times of the 
transfarmer. Reducing the set-up times could be 
achieved by using a scheduling strategy. In the next 
section the control model will be used to introduce 
the scheduling strategy in the control of the 
material flow. 

3.5. Scheduling Orders in the Control Model 

In the previous sections we have shown that two 
strategies are connected with the acceptance of 
orders. In both situations it is possible that 
stockpiles may occur, on the one hand because there 
is a gap between the possible and the desired 
delivery times and, on the other, because stockpiles 
have been deliberately created. Up to now, the 
utility of the strategies and such stockpiles has 
lain in the acceptance of as many orders as 
possible. It is actually also possible to accept 
orders when the process capacity is as large as 
possible, or if it is used as efficiently as 
possible. The term 'scheduling' is introduced to 
cover this situation: the arrangement of orders in 
such a manner that the highest transfarmer 
efficiency is achieved without, of course, doing 
violence to the delivery times. This section deals 
with the scheduling of transformation tasks within 
the perspective of the modelling of a controller, 
and as will be demonstrated, scheduling is the third 
reason for having stock. The possible effects of 
scheduling on the time intervals in a control 
process are illustrated in Figure 3.8. 
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original situation scheduled situation 

I< availableTl ->~ 
..... 1<-- requiredTI -> 

•••• 1 < availableTl ->I 
....... 1<-- requiredTI ->1 ... 

a. Moving the requiredTimeinterval, without forecast. 

I< availableTl ->~ 
..... 1<-- requiredTI -> 

.... I< availableTl ->I 
1<-- requiredTI ->! ......... . 

b. Moving the requiredTimeinterval, with forecast. 

Figure 3.8. Effects of Scheduling. 

Simply fixing and then sending the transformation 
tasks can lead to an inefficient use of the 
transformation processes. This is relevant when a 
variety of products is made using the same 
equipment, in which case set-up time accounts for a 
portion of the capacity. A salution that is often 
applied is the addition of a scheduling strategy. 
The schedul ing strategy ensures that the gap between 
the available and the required time intervals will 
be used to combine orders (a), or to ensure that 
stockpiles will be built up in such a way as to 
create space in the schedule to fabricate in 
combinations (b) . In this way an optima! use of the 
facilities may be achieved, within limits. 

A consequence of scheduling is that the gap between 
delivery times can be used to the benefit of a 
better use of the transfarmer. Stockpil es now ex i st, 
not only as result of the early availability of 
capacity (thus also in the case of Post-Order 
controller stocks: in every case when, by the 
ultimate time interval, no capacity is available, 
but it is available before that time, then one uses 
the stockpile: the result being that the products 
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are ready too early) or of forecasts of product 
orders, but also due to the better use of the 
transformer. In order to be able to schedule product 
orders, one needs material in advance of the 
theoretical latest moment. Therefore the material 
order due-dates are modified, and the products will 
thus be made befere the customers need them. 

Figure 3.9 incorporates the so-called Sort-Order 
Control model of an order controller, based on the 
Post-Order strategy, in which use is made of the 
gap between the time intervals. This is the simplest 
way of incorporating scheduling. 
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OrderController 
+-_"_or:..::d"'-e.:_r ---Jsupplier 

orderController 

Transfarmer 
material supplier customer material 

'assume material precedes task' 
( self 

receiveFrom: controller 
then: ( task 1 handleTask: task ] 
orReceiveFrom: supplier 
then: ( material 1 stock add: material 
forever 

Transfarmer handleTask: aTask 
material <- stock removeMaterialFor: aTask. 
finishedProduct <- selfTransformFrom: material. 
self send: finishedProduct to: customer. 
result <- formulateResultFrom: aTask 

and: finishedProduct. 
self send: result to: controller. 
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OrderController 

self 
receiveFrom: customer 
if: ( order 1 self isAcceptableProductOrder: order ] 
then: ( order 1 self handleProductOrder: order ] 
orReceiveFrom: transfarmer 
then: ( result 1 self handleTransformResult: result ] 

forever 

OrderController isAcceptableProductOrder: anOrder 
( planning hascapacityFor: anOrder 

using: schedulingStrategy) 'see Figure 3.10.' 
ifFalse: [ " false ] 
ifTrue: 

[ materialOrder <- self formulateMaterial'OrderFrom: 
anOrder. 

self 
send: materialOrder 
immediateTo: supplier 
ifSucceededThen: ['supplier accepts my order' " true) 
else: ['supplier rejects my order' "false] 

OrderController handleProductOrder: anOrder 
planning claimCapacityFor: anOrder 

OrderController handleTransformResult: aResult 
planning releaseCapacityFor: aResult associatedOrder. 
planning notEmpty 

ifTrue: 
( task <- planning bestChoice using: schedulingStrategy. 

self send: task to: transfarmer ] 

OrderController formulateMaterialOrderFrom: anOrder 
•use specificatien of anorder and process-knowledge to 
determine material-type(s), amount(s) and dates; take 
account of the scheduling of anOrder' 

Planning hasCapacityFor: anOrder using: astrategy 
'returns whether it is possible to accept this order 
consictering the planning of the transformer; in this 
case the strategy is to use the gap between the time 
interval, should this prove to give a more efficient 
use of the transformer' 

Planning claimcapacityFor: anorder 
'add this order to our planning' 

Planning releaseCapacityFor: anOrder 
'remove this order from our planning since it is ready 
and delivered' 

Figure 3.9. Sort-Order Control System, Including 
Scheduling. 
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In scheduling the internal orders, 'Planning 
hasCapacityFor: anOrder', they are arranged in the 
correct sequence (see Figure 3.10), one condition 
being the ultimate time required to manufacture the 
product. Other conditions that play a role are the 
availability of supplies, management priorities, 
sequence preference, and acceptable set-up times. 
These conditions are combined to produce rules that 
regulate the schedule process. After applying these 
rules to the order sequence, the transfarmer process 
receives its tasks. 

original situation scheduled situation 

a - a 
capacity xn 

-
xe xe 

-- time -- time 

a available capacity 
xe claimed for Existing orders of product type x 
xn claimed for New orders of product type x 

Figure 3.10. Scheduling by Arrangement of Product 
Types in Time. 

The addition of and emphasis on a scheduling 
strategy for the control processes implies that some 
adjustment of orders, and thus of stock allocations, 
may take place, with all the associated risks. One 
possibility is that short-term orders may no langer 
be processed since a long-term order has already 
absorbed all the capacity, or that the casts of the 
stockpiles become unacceptable while, at the same 
time, there is spare capacity available at a later 
time. In order to limit these risks a certain amount 
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of parallelism may be introduced into the order 
process: on the one hand a process for the 
acceptance and processing of long-term orders and, 
on the other, a short-term order acceptance, 
processing, and scheduling process. Each process 
now has its own windows: the order-window and the 
capacity window. Each window may be viewed as a time 
period with an initia! and a final time. The order 
window indicates to the order acceptance action the 
times between which the order-takeDates and the 
order-dueDates must lie. If either the orderTakeDate 
or the orderDueDate lie outside the order window, 
then the order is rej ected. The capaci ty window 
limits the time period during which the orders are 
incorporated in the planning. The capacity window 
may be smaller than the order window. During the 
order acceptance action a check is performed on 
whether the required capacity fits within the 
window. The windows have specific values for each 
controller. 

What happens now is that the maximum level of the 
transferroer capacity is recorded in the short-term 
controller, the remainder of the capacity being left 
to the long-term controller. Both now have their own 
window. The order windows now have to be determined 
for both controllers, in addition to the capacity 
windows. The limits of the order take-date and the 
due-date are used in this case. 

The model of the control process with a short-term 
and a long-term controller is shown in Figure 3.11. 
The control model with these controllers is created 
on the basis of Post-Order controllers, which are 
coupled together, and defining windows. In 
conneetion with this, the actions are specified in 
greater detail. Up to now, the most important 
difference in comparison with the order controller 
in Post-Order Processing lies in the acceptance of 
orders, the reservation of capacity, and the 
planning (i.e. the arrangement of orders in time), 
all in their own windows. 
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LonqTermAndShortTermControl model 

LongTermController 
---'o"_,r_"d-"e'--r -jsu pp I i er 

ShortTermcontroller 

LongTermcontroller 

ShortTermController 
order 

ShortTermController 

Transfarmer 
...:..:..:;=.:..:..::.:......jsupplier 

LongTermcontroller model 

self 
receiveFrorn: custorner 
if: [ order 1 self isAcceptableProductOrder: order 
then: [ order I self handleProductOrder: order 
orReceiveFrorn: shortTermController 
then: [ result I self handleResult: result ] 

forever 
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LongTermController isAcceptableProductOrder: anOrder 
self inOrderWindow: anOrder and: 
self hasCapacityFor: anOrder inCapacityWindow ) 
ifFalse: [ "false ] 
ifTrue: 

materialOrder <- self 

:=:~;~ :~:} 

formulateMaterialOrderFrom: anOrder. 
self isAcceptableMaterialOrder: materialOrder 
ifTrue: 
[ self handleMaterialOrder: materialOrder. " true 
ifFalse: [ "false ] ] 

LongTermController handleProductOrder: anOrder 
planning claimCapacityFor: anOrder. 

LongTermController handleResult: aResult 
'remove result associated orders; send new batch with 
tasksjorders, for the next period and send information 
on material already ordered' 

ShortTermController model 

self 
receiveFrom: customer 
if: [ order 1 isAcceptableProductOrder: order 
then: [ order I handleProductOrder: order 
orReceiveFrom: longTermController 
if: [ batch I isAcceptableBatch: batch ] 
then: [ batch I self handleBatch: batch ] 
orReceiveFrom: transfarmer 
then: [ result I self handleTransformResult: result ] 

forever 

ShortTermController handleBatch: aBatch 
'receive the batch with tasksjorders for the following 
period schedule the tasks, making use of the already 
ordered material' 
planning claimCapacityFor: aBatch. 

ShortTermController handleTransformResult: aResult 
planning releaseCapcityFor: aResult associatedOrder. 
'store result, to be able to send total result at end 
of the window to longTerm Controller' 

planning notEmpty 
ifTrue: 

[ task <- planning removeBestChoice. 
self send: task to: transfarmer ] 

73 
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Transfarmer model 

•assume material precedes task' 
[ self 

receiveFrom: controller 
then: [ task I handleTask: task 
orReceiveFrom: supplier 
then: [ material 1 stock add: material 
forever 

Transfarmer handleTask: aTask 
material <- stock removeMaterialFor: aTask. 
finishedProduct <- selfTransformFrom: material. 
self send: finishedProduct to: customer. 
result <- formulateResultFrom: aTask 

and: finishedProduct. 
self send: result to: controller. 

Figure 3.11. Sart-Order Control Model, Including 
subControllers. 

Naturally, the scheduling strategy in 1 planning 
add: 1 , and thus also the algorithm, are once again 
dependent on circumstances. These are predetermined 
during the design of the factory. 

The long term controller is receiving product orders 
and creating material orders and internal 
transformation orders; it is also called the divider 
controller process. This process looks like the 
order controllers in the previous sections. 
Accepting orders and making material orders works 
in the same way . 

The short term controller that schedules internal 
orders to create tasks is called the scheduler 
controller process. This process gets its orders in 
the main from the divider. 

The model of the controllers could be extended to 
cover the actual stock information and use this 
information during scheduling. Therefore information 
on material delivery is stared at 1 material receive
time 1 on the basis of material waybills. These 
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waybills are added to the model in order that it rnay 
becorne acquainted in advance with the supplier' s 
activities. After all, the supplier rnay deliver in 
advance of schedule, thus creating a gap in the 
schedule. This gap rnay be incorporated in the 
planning by rneans of the waybill information. The 
raw rnaterial-waybill interactions describe the 
physical interactions: they flow in the sarne 
direction as the physical interactions and they 
allow the order process to provide a check the 
reaction of the material process. Such a waybill is 
also known as an actvice note, packing slip, or 
material accornpanying note. In the sarne way that 
the controller wants to have information about the 
raw rnaterials which are or will be delivered, the 
custorner wants to have inforrnation on the delivery 
of products. Therefore the control-process sends 
product waybills as accornpanying information to the 
custorner. This is also possible in 'rnaterialOrder 
send-tirne'. In the sarne way that the long-termand 
short-term controllers could make use of waybills, 
which provide information on the material flow, each 
forecast controller rnay view these waybill 
interactions frorn the surrounding processes as 
information flowing frorn the supplier to the 
consurner. The forecast controller process, as a 
consequence of these interactions, contains 
inforrnation on the expected interaction with the 
order process. In this study these waybill 
interactions and their impact on scheduling are not 
forrnalised in a model. 

Closer inspeetion shows that the short-term and 
long-term controllers are both versions of the sarne 
sub-controller type. The division of the control 
process into two sub-processes can be repeated, and 
this is a procedure that is valid for each control 
process. The reasoning behind and the advantages of 
this division are, besides the considerations of 
efficiency already referred to: clarity, lirnitation 
of risk, the spreading of responsibility, and the 
division of scheduling effort in regard to profits. 

In this sectien the effects of the scheduling 
strategy on roedelling control systerns 1s 
dernonstrated by using a Post-Order control model. 
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Finally 1 it will be clear that the combination of 
scheduling with an Ante-Order strategy is analogous 
to the implementation given above. The only 
difference from the initial Ante-Order control model 
is that the order controller and the forecast 
controller may be considered as the short-term and 
long-term controller 1 and from here the di vision 
into sub-processes could be repeated. The fo.regoing 
design of a control system in such a way that 1 on 
the basis of order acceptance and order scheduling 1 

operatien is possible on a variety of levels using 
a number of windows 1 showed that the roodels and 
their description in the various layers have the 
same construction 1 independently of the order 
accepting and scheduling strategy. In the final 
sectien of this chapter this will lead to the 
introduetion of the general Mul ti-Layer Control 
concept. 

3.6. The Multi-Layer Control Concept 

In this chapter we have described the basic 
functions necessary to model the control layer of a 
factory in respect to the timely delivery of 
products. The emphasis is laid on the various 
aspects of accepting and scheduling orders, and 
their effect on the control model is shown. In this 
conneetion we see that a control model depends on 
the aspect desired, as well as on the strategy to 
be used. The final model that is found to be 
suitable is thus also closely related to this 
choice. In this sectien we deal with the combination 
of the roodels as they relate to the acceptance of 
orders, as well as the efficient coupling with the 
physical processes. An essential feature of the 
controllers is the possibility to refuse orders, 
when it is not possible to deliver them in the so
called available time interval. The strategies 
covered, and the elementary relations between the 
available time interval (ATI) and the required time 
interval (RTI) are summarised in Table 3.1. 
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TABLE 3.1. 
Strategies Covered and Their Timeinterval Relations. 

strategy 

Post
Order 

Ante
Order 

Sart
Order 

original 

1
<- ATl >1 ... . 
<- RTI ->I ....... . 

~<- ATI >I .... 
<- RTI >I 

~<- ATl >I .... 
<- RTI ->1 ........ 

" ots "dts 

ATI available time interval 
RTI required time interval 
ots order time stamp 
dts deliver time stamp 

corrected 

.... I< ATI ->I 

........ I<- RTI -> 

.... I< ATI ->~ 
I< RTI -> 

.. . . 1<-- ATI 

. . .. .. I<- RTI ~~ I 
"ots " dts 

We have shown that the two basic strategies for 
accepting orders are Post-Order control and Ante
Order control. Post-Order control strategy needs 
only one process to control the materials flow. 
Within this strategy production is based entirely 
on the product orders. When the production process 
cannot be controlled by using delivery times only, 
obtained from the product orders, then the Ante
Order control strategy is used. An Ante-Order 
control system has to have a material or product 
'just in time' or in stock in order to be able to 
effect rapid deliveries. The level of the material 
and product stock is based on the quality of 
forecasts made by extra control processes. 

In order that an Ante-Order control system may 
function, it has to have available information about 
future aircumstances, which are described in the the 
forecast layer and in the forecast interactions 
between the layers. The order interactions (in the 
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order layer) deal wi th the relationship between 
supplier and customer, and the forecast interactions 
mediate the conditions between the supplier and the 
customer. 

In order to control efficiency, a control system 
could be provided with a scheduling strategy. The 
schedul ing strategy could resul t in a Sert-Order 
control model with a short-term and long-term 
controller process, one taking care of the long-term 
order interactions and the ether especially looking 
after the scheduling of the transformer-process. For 
this reasen windows have been introduced as periods 
during which a control process undertakes actions. 

In each layer of a control model, again, the 
controller could need a further division into sub
processes with their own windows, and thus we 
introduce the notion of the Multi-Layer Control 
concept, based on this idea. The control model can 
become very complex when using this concept, 
increasing the number of layers, but the existing 
simple strategies are used in developing the upper 
layers, just as in the development of the layers so 
far considered. The control process strategies and 
their related roodels are summarised in Table 3.2. 

TABLE 3.2. 
Control System Strategies Covered 

set. strategy model camment 

3. 2. postOrder Single Layer ideal delivery, 
processing control model orders 

3. 4. anteOrder Dual Layer early actions, 
·:· processing control model forecasts 
,. 

;;: 
3.5. sertOrder Mul ti Layer efficiency, 

processing control model schedules 
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It is possible to construct a control model of every 
factory production system, using the strategies and 
the rnadelling concept developed in this chapter. The 
use of this universal Multi-Layer Control concept 
will be demonstrated in some concrete situations in 
the next chapters. Finally, using the Multi-Layer 
Control concept and these demonstrations, it will be 
possible to explairi the automation gap. 



CHAPTER 4 

Building Control Systems 

Various strategies for the control of factories have 
been introduced in the previous chapter and their 
relevant roodels have been described. On this basis 
the Mul ti-Layer Control (MLC) concept has been 
developed. This chapter will be devoted to the use 
of the Multi-Layer Control concept in building the 
control system of a factory. 

In order to build a control system according to the 
concepts used in this study, first of all the 
factory and its control will have to be modelled. 
The first sectien of this chapter will therefore 
discuss the choice of the correct control processes, 
strategies and roodels and the determination of all 
actions and relevant parameters. Two specific kinds 
of Ante-Order factories are presented here: the Pull 
and the Push factories. 

After designing the model it has to be implemented 
by translating the descriptions of the processes 
and the interactions into realistic terms. If 
possible, existing realisations and tools will be 
used, which demands a knowledge of the availability 
of realisations and tools that are suitable for 
implementing the processes and interactions. 

Two specific, existing realisations will be 
considered in order to demonstrate the use of the 
control concepts and their implementation: the 
Kamban system, and the material requirements and 
resources (MRP) system. Each system has i ts own 
specific salution to the implementation of the 
control functions. 

4.1. Designing the Control System 

To show the principles of specifying and 
implementing the control systems, an existing or 
new factory will have to be modelled insome detail. 
For the purposes of this example, an existing 
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factory having two Dual-Port processes will be 
considered. The control model of this factory will 
be developed using the Multi-Layer Control concept 
of the previous chapter. It is always the case that 
the strategy to be followed when accepting or 
rejecting orders has to be specified in advance, 
which also means that the number of layers and at 
least some of the parameters have to be specified. 
We shall first pay attention to the order acceptance 
strategy befare going on to consider scheduling. 

The simplest way of cantrolling a factory is to use 
only the Post-Order strategy. A system which is 
based entirely on Post-Order processes is called a 
Post-Order factory. In this case no indeterminable 
stock is built up, and manufacturing starts only on 
the basis of actual orders. In the example under 
consideration, of a factory with two Dual-Port 
processes, each process is associated with its own 
Post-Order control process as shown in Figure 4.1. 

Figure 4.1. The Post-Order Factory Model. 
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Post-Order factories are particularly common in 
sellers' markets. They enjoy a cammanding position 
in the market and can always produce within the 
delivery time required. The customer can be 
satisfied without the need to build up stocks. 
Naturally this position may be difficult to maintain 
in the face of competition with a strong marketing 
apparatus, but so long as the factory is able to 
shorten delivery times without having recourse to 
stock building, it can maintain its Post-Order 
strategy. 

The total control system will be kept as simple as 
possible, with the maximum amount of Post-Order 
processing specified and implemented. Given this, 
the next obvious step is to state that each control 
process in a factory has to work according to a 
Post-Order strategy. The resulting pure Post-Order 
system is the simplest variant of a complete system 
for the control of the material flow between 
processes. The opposi te si tuation is encountered 
when the control system camprises only control 
processes wi th an Ante-Order strategy, which is 
called an Ante-Order factory. 

In this Ante-Order factory each controller uses 
forecast information to determine which orders will 
be sent to the supplier and eventually to the 
transfarmer process, thus moving the material 
through the system, the intention being to be ready 
to commence transformation (or straightforward 
delivery of products) when the · customer wants the 
products. The reaction towards the customer is 
maximised in this case. Forecast controllers are 
always necessary in Ante-Order factories, in order 
to determine the correct forecast of actions. 
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Figure 4.2. The Ante-Order Factory Model. 

Ante-Order factories often stem from Post-Order 
systems when the clients become more demanding and 
the factory sees no possibility to service them 
ether than by creating a material stockpile and, if 
necessary, a product stockpile. 

It has been shown that a control model of a factory 
can be constructed by chaining together as many 
Post-OrderorAnte-Order processes as necessary. If 
every control process in a factory is modelled in 
this way, a pure Post-Order or a pure Ante-Order 
system will result. Two common definitions, Pull and 
Push, will now be related to these systems and some 
mixtures of both strategies will be illustrated. 
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An Ante-Order system is aften called a Pull System: 
the material is pulled from the production system by 
the customer for each individual step. This 
definition of a Pull system is in agreement with 
such definitions found in the literature. Kimura and 
Terada (1981) call systems Pull systems when 'they 
hold inventory of a certain level at each stage', 
and 'succeeding process g i ves preceding process 
orders as it has consumed in order to replenish 
material'. 

A Push system is a particular variant of an Ante
Order system, in which only the final process step 
possesses an Ante-Order strategy and thus, also, a 
forecast controller. The Push systems may be 
regarded as systems in which forecasts of product 
orders are only made at the end of the material 
flow, towards which the rest of the system is 
directed. 

In the literature Push systems are most often 
defined as systems in which they determine 'the 
demand of inventoried parts or material in process 
at each stage, consictering the flow time up to the 
final stage. Based on this forecast value, they 
control the thorough multistage process by 
justifying inventory final products and parts in the 
process' (Kimura, Terada, 1981). Push systems differ 
in this way from Pull systems; in a Pull system each 
process may make its own forecasts. 

Another variant is present when a Post-Order chain 
terminates within the production system, and when 
the remaining time interval will not permit another 
Post-Order process. The next control process should 
thus be an Ante-Order process. At that point a 
material or even a product stock will be needed. 
This point between the Post-Order chain and the 
Ante-Order process is called the customer 
disconnection point ( CDP) , according to Hoekstra and 
Romroe (1985). At this point the customer's order can 
no longer be used to control the material flow. At 
the CDP, therefore, the control model is divided 
into two sections: a single layer process-section, 
and a dual-layer process-section. 
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The two principles of the division in the control 
chain between Post- and Ante-Order processes are 
shown in Figure 4.3. Of course these principles 
could be extended with the Sort-Order strategy and 
the corresponding sub-controllers. 

Figure 4.3.a. Post -> Ante Changeover. 
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Figure 4.3.b. Ante -> Post Changeover. 

Figure 4.3. The Mixed Controlled Factory Models. 

Depending on the system and its interactions, one 
can test whether a Post-Order strategy may 
acceptably be achieved analytically, or by 
simulation, or in the real system. Since it provides 
an exact solution our preferenee is for the first 
method (Tabe, Muramatsu, Tanaka, 1979). The 
analytical determination of Post-Order processes in 
the control model starts at the consumer side of the 
system. As many Post-Order processes as possible 
will be introduced in the direction of the supplier. 
The application of Post-Order Processing, as was 
explained in Chapter 3, depends on the difference 
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between the available time interval and the required 
time interval of the control process. In a control 
system, the order process works as a Post-Order 
process so long as the orders fit into this 
equation. While the available time interval is 
greater than or equal to the required time interval, 
the rnadelling of the process is simply a matter of 
stringing tagether a number of Post-Order processes. 
For each indi vidual process, the available time 
interval remaining has to be greater than the sum of 
the remaining required time intervals. The remaining 
available time interval is calculated by determining 
the required time interval of the process last 
treated. So this required time interval has to be 
determined, and this is dependent on the process 
capacity, the supply time interval and the product 
composition. One first checks the process capacity, 
and then the supply time interval of the supply 
process. Therefore the decision to accept or reject 
an order can be made only when the capacity and the 
supply time intervals are known. Those orders that 
can be produced are converted into material orders 
and sent to the suppl i er process. Th is suppl i er 
process can be viewed and treated in the same way. 

When rnadelling the Ante-Order sections, the choice 
of strategies depends on the conditions of the 
surrounding processes, which are not always easy to 
specify formally since they themselves are also 
surrounded by yet other processes. When encountered 
in an analysis of interaction patterns, this 
si tuation seems to present an insoluble optimisation 
problem. 

The possibility of the occurrence of such a complex 
situation may be illustrated by a Post-Order chain 
with one Ante-Order process on the supplier's side. 
In the Ante-Order process the available time 
interval is shorter than the required time interval. 
But the control processes between the Ante-Order 
process and the supplier could themselves have Post
Order processes. Therefore the division into a Post
Order chain and an Ante-Order process is repeatable 
after a disconnection point. Finally, all the 
available time interval becomes spread over the 
control processes. 



BUILDING CONTROL SYSTEMS 89 

Moreover, when a factory produces a range of product 
types, each type of product can have i ts own 
disconnection point. The choice of strategy is also 
difficult when a multi-port model exists. Since 
there is a number of processes, the cycle times have 
to be calculated for each different process befere 
one can know whether or not an order can be 
accepted, when using a Post-Order strategy. A 
further complication arises in a factory having 
different consumers, with a different disconnection 
point associated with each consumer. 

It would seem, in view of these complications, that 
in many factories the disconnection point has a 
limited utility and, at the same time, that the 
formalisation cannot be accomplished analytically. 
In fact, when trying to solve the question 
analytically (or numerically), the equations are 
highly complex, besides which, in all individual 
systems, each individual controller may be divided 
into a number of sub-controllers. Such a subdi vision 
into a number of controllers would appear to be of 
cardinal importance in the scheduling of orders and 
in the implementation of a control system. 

When a scheduling strategy and a subdivision into a 
number of controllers is necessary, further 
explanation is necessary: how are the windows and 
frequencies of each individual controller process to 
be determined? And how are the descriptions of the 
scheduling rules in the individual processes to be 
determined? 

A layer is defined by reference to a capacity window 
and an order window. The capacity window indicates 
the time 1 imi t wi thin which the control process 
covers the transformation capacity. This is part of 
the knowledge information in a controller process 
and cannot be changed by the process itself. It is 
determined by the designer of the system. 

Besides the capacity window we have the order 
window: once again, a quantity that is determined by 
the designer for each process. The order window 
shows how far into the future orders or forecasts 
must be considered. One limitation in respect of the 
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order window is, for instance, desired when there 
are no immediatley urgent orders, but many long-term 
orders, and stockpiling is not wanted. 

In contrast to the capacity-window and the order
window, the speed of the actions can be changed by 
the controller process. The speed indicates how 
often a process is activated. Does it react to every 
order, or does it collect the orders so that they 
may be batch-processed? At this time, we state only 
that it will be obvious that the speed has to be as 
high as possible to prohibit any delay in reacting 
to available information. To formulate the 
scheduling algorithms, many existing techniques 
could be used. Because of the local character of 
these descriptions and their transfarmer dependency, 
we will not go into detail at this point of the 
design. The interested reader will find reviews of 
the current available scheduling techniques in 
(Johnson, Montgomery, 1974), (Wagner, 1975), 
(Koster, 1988) and (Delleart, 1988). 

To differentiate (analytically or numerically) 
between the number of layers per process or in the 
frequency of each process is virtually impossible. 
The forecasts necessary for a few processes are also 
relevant for all the other processes and, at the 
same time, the frequencies are forced to be the same 
for each process. 

If neither analytica! (nor numerical) solutions for 
determining the model and its parameters are 
possible, then the processes must be simulated in 
order to verify the specificatien of strategies and 
parameters or to tune them or to determine what 
parts of the specificatien may be missing. In this 
context simulation may be viewed as a method of 
verifying a prototype of a system dynamically. To be 
able to do this, the control model has to receive 
its formalisation by the use of a discrete event 
simulation package. The model description is then 
translated into a computer program. The dynamic 
processing of the program delivers the answers to 
the different questions. When a system is modelled 
by the Process-Interaction Approach a related 
computer-supported approach may be used. The 
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simulation package S84 (Rooda, Joosten, Rossingh, 
Smedinga, 1984) supports the strategies used in the 
Process-Interaction Approach. 

The dynamic adjustment of the processes to each 
other during simulation is illustrated by checking 
the delivery time. The request that a product be 
delivered within a given timespan is given by the 
customer. The answer to this request is returned 
when the tirnespan fits the known required time 
interval. If the tirnespan requested does not fit, 
one strategy rnay be to request that the supplier and 
material processes are activated earlier by using 
forecasts of orders. The supplier processes in their 
turn may also do the sarne. Many processes rnay be 
activated in parallel in such a simulation before a 
response is given to the custorner. For further 
possibilities, details and use of simulation, we 
refer the reader to Overwater (1987). 

In surnmary, the design of a control model means that 
the order-acceptance strategy, the di vision into 
layers - and thus the windows - and the process 
bodies must be specified. The basic primitives 
provide a good guide, but the multitude of processes 
and interactions can lead to the necessity for a 
simulation of the system before progressing to an 
optimal design, ready for irnplementation. 

4.2. Implementation of the Control Model 

In the introduetion to this study, factory 
automation was rnentioned as being a driving force 
behind the acquisition of a complete knowledge of 
the control system. We have developed the concept of 
control primitives, and used them to develop the 
Mul ti-Layer Control concept, by which a model can be 
built of the whole control structure, but it is not 
yet possible to use any model developed according to 
this concept directly in the automation of a factory 
control systern. In theory, we now have to know the 
essentials of the relevant parameters of the 
irnplernentation process. In this section we shall 
exarnine such parameters rnainly in relation to the 
automation process. This implies that the parameters 
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will mainly be connected by the amount of 
information to be processesd in unit time. We shall 
therefore adept a critica! attitude towards the 
model so far adduced. As has been shown above, all 
controllers in the layers of a Multi-Layer Control 
system have an identical structure. Therefore we can 
choose just one controller in one layer of the model 
and solve the implementation question and, by so 
doing, we shall solve the problem for all the 
controllers in all layers. The order controller of 
the Post-Order model will be selected for an 
examinatien of its parameters. 

The implementation of processes and interactions 
gives rise to the following questions in regard to 
the number of actions and interactions in unit time: 
how long is the period of time that relates to the 
actions (this period is connected to the capacity 
window). What is the maximum period of the 
interactions? I.e. how far into the future must 
attention be paid to desired occurrences (this 
period is given by the order window). What is the 
desired frequency of the actions? (This frequency is 
called the controller speed.) Now, each of these 
questions is associated with a parameter. 

All of these parameters are of importance when 
implementing control systems since, for each 
process, they indicate how much information has to 
be processed in unit time. Besides this, the 
parameters are important for the assessment of the 
most suitable, specific - possibly extant - manual 
or automation tools. 

Parameters and tools may give rise to the creation 
of a more detailed model with more layers. In this 
way the amount of information to be processed in 
unit time declines. The need for forecasting is also 
less urgent, and the windows become smaller. By 
contrast, when the frequency slows as a result of a 
limited processing capacity and an increasing amount 
of information per unit time, then the need for 
forecasting increases. 

Implementation means that the model processes and 
interactions have to be realised. There are a few 
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restrictions on the actual implementation of the 
model. Preferenee is always given to the use of 
existing solutions, which may be manual or 
automated. Particular solutions may be available 
which are oriented towards strategies, processes or 
interactions, or life phases. Furthermore, the 
execution of a given action requires a certain 
amount of time, which depends on the capaci ty of the 
solution chosen. It is also possible that actions 
may be slowed down with no adverse effect on the 
functionality of the system. In particular, an 
answer to the acceptability or otherwise of a 
customer's request has to be made available within 
a certain limited timespan. 

The choice between a manual or an automated 
implementation depends on many factors. The most 
important restrictions are the speed and frequency 
with which a system can operate. Both the total 
number of processes and interactions, as well as 
their frequency, are relevant here. Theoretically, 
a lower speed or frequency confers a disadvantage on 
the implementation since, in both cases, time is 
lost by the system's delay in reacting more slowly 
than required, re sul ting in the rej eetion of orders, 
or a requirement for forecast information. In 
practice, this is often the reasen why forecasts are 
required, and yet more forecasts are required if 
required and available time intervals are reduced 
without using a faster implementation of the control 
model. The decision to automate or not therefore 
depends on these parameters, as well as on a eest 
cernparisen between manual and automatic systems. 

A few examples of control system implementations now 
fellow, in the next sections and in Chapter 5. 
Later, in Chapter 6, we shall return to the question 
of manual versus automated operation, and the 
associated tools, as well as to the possible 
consequences of automation for the control system, 
and the effects of the Multi-Layer Control concept 
on automation. 

One implementation of the control model that is 
directed towards a given life phase of a system is 
Operational Discrete Event Simulation (ODES). One 
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can use a simulation operationally as an 
implementation of the control processes in the 
operational phase, which is largely based on the 
programs that are written during the specificatien 
stage. Various details will have to be added in 
order to obtain an operational system. Actual 
process and interaction data will also have to be 
used. The determination of delivery time, order 
acceptance and scheduling is therefore possible in 
a complex control system by using a simulation of 
the various processes. Furthermore, if the delivery 
time required turns out to be too short, simulation 
can be used to determine alternative strategies 
(Crookall, 1985). This implies too that the 
simulation can be used to determine the size of any 
necessary material and product stocks (Sol, 1982; 
Allen, 1986; Faber, 1988). Finally, simulation may 
be used operationally to determine the material 
orders and transformation tasks. In some 
circumstances, the choice of alternative strategies 
is notmade completely automatically, but is guided 
manually (van Hee, 1985). In such cases, the system 
is termed a Decision Support System (DSS) . 

In regard to scheduling in particular, many 
techniques and implementations are known in great 
detail from the literature. Choosing the appropriate 
technique and implementation could be followed by 
simulation to demonstrate its effectiveness. In this 
research the existing scheduling solutions are not 
described any further since, during the 
specificatien of the controllers, the specificatien 
of the scheduling strategy and algorithms could be 
chosen as a separate, sequentia! design activity. 
The techniques mostly can be or are already 
integrated in specific implementations. 

Examples of specific implementations of control 
systems are the Kamban and the MRP systems. The 
Kamban is a manual system, commonly regarded as 
being based on the Post-Order strategy (Kimura, 
Terada, 1981; Shingo, 1981) , and the MRP 
implementation is automated, which is widely viewed 
as being based on the Ante-Order strategy (Orlicky, 
1975; Priems, 1980; Reijniers, de Schepper, 1985; 
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van Dessel, de Wachter, 1987) . These implementations 
will serve as examples in the next sections. 

4.3. Post-Order Factories and Kamhans 

The {Japanese) Kamban system has become very popular 
in Western industrial circles in recent years. It is 
a system to control factories by means of 
circulating cards {the kambans, 'Kamban' is a 
Japanese word meaning 'a card'), and the main 
reasens for its popularity seem to be the desire of 
management for successful control of Post-Order 
systems, accompanied by the seeming simplicity of 
the system. While the Kamban system is at first 
sight a very simple one, offering a rapidly
reacting, flexible, just-in-time system, with no, or 
lew stock levels, it aften gives rise to mysterieus 
errors {Hayes, 1981). The reasen for this will be 
examined below. 

Only a few Western factories are able to operate 
with a Post-Order strategy in a buyers' market. In 
cernparisen with their competitors they are excellent 
in their reaction to the market. In these factories 
all the prodnction and control processes are speeded 
up in order to achieve a maximum in the response to 
the market. All such systems are characterised by a 
very firmly held belief in the benefits of the 
system. The strategy is commonly found in Japanese 
industry, and is frequently associated with the 
Kamban system. 

The most important aspect of production wi th the 
Kamban system is the 'just-in-time' philosophy, 
which implies production only when required, with 
minimum stockholding levels. A very critical 
attitude to the factory's production is necessary: 
reliability of man and machine are critical to 
success. Western industry has become very 
disenchanted with this philosophy in recent times, 
although some positive results have been reported. 
Most projects using the philosophy ran only for a 
relatively short time, and the reasens for the 
failures experienced are not clear, which is 
particularly frustrating for management, gi ven their 
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strong espousal of the system. Mistakes have had a 
strong influence on the belief in the capability of 
management, and on the results of the companies 
concerned (Fox, 1982; Krajewski, King, Ritzman, 
Wong, 1987). 

In our analysis of the Kamban system we make no 
comparison between Japanese and Western modes of 
thought, culture, or management styles, all of which 
have been discussed extensively elsewhere, in an 
effort to determine the reasons for the failure of 
the Kamban system in the West. None of these 
discussions have concentrated on the mysteries of 
the Kamban system in cantrolling production, nor on 
the underlying concepts. The following discussion 
will concentrate on the strategy underlying the 
Kamban system, starting with a brief sketch of its 
history, and then going on to model the system. 

Over many years, Japanese industry was forced 
ruthlessly to eliminate many sourees of waste as a 
result of Japan•s very unfavourable position in the 
industrial market and due to strong international 
competition and a lack of natura! resources. The 
waste may be divided into various classes: 

overproduction; 
underutilisation of the workforce; 
unnecessary transportation; 
faulty production processes; 
overlarge inventory, especially stock levels. 

The reduction of all this waste became a guiding 
philosophy in many Japanese factories, which imposed 
the condition on the workforce that it should 
continually seek to achieve the necessary reduction. 
Since the Japanese worker identifies strongly with 
the company' s goals, such an approach was qui te 
viable. 

Among the companies seeking to eliminate waste was 
the Toyota Car Company. Here i t was the intermedia te 
stocks that seemed to be the root of all evil, and 
so a system was developed in which a product is made 
available at the precise place and time required by 
the consumer. Leading on from this just-in-time 
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idea, it became apparent that a consumer requests 
its supplies from a supplier - the Pull mechanism. 
If no supplies are necessary, the supplier stops 
production, in contrast to the conventional 
(Western) system, in which the machines turn 
whatever the external situation, leading to a high 
machine efficiency. Tl).e Japanese and the Western 
systems, in other words, had quite different 
objectives. 

The main elements in this just-in-time production 
system are: small batch sizes, short set-up times, 
a smooth pattern of consumption, and production only 
in response to orders. In order to facilitate the 
necessary smooth collaboration between producer and 
consumer, Toyota conceived and implemented the 
Kamban production system. 

In order to examine the Kamban system more closely, 
a practical situation will be used. Consider two 
sequentia! production processes, each with its own 
initial finished products inventory (Figure 4.4). 
From now on we define the downstream process as the 
supplier and the upstream process as the consumer. 
If the consumer process requires an order, it 
obtains the necessary semi-finished products from 
the inventory between the supplier and the consumer. 
Each of the units in this inventory corresponds to 
a card, the kamban. A kamban may thus be defined as 
an information carrier. The information on the 
kamban is at least: 

the product type 
the product quantity 
location of the producer 
location of the consumer 

If the consumer process starts to use a unit, the 
kamban is removed and sent back to the supplier 
process (kamban box). From the perspective of the 
consumer process this kamban has the meaning of a 
new order. After production of the unit in the 
required batch size, the supplier process stops, 
until and unless other kamhans arrive. The kamban is 
attached to the unit and together they are sent to 
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a storage location between the supplier process and 
the consurner process. 

Figure 4.4. The Karnban Principle. 

The Karnban systern can be used to control both 
production and transportation, and thus karnhans are 
classified as production and transportation karnhans. 
The transportation karnhans are also used by the 
distribution processes. There is a slight difference 
in the treatrnent of the production and the 
transportation karnhans: the transportation processes 
perforrn a lot of counting operations on the 
eensurners' karnbans, whereas the production processes 
perforrn a breakdown from the product specificatien 
to the required supplies, and check on the supplies 
needed in the opposi te direction. Both types of 
process may work with a combination of the two types 
of kamban, and rnay, in fact, exchange thern. In the 
examples we only use production kambans: the 
exchange rnechanisrn is the sarne. 
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The maximum inventory levels are determined by the 
number of kamhans in circulation, the reaction speed 
of the processes involved, and by the batch size of 
the production or transportation unit. Inventory 
level can therefore be controlled by initialising 
and changing the number of circulating kambans, by 
changing the reaction speed, or by changing the unit 
batch size. 

There are many versions of the Kamban system 
description, the most original being the Toyota one, 
but they all share a lack of initialisation and 
stability checks, and have a limited range of 
application. It is very unsatisfactory to observe 
the strength of the system, and yet not know how to 
use it successfully. Kamhans are mostly used as an 
informal implementation of the basic ideas, and 
possible reasons for failure of the system are not 
easy to deduce. Now, another way to look at the 
Kamban system is to model and formalise it first, 
thus rendering it visible in all its details, and 
allowing inspeetion of the possible sourees of 
error. Such an analysis will be performed using the 
control primitives and concepts that have been 
developed up to now. The way of working within a 
Kamban system leads to the consideration of the 
system in general as a Post-Order factory. The 
material is only ordered and delivered on the basis 
of elient orders, whilst the intermedia te stocks are 
regarded as working stocks. The modelling of the 
Kamban system will therefore be based on a Post
Order factory model. 

First, only a single layer with control processes is 
used in a Post-Order Kamban factory. We assume that 
a number of kamhans are in circulation. In relation 
to a Kamban system, this control layer is 
incorporated in the production process. The 
information on the product is connected wi th the 
material interaction. For modelling purposes, 
however, it is possible to split the interactions. 

Consider once again the production system with two 
processes (Figure 4.5). The transfarmer processes 
are connected to the controller processes by kamban 
interactions. Kamhans have al ternately a transfarmer 
task and a reorder function. 
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OrderController model 

self 
receiveFrom: transfarmer 
then: [ kamban I schedulingBoard add: kamban 
orSend: [ schedulingBoard removeBestChoice ] 
to: transfarmer 

forever 

Transfarmer model 

self 
send: [ product <- productstock 

partThatCustomerWants ) 
to: customer 
then: [ self send: product associatedKamban 

to: orderController ) 
orReceiveFrom: orderController 
then: [ kamban I 

) forever 

material <- self receiveFrom: supplier 
accordingTo: kamban. 

product <- self transform: material 
accordingTo: kamban. 

product connect: kamban. 
productStock add: product ) 

Figure 4.5. The Kamban system Modelled. 
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A few questions remain to be answered. Who owns the 
kambans? Who initiates them? It is clear from the 
model that the process that produces the product or 
the process that consumes it is the owner of the 
kamban. We have to choose one of them. This is a 
point that is aften misunderstood and, as a 
consequence, no-one will take the responsibility of 
adding or removing kamhans from those in 
circulation. Who, then, or what process, takes care 
of the initialisation and corrections? Let us choose 
the process that produces the products. 

Now, the kamhans can circulate perpetually within 
the system, meaning that the system can pass through 
an unl imi ted numher of cycles. But under such 
circumstances there is no chance to adj ust the 
number of kamhans in circulation, and this reveals 
the stumhl ing block in the process: an adj ustment in 
the number of kamhans in circulation by a toa 
many jtoo few cammand is essential if the control 
system is to function at all. The toa manyjtoo few 
cammand has to be viewed with great care: it can 
influence nat only the numher of kamhans in 
circulation, it can also influence the batch size in 
production. The cammand may be found in the result 
of a second control layer and the model will 
therefore be extended by adding a second control 
layer to the existing processes. The second control 
process works wi th i ts own forecast or wi th the 
information available on the wishes of the customer 
and the capabilities of the supplier. In the latter 
case bath actions are called co-manufacturing. The 
commitments to future action of the processes 
prohibi t unexpected circumstances arising. It is 
easy to model this commitment: therefore the 
interactions between the different second-layer 
control processes could be added. One gives the 
wishes and the other gives the possibilities. What 
remains to be determined is the duration of a cycle: 
i.e. the control-windows, -frequency and -speed. 
Figure 4.6 illustrates this. 
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self 
receiveFrom: ordercontroller 
then: [ kamban 1 eliminate: kamban ] 
orsend: [ kamban <- createExtraKamban 
to: orderController 

forever 
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OrderController model 

self 
receiveFrom: transfarmer ar: forecastController 
then: [ kamban 1 schedulingBoard add: kamban 
orSend: [ schedulingBoard removeBestChoice ] 
to: transfarmer 
orSend: [ schedulingBoard 

kambanThatForecastControllerWants 
to: forecastcontroller 

forever 

Transfarmer model 

self 
send: [ product <- productstock 

partThatCustomerWants ] 
to: customer 
then: ( self send: product associatedKamban 

to: orderController ] 
orReceiveFrom: orderController 
then: [ kamban I 
material <- self receiveFrom: supplier 

accordingTo: kamban. 
product <- self transform: material 

accordingTo: kamban. 
product connect: kamban. 
productStock add: product ] 

forever 

Figure 4.6. The Controllers of a Karnban Systern. 
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The interaction between the second and the first 
layer gives the initial quantity of karnhans and the 
batch size. After the process has run for a while, 
it is possible that there rnay be too rnany karnbans, 
or too few, in circulation. In both situations the 
secend control process becornes active. 

Now the philosophy underlying the Karnban systern is 
visible: the karnhans must be continually withdrawn 
frorn circulation, in order to see whether the 
process works better and faster than before: this 
reveals the lirnitations of the process, which can 
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then be eliminated. This, naturally, causes 
production stock sho:ttages which must be eliminated, 
but that is exactly the philosophy: withdrawal of 
the kambans from circulation leads to production 
bottlenecks. The production bottlenecks so revealed 
are resolved, in such a way that the situation does 
not recur. This applies to time intervals, as well 
as to production breakdowns and plant capaci ty. 
Thus, in a Kamban system, the whole system is in a 
process of continual redevelopment, always seeking 
to achieve an ultimate goal. 

The reason for the restrietion to a smooth pattern 
of consumption is now also understandable. Frequent 
action in the second layer is difficult - or even 
impossible - since any action that has to be taken 
is a manual one, and this places a restrietion on 
the Kamban system, in that most such systems can 
only deal with a smoothly running process. This is 
not surprising, since the reaction time is greatly 
dependent on informal agreements between suppliers 
and consumers via organised co-manufactureships. The 
system is incapable of moving any faster in these 
layers, since the agreements cannot be checked in an 
automated system, neither can they be changed and 
checked frequently: human minds and bodies have a 
certain reaction time, and working any faster than 
this inherent human limitation will probably cause 
the workers to have a breakdown. 

Consideration of the Kamban system by means of the 
Multi-Layer Control concept shows clearly that, in 
contrast to commonly-held opinions, the kambans 
contain an element of forecasting product-orders. By 
making corrections in each individual forecast 
process the optimum is continually sought. Further 
discussion of this point will be postponed until 
Ante-Order factories and MRP have been analysed in 
Section 4.4. 

4.4. Ante-Order Factories and MRP 

The majority of all factories have planning and 
forecast systems, based on forecasts of finished 
products of the last step of the factory. In control 
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strategy terms, they are Ante-Order oriented, a fact 
which is based on several common notions (Bedworth, 
Bailey, 1987). One such is the consideration that 
the factory may not be able to serve its customers 
within the required delivery times without forecasts 
and stockpiles. Another is the belief in economie 
batch sizes and in stock building, especially in a 
sellers' market. The factory may also enjoy a 
cernmanding pos i ti on in the market. It was under such 
circumstances that control systems were implemented, 
with the idea that thereby deliveries would be well 
controlled, and would preeeed according to a 
predetermined plan, with efficient use of plant 
capacity, and with a well controlled stock level of 
raw materials, semi-finished products and finished 
products. 

The processing of the forecast information has to be 
repeated for each planning cycle and, in a large 
system, a lot of information has to be processed. 
The possibilities effered by automation were applied 
to such planning activities years ago, and one of 
the resulting systems is the popular MRP (Material 
Requirements and Resources Planning) system. The 
technica! literature impressed managers with the 
necessity of the MRP system, but automation using 
MRP was not uniformly successful. Later on a 
conflict arose between advocates of MRP and Kamban, 
and they were viewed as either-or options (Fox, 
1982; Krajewski, King, Ritzman, Wong, 1987). It was 
unclear under what circumstances an MRP system was 
appropriate, and when it was not suitable. When a 
model of the system is explored using the Multi
Layer Control concept, its rigidity and 
restrictiveness will become apparent. Problems 
associated with the MRP system will be analysed in 
detail below. One of them is the essence of MRP 
itself: what is its central philosophy? What are the 
limitations of MRP - especially the minimum stock 
levels necessary? And how quickly can an MRP system 
react? 

The MRP system had its crigin in the combination and 
automation of several computationally intensive 
elements from various control processes. Based on 
these elements, MRP is built in two parts: MRP-I and 
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MRP-II. In this section only the essentials are 
described; for detailed information we refer the 
reader to the available literature, starting with 
the main workof Orlicky (1975). 

MRP-I (Material Requirements Planning) delivers the 
required raw material orders, using the finished 
product orders as input information. Therefore MRP
I perfarms a recurrent calculation of raw material 
requirements, based on the product structure, which 
is called the BOM (Bill of Materials) and the 
forecasts of the products in the last step of the 
factory. The necessary raw material requirement for 
each product is determined by MRP-I, and therefore 
all cornposi tion information relevant to raw material 
orders is known. MRP-I is run in batch-processing 
mode with a certain frequency, which depends mainly 
on the available computer facilities. Most 
implementations of MRP-I take no account of 
production time or delivery time, since the BOM does 
not contain sufficient information, or else there is 
insufficient computer capacity to deal with this 
problem. 

Forecasts are collected over a period of time, 
dependent on the frequency with which MRP-I is run, 
befare being converted to raw material orders. 
Feedback of the raw material deliveries to the 
system is accomplished the next time that MRP-I is 
run, at which time the difference between the 
forecasts and the actual orders and the actual 
stockpiles are used as starting points for the 
determination of future orders. 

Besides MRP-I, MRP-II {Material Resources Planning) 
is used to calculate and to reserve manufacturing 
capacity. MRP-II places product orders or forecasts 
in a capacity-reserve schedule. For each stage of 
the process the necessary manufacturing capacity is 
reserved and accumulated, according to the product 
structure. This reservation of production capacity 
gives rise to a so-called MPS (Master Production 
Schedule), which serves as .a framework for the 
accupation of the various production processes over 
the capacity window considered. The order in which 
the product orders or the forecasts are processed 
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within the MPS is not usually specified. Figure 4.7. 
shows the general model of the MRP implementation in 
a factory (Browne, Harhen, Shivnan, 1988). 

fo-------'-'N.::...o-< Realistic 
plans? 

capaclty requlrements 
planning 

Figure 4.7. MRP in a Factory. 

In the initia! conception, MRP was used for the 
control of internal orders. Within the context of a 
mass production system, such orders gave the 
impression that MRP was a Post-Order system, and it 
was implemented as such, neglecting the fact that 
the internal orders were mostly based on forecasts 
of customer product orders, and in using forecasts 
of customer product orders MRP is an Ante-Order 
system, and always will be. This misconception arose 
because the forecasts provided by the early MRP 
systems were treated as customer orders: the company 
was fulfilling orders for its own ends. Later on, 
having regard to real market conditions, together 
with the then limited facilities for automation, it 
became necessary to work with real forecast 
inforrnation, based on expected sales and real 
orders. The consequence of this transition from 
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internal orders to real forecast information and 
orders was not foreseen: it gave rise to an even 
slower reacting Ante-Order system comprising 
multiple layers (according to the Multi-Layer 
Control concept). Once this becomes appreciated, it 
may be seen how, once again, a better strategy may 
be implemented. Without such an insig;ht, an 
essential part of whole picture is missing. Befere 
discussing this slow down effect and th~ 
restrictions of MRP, the MRP-controlled factory is 
first modelled in Figure 4.8 as an Ante- and Sert
Order system. Only the MRP-I and MRP-II related 
actions are coded in the methods. 

LongTermController model 

self 
receiveFrom: customer 
if: [ order I self isAcceptableProductOrder: order 
then: ( order I self handleProductOrder: order 
orReceiveFrom: shortTermController 
then: ( result I self handleResult: result 

forever 



BUILDING CONTROL SYSTEMS 

- • w • p • 0 • • • • - M • • - • • • % • • • • • 0 - - -
LongTermController isAcceptableProductOrder: anOrder 

materialOrder <- self 
formulateMaterialOrderFrom: anorder. 

'gives Material Requirements Planning, MRP-I' 

LongTermcontroller handleProductorder: anOrder 
planning claimcapacityFor: anOrder. 
'gives Capacity Requirements Planning, MRP-II' 

ShortTermController model 

self 
receiveFrom: customer 
if: [ order 1 isAcceptableProductOrder: order 
then: [ order 1 handleProductorder: order 
orReceiveFrom: longTermController 
if: [ batch 1 isAcceptableBatch: batch ) 
then: [ batch 1 self handleBatch: batch ) 
orReceiveFrom: transfarmer 

0 

then: [ result 1 self handleTransformResult: result ) 
forever 

Transfarmer model 

'assume material precedes task' 
[ self 

receiveFrom: controller 
then: [ task I handleTask: task ) 
orReceiveFrom: supplier 
then: [ material 1 stock add: material 
forever 

Figure 4.8. MRP Controlled Factory Model. 
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There are many restrictions on the MRP 
implementation. Consider, for instance, the maximum 
reactivity {this is the capability of taking account 
of an order inside a relatively short time 
interval). In an MRP system all of the actionsof 
the same type of all processes are collected and 
executed. Since only a few actions for all processes 
are executed simultaneously, all processes are 
dependent on the external product orders or the 
forecasts. All processes are considered in one 
single computer run, so the possible frequency 
depends on the computer capacity of the MRP system, 
and the number of processes for which it is used. 
such systems are usually run once per month, which 
was considered sufficient for the purposes of 
planning internal orders, for which MRP was 
originally developed. The market, however, required 
more rapid deliveries which thus implied that, given 
the limited frequency of MRP, it was impossible to 
avoid using real, relatively uncertain forecast 
information. Production systems, too, became 
steadily larger, requiring more facilities in the 
MRP system, and a concomitant increase in 
complexi ty. Th is had the unavoidable consequence 
that it became impossible to run the system with a 
higher frequency, and flexibility and reaction time 
suffered as a consequence. This led to a downward 
spiral and to instahilities in the system. 

In fact, limitations in the speed of the automated 
system, coupled with increases in the speed of the 
underlying physical processes, leads to the 
necessity of expanding the windows to a longer 
horizon; in rnadelling terros this means superimposing 
another layer on top of the existing layers, with 
only the uppermost layer being capable of being 
automated by MRP. The lower layers then become 
increasingly difficult to automate, while it is 
precisely there that increasing amounts of data need 
to be processed in ever shorter times. It is the 
lower layers that have the most crying need for 
automation. 

Use of the Multi-Layer Control concept has allowed 
us to demonstrate that the determination of the raw 
material orders and the reservation of manufacturing 
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capacity with the help of MRP-I and MRP-II is valid 
for Post-Order Processing as well as for Ante-Order 
Processing. The only difference is that the product 
forecasts are used as initia! data for the Ante
Order process, whereas the product orders are used 
in the Post-Order process. But by using MRP the 
in i ti al conception of an ideal Post-Order system 
becomes vague, and the system cannot be used for 
orders since the frequency is too low, leading to 
long time intervals and uncertain information. In 
contrast to this effect, most factories nowadays 
need a faster delivery and the related Post-Order 
Processing strategy. In order to be able to work in 
a Post-Order mode, it is impossible to work only 
with forecasts of customer orders and the related 
frequency of an MRP system. Then again this could be 
realised by using a Multi-Layer Control concept. 
Extra layers must therefore be imposed on the 
existing Ante-Order MRP system in order to take care 
of the Post-Order strategy. The MRP system will 
therefore be part of a control system containing one 
or more layers, and then it may be used for both 
Post- and Ante-Order strategies. 

4.5. synthesis of Strategies in Factories 

The Multi-Layer Control concept has been used here 
to study the construction of control systems. The 
systematic application of the control primitives 
gives a clear and unambiguous perspective of a 
control model. It has been shown how the essential 
parameters of the model can be determined, and how 
factories using order accepting strategies as well 
as scheduling strategies can be provided with a 
control system. 

In order to implement a control model it is 
necessary to have suitable material and tools at 
one's disposal, and these seem to be strongly 
dependent on the parameters of the processes and the 
interact i ons. One important cri terion for the choice 
of material and. tools is that they should never 
place a limi tation on the required speed of the 
control system. Two examples have been used to 
illustrate the implementation of a control system. 
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Both examples have their limitations, advantages and 
disadvantages. 

The implementation of the Kamban system is a manual 
one, which rules out the possibilities of high speed 
operation, as well as any form of automated 
implementation. The kamhans are not suitable in 
cases where it is as yet undecided whether to 
automate or not, but it is possible to automate 
after the decision to use the Kamban system has been 
made, since the implementation of the interactions -
the kamban itself - could be replaced by computer
generated information. It is a most appropriate 
methad for the control model described above, since 
the thinking underlying it is also strongly 
comparable with the Process-Interaction Approach. 
Superficially, the traditional view of the Kamban 
system gives the impression of its being a Post
Order system, but analysis by the Multi-Layer 
Control approach reveals that it is in fact a 
combination of Post- and Ante-Order systems. The 
snag is that attention is directed to the visible 
part of the process (the kamban itself) while the 
invisible part (the processes) has to be executed by 
the human bra in; here the number of kamhans is 
controlled. At that point the system depends for its 
eperation on the attitudes and the capabilities of 
the werkforce or - in the case of an automated 
version - of the correct process formalisation. 

MRP is only sui table for a few act i ons wi thin a 
static production system and is often cursed with 
far too low a characteristic frequency. Basically, 
MRP started by being considered as an Ante-Order 
system, with the coupling back of actual forecast 
information frequently occurring manually, to the 
consequent detriment of the system, and the 
frustration of all - customer and manager - who want 
orders output with maximum speed. If the Post-Order 
or scheduling strategy is required in some parts of 
the system, this is usually impossible to implement, 
since the MRP is restricted by i ts use of the 
sequentia! approach as a frame of reference. This 
approach destrays the flexibility of the system when 
complexity, details, and reaction time are 
important. The frequency of action of an MRP system 
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is dependent on computer capacity. Besides, the 
implementation is not readily coupled with a manual 
approach. 

It is commonly supposed that the Kamban system is a 
Post-Order system, whereas MRP is an Ante-Order one. 
But close inspeetion of both systems has revealed 
that they possess the characteristics of both Post
Order as well as Ante-Order systems, possibly 
combined wi th a Sort-Order strategy. The difference 
is that the Kamban system is at its strongest in the 
lowest (Post-Order) layer, whereas MRP shows its 
greatest strength in the topmost (Ante-Order) layer. 
A combination of ideas from both implementations 
would seem to offer the best chance of providing a 
solution for a modern factory with a synthesis of 
Post-, Ante- and Sort-Order strategies. 

At the end of this chapter, i t has become clear that 
the building of a control system cammences with the 
specification of the design, in which the primitives 
of the Multi-Layer Control concept take centre 
stage. In many cases the parameters will only become 
determined during verification by means of 
simulation. The form of the implementation is 
strongly dependent on the model and the parameters. 
But never use the opposite sequence of steps in 
building a control system: the analysis of the 
Kamban and MRP system showed the rigid restrictions 
and possible confusion in using implementation 
solutions before modelling and parametrisation. The 
following chapter will present a description of the 
development and implementation of a Mul ti-Layer 
Control system in the form of a case study. The 
results of this chapter and of the case study will 
be used to further discuss existing solutions in a 
Multi-Layer Controlled factory, and to explain the 
current lacuna in the automation of factory control 
systems. 
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The Bicycle Tyre Factory 

The previous chapters have been devoted to the 
development and the explanation of the Multi-Layer 
Control concept to control modelling and the reader 
has been shown how this concept can be applied and 
implemented in various si tuations, starting wi th 
simple roodels and progressing towards a theoretica! 
analysis of more complex and practically interesting 
examples. The time has now come to emphasise the 
practical nature of the Process-Interaction Approach 
and Multi-Layer Control concept by illustrating its 
application to a real situation. 

In this chapter, therefore, the modelling and 
implementation of an automated control system in the 
Vredestein Rubber Cernpany's Doetinchem plant, where 
bicycle tyres are produced, will be presented. The 
written commentary will reflect the approach 
actually adopted, rather than a theoretically more 
logical exposition, and the reasens for the 
decisions taken, as well as the practical nature of 
the experience built up will be given. In order to 
render this account more readable and compact, 
essential parts of code will be used to illustrate 
the control models. 

The chapter cernmences with a brief description of 
the Vredestein Rubber Company, followed by the 
reasens for and the history behind this research 
project. After that, the details of bicycle tyre 
production are given, so far as these are necessary 
for and understanding of the automation of the 
control process. The effects of automation on the 
organisation, and on the demand for further control 
automation are presented. There follows a review of 
the parts of the case study and the corresponding 
sections. Finally, the control of the so-called 
calender process serves as a full illustration of 
the Multi-Layer Control concept. 

The approach adopted in constructing the control 
model is described in each section, including the 
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different steps taken, and the consequences of each 
step. The tools applied and the experience gained at 
each stage are recorded, as well as the 
difficulties, restrictions, results and conclusions. 

The Dual- and Multi-Port transformers, the Post-, 
Ante- and Sort-Order strategies, and therefore the 
Multi-Layer Control concept have been placed in a 
practical context by performing this case study. The 
final model as it has been implemented has some 
noteworthy general resul ts and benefits, and Chapter 
6 will be devoted to a discussion of these, as well 
as desirable future extensions of the work in such 
areas as order acceptance and simulation systems. 

5.1. The Vredestein Rubber Company 

The Vredestein Rubber Company uses rubber technology 
and produces rubber goods for both consumer and 
industrial markets. The product range is wide, 
ranging from very large products such as fenders for 
shipping to smaller items such as passenger vehicle 
and bicycle tyres and small automobile components. 
Production is mainly concentrated in the plants in 
Holland. The sales organisation is active throughout 
Europe. 

The company was founded in 1919 and the company's 
success has given it a presence, by means of 
takeovers, in related industries. In the 1970s, 
however, the general economie recession caused the 
company to reconsider its position and, in some 
ways, to reverse its previous policies. Recovery of 
the company's market position had to occur by means 
of automation. After substantial investment, this 
policy has started to show its benefits. One of the 
milestones along this path was the re-listing of the 
company's shares on the Amsterdam stock market in 
1987. At the time of writing the Vredestein company 
has about 3000 employees, and a turnover of 600 
million Dutch guilders a year. 

The focus of the present work is on the company's 
production section which is divided into three 
product divisions (B.V.s- companies), see Figure 
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5.1. The Banden B.V. produces passenger car tyres 
and is located in Enschede. PL Autornotive B.V. in 
Kerkrade produces hydrodynarnic seals that are rnainly 
used in automot i ve appl ications. In contrast to 
these two cornpanies, Icopro B.V. (Industrial and 
Consurner Production) is more diffuse, being spread 
over several production plants, and producing a 
range of products. The case study was devoted to the 
Icopro B.V., so this di vision is presented in 
detail. 

BANDEN 

VREDESTEIN 

Figure 5.1. The Vredestein Organisation. 

The Raalte plant produces boots, concentrating on 
special boots of lightweight polyurethane rnaterial. 
They also specialise in safety boots having steel 
reinforcernent, and yachting boots. 

The plant 
lines: a 

in Maastricht has 
modern recycling 

several 
plant 

production 
reprocesses 
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vulcanised rubber; the foam production plant 
produces mainly latex foams; and the moulding 
department concentrates on the automated moulding of 
small rubber articles. The recycling plant has 
recently been redesigned and automated at a cost of 
about 20 million Dutch guilders. 

Industrial products, particularly the large ones, 
are produced at Renkum. Here the products range from 
tank tracks and wheels to shipping fenders and 
dredging equipment. The central compounding 
department of the Icopro division is also located 
here, producing all the different compound rubbers 
for the various Icopro production lines. The 
location of this plant on the same site as the large 
industrial products division is a logica! 
consequence of the campany's logistics. 

The plant at Doetinchem manufactures bicycle tyres 
and inner tubes. This study will concentrate on the 
Doetinchem plant since it is here that the factory 
has been automated and it is from a consideration of 
this plant that the case study derives. Throughout 
the Vredestein organisation, all automation is 
coordinated, designed, and partly implemented by the 
Research and Development Department. Th is study 
forms part of the work carried out by the R&D 
Department. 

Before going into detail on the automation and the 
control system, it will be necessary to briefly 
reeall the history of the plant at Doetinchem, its 
development and its future expectations, as well as 
to sketch out what a tyre is, and how i t is 
produced, in order to place the discussion of the 
control system into its proper context. 

5.2. The Doetinchem Factory 

Vredestein at Doetinchem produces annually about 10 
million bicycle tyres in about 250 different 
designs. A bicycle tyre is built up of several 
components: the tread, the sidewalls, the canvas, 
and the beads. A reflective tape is an optional 
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component. The construction of a tyre is depicted 
schematically in Figure 5.2. 

Figure 5.2. Section of a Tyre Showing the Various 
Components. 

The tread and the sidewalls of the tyre together 
form a unit that is often termed the mantle of the 
tyre. Canvas is made of nylon thread bonded by a 
quantity of rubber, and it gives the finished 
product its qualities of strength. 

The components described above are combined into a 
bicycle tyre in a number of production stages, which 
will be described below, starting with the 
components machinery. Thereafter the stages in the 
production line and the forwarding department will 
be analysedas individual processes. In this context 
the sales, the warehouse and distribution activities 
are incorporated in the forewarding department. The 
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overall model of the bicycle tyre factory is 
depicted in Figure 5.3. 

Figure 5.3. The Bicycle Tyre Factory Modelled. 

In the component mixer, the first production process 
of the component machinery, the necessary chemieals, 
in the right quantities, are mixed tagether under 
the correct conditions to produce the required 
rubber compound. There are about a hundred types of 
chemieals, and about twenty compound types. Two 
important ingredients are polymerie materials and 
sulphur which tagether give the rubber its specific 
properties during the vulcanisation process. The 
polymerie material is supplied as a master batch by 
the Vredestein plant in Renkum. The compounds are 
made for both the canvas and the mantle departments. 

In the canvas department nylon fibres are embedded 
in a rubber composition using a calendering machine 
to ferm a canvas strip. The strips are then coiled 
up into rolls. There are about eighty canvas types. 
The properties of the canvas are determined by the 
number of threads per unit width, the type and 
colour of the rubber, and the width of the canvas 
strip. 
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The production of the mantle also uses a calendering 
machine on which a rubber composition is processed 
into strips of the required width and thickness, 
whereafter the rubber is spooled into rolls, just 
like the canvas. The calendering of a mantle is a 
process by which a combination of tread and 
sidewalls is made from rubber compounds. It is 
essential that the mantle strip has the correct 
tread pattern and the correct width. The process is 
operated by feeding the rubber between rollers. The 
product can be of a single colour or it can be two
toned, depending on the difference between tread and 
sidewall rubber. The product specificatien is 
determined by the type of rubber(s) used and the 
pattern and width of the mantle strip. There are 
about a eighty mantle types and the production is 
spread over three mantle-calendering machines. 

The production processes of the components machinery 
department are modelled in detail Figure 5.4, in 
which both the Dual-Port and the Multi-Port 
structures are applied. 

Figure 5.4. Component Machinery Model. 
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The goal of the processes shown in Figure 5.4 could 
be determined by transformation tasks. At the start 
of each process the transformation task gives the 
command to produce the amount ordered of a specified 
type of product within a certain period. 

The first process of the tyre production line 
involves the combination of two beads (the 
reinforeed rims of the tyre), the canvas and the 
mantle in a winding machine to give a so-called 
green tyre: the green tyre is the intermedia te 
product in which all the components are brought 
together in a non-vulcanised condition. A reflecti ve 
tape may also be attached at this stage. Both 
beading and tape are bought-in components. There are 
roughly 130 green tyre types, and 25 winding 
machines. Each specific type of green tyre has its 
own combination of beading, canvas, and mantle. 

The final production process takes place in a press, 
where the chemical reaction that vulcanises the 
rubber occurs at high temperature and pressure. 
There are about 250 bicycle tyre types, and 120 
presses. Tread patterns and manufacturer's name are 
formed by pressing the rubber into female moulds 
during the moulding press. 

In summary, the production system is divided into a 
number of manufacturing steps: the component mixer, 
the mantle and the canvas calenders, winding, and 
vulcanisation. The interactions are: chemicals, 
compound, nylon, canvas, beads, green tyre, and 
bicycle tyre. 

For practical reasons, the production system of the 
bicycle tyre factory at Doetichem was divided into 
three phases. In the first phase, separate 
components - compounds, beading, and canvas - were 
produced. In the second phase the bead and the 
canvas were combined with the mantle and tape on a 
winding machine. In the third phase the green tyre 
was subjected to a vulcanisation process in a press 
in order to form the bicycle tyre. 

In 1979 automation was first introduced into this 
plant in order to achieve a drastic reduction in 
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cost, mainly in the labour sector. This was 
necessary because of the intense competition from 
East Asian countries. Vredestein's market position 
was becoming rapidly eroded. At the time of the 
commencement of Vredestein's investment in 
automation, there were 400 workers employed on the 
manufacture of bicycle tyres, there were 250 current 
types of tyre being manufactured in a plant 
comprising 100 presses, 25 winding machines, 3 
mantle calenders, 1 canvas calender, and 1 mixer. 
Tyres were supplied to 120 customers (cycle 
manufacturers and tyre wholesalers) with an average 
supply time of 2 days. There was an average stock of 
1 million tyres. 

The question arose as to which of the three phases 
to automate first. The second phase (the winding 
process) was the most interesting since it was the 
most labour intensive, and the management decided to 
attack this problem. A second, and directly related 
question, was: how could the many different product 
types be produced rapidly, and at low cost? Machines 
and their control systems had to be developed that 
could combine a wide range of supplied materials, 
and that could adapt to changes in those materials. 
Along the same lines, an automated system had to be 
developed for the transport of green tyres. In the 
next section this transport question will be used as 
a starting point to describe the history of this 
case study. 

5.3. The Green Tyre Transport System 

Research into the control of bicycle tyre production 
started at Vredestein with a computer simulation of 
a transport system for green tyres. The study had 
i ts origin in the autumn of 1980, when Professor Ir. 
C. o. Jonkers of the School of Mechanica! 
Engineering, Department of the Technology of 
Internal Transport, Twente University at Enschede, 
was approached by Ir. D.C. Boshuisen, manager of the 
Research and Development Department of Vredestein, 
with the request that he act as a consultant on the 
automation of the internal distribution of bicycle 
tyres. The intention was to design and develop a 
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'power-and-free' system for the transport of the 
green tyres. In particular the size and the control 
of the buffer stocks had to be determined. It was 
foreseen that there would be some complex 
relationships between the various parameters, such 
as between the buffer size and the number of 
different types of green tyre, the amount of raw 
material charged per batch, and the process speed. 

The design problern was attacked by rnadelling the 
system, followed by translating the model into 
algorithms, and then by sirnulation studies. The 
system is described in (Arentsen, 1981) . Here 
fellows a brief recapitulation of this research, in 
so far as it is relevant to the current discussion. 

The Process-Interaction Approach was used for the 
modelling. The transport of the green tyres can be 
considered as an individual production step by which 
the green tyres are stared as well as distributed to 
the various users. 

The first phase of the rnadelling process was the 
division of the production system into units. The 
number of winding and vulcanisation processes was 
large in camparisen to the number of component 
processes, and so the whole production system was 
split just befare the winding process, with the 
winding machines, transporters and vulcanisation 
presses being grouped into production lines. A 
production line thus became a group of twenty-five 
vulcanisation presses, one green tyre transportation 
process, and five winding machines. Each production 
line has its own product mix, its own staff, and its 
own machinery. 

The product mix was deterrnined by a careful analysis 
of the products, having regard to the variatien in 
the components in the green tyres and the turnover. 
The main concern was to limit the number of 
different types, the flow and the starage of semi
finished products, the green tyres. A subsidiary 
consideration was the possibility that a limited 
part of the output of the production line group 
could overflow to another production line, should a 
sudden increase in turnover be necessary. 



THE BICYCLE TYRE FACTORY 125 

The analysis could now be limited to a consideration 
of one production line, and the choice fell on the 
line with the least complex product mix. In this 
case, the product mix comprised 37 types of tyre, 10 
types of green tyre, and 22 semi-finished products 
(10 mantles, 10 canvases, 2 beads), together 
representing a yearly production of about 2.5 
million bicycle tyres. 

In order to investigate the organisation of the 
green tyre transport system, the winding machines, 
the green tyre transporters, the vulcanisers, and 
the corresponding control processes were 
incorporated in the model, as is shown in Figure 
5.5. 

VulcanisatorController model 

order <- self receiveFrom: customer. 
greentyreorder <- self translateFrom: order. 
self send greentyreOrder to: supplier. 
task < - self translateFrom: order. 
self send: task to: transfarmer 
forever 
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TransportController model 

order<- self receiveFrorn: customers '25 vulc.s'. 
greentyreOrder <- self translateFrorn: order. 
self send greentyreOrder to: supplier 1 5 winding rn.s'. 
task <- self translateFrom: order. 
self send: task to: transfarmer 
forever 

WindingMachineController model 

order <- self receiveFrorn: custorner. 
componentserder <- self translateFrorn: order. 
self send componentOrder to: supplier. 
task <- self translateFrorn: order. 
self send: task to: transfarmer 
forever 

Vulcanisator model 

task <- self receiveFrom: controller. 
greentyre <- self 

receiveFrom: supplier accordingTo: task. 
bicycleTyre <- self transformFrom: greentyre. 
self send: bicycleTyre to: custorner. 
forever. 

Transporter model 

task <- self receiveFrorn: controller. 
greentyre <- self 

receiveFrorn: supplier accordingTo: task. 
self send: greentyre to: customer. 
'update stockpile information' 
forever 

WindingMachine model 

task <- self receiveFrorn: controller. 
cornponents(mantle, canvas, beads, tape) <- self 

receiveFrorn: suppliers accordingTo: task. 
greenTyre <- self transformFrorn: cornponents. 
self send: greenTyre to: custorner. 
forever. 

Figure 5.5. Production Line with Green Tyre 
Transport. 
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The model was simulated with the help of the 
discrete event simulation package Sole (Rooda, 1980) 
written in Simula-67 (Dahl, Myhrhaug, Nygaard, 
1970), and run on the DEC-10 computer at Twente 
University of Technology. The main modification in 
the model was the introduetion of a 1 press manager 1 , 

which reduced considerably the computer time 
necessary for a simulation run. Now the presses were 
considered as a single process. This was possible, 
since the transferm time interval of the 
vulcanisation process is virtually identical for 
each press, and the set-up time may be considered as 
a multiple of the transferm time interval. 

The simulation gave an answer to the original 
question and an insight into the si ze and complex i ty 
of the system in an unexpectedly short time. The 
size of the buffer stock never exceeded 1500 green 
tyres, and the ordering mechanism of green tyres 
turned out to be simple (Arentsen, 1981) . The green 
tyre transport system has been the subject of 
several investigations since that time. Boot (1982) 
and Overvliet (1983) have used the system as a case 
study in their work on the design and simulation of 
machine control. Toet (1985) worked out the machine 
control of the final transport system in detail, and 
Rossingh and Seinhorst (1989) implemented it. 

It appeared, from the work done on the green tyre 
transport system, that determination of material 
quantities within the system was not useful, since 
they were influenced by too many considerations. 
Therefore, after a simulation of the green tyre 
transport system, a discussion of the considerations 
and conditions necessary for automating such a 
system was initiated. Out of this discussion came a 
consideration of the conneetion between the 
transport system and its environment, including the 
way the tyres were made, the customer orders, and 
the product stocks. Up to that time these matters 
had been considered separately for each part of the 
system, and it was thus important to discover how 
the various component parts functioned in relation 
to the production system as a whole. 
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5.4. Simulation and Order Processing 

One of the many unanswered questions resulting from 
the discussion of the considerations and conditions 
necessary for automating the bicycle tyre factory 
was that concerning the influence of a change of 
order information on the vulcanisation process and 
the rest of the line, i.e. on the production system. 
This was a matter which the torwarding department 
could shed light on. Other matters, such as the 
influence of torwarding time on the order acceptance 
strategy and stock levels, also needed to be 
investigated. 

In order to answer such questions, the factory was 
first modelled in greater detail. The model as it 
stood described the bicycle tyre production process, 
comprising the green tyre transport and 
vulcanisation process, with the associated control 
processes. It was now necessary to add the 
torwarding process, its controller and the customer 
orders, in order to model the complete system, from 
production line to customer. 

The purpose of the torwarding process is the storage 
and colleetien of tyres of the right type and in the 
correct amount. Th is is a genuine transport process, 
since no matter is transformed by it. The torwarding 
process actually is split into two sub-processes, 
national and international departments, the main 
difference being price action: a price label is 
attached to national deliveries. The extensions to 
the existing model are depicted in Figure 5.6. 



THE BICYCLE TYRE FACTORY 

ForwarderController 

customerOrders <- self acceptFrom: customers. 
vulcanisationOrders <- self 

translateFrom: customerOrders. 
self send: vulcanisationOrders to: supplier. 
forwardingTasks <- self translateFrom: customerorders. 
self send: forwardingTasks to: transformer. 
'determine stockLevel and outOfStock' 
forever 

Porwarder model 

task <- self receiveFrom: controller. 'transport the 
type and amount as described in the task' 
bicycleTyre <- self 

129 

receiveFrom: supplier accordingTo: task. 
self send: bicycleTyre to: customer. 
'update stockpile information' 
forever 

Figure 5.6. Bicycle Tyre Porwarding Department. 
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The simulation programs were extended in order 
todetermine how the production planning could be 
determined from the sales demand, and what 
consequences that might have for the stock levels in 
the warehouse. In particular, the simulation was 
used to investigate the various different control 
processes, the emphasis being on the assumptions 
underlying the production. 

At that time, production of cycle tyres was based on 
monthly forecasts, with the product demand being 
passed to the vulcaniser order administration every 
week. Simulation showed, however, that it was 
possible to produce the tyres on the basis of a 
Post-Order strategy wi th the daily order information 
and, most importantly, that the assumptions on which 
production was based had major economie impacts. 
Production on a Post-Order basis would lead to major 
savings over a forecast-based production system. The 
simulation runs were based on a model of all the 
production lines, using as input actual orders that 
had been recorded every day for six months. As an 
indication, it was shown that it would be possible 
to reduce stock levels to 20% of the then current 
leveland that this alone would release 7.5 million 
guilders. 

Having shown that production on a Post-Order 
strategy basis would be much less expensive, the 
advice was given that production should commence on 
that basis, and that the necessary control system 
should be built. The system had to satisfy a number 
of cri ter ia. The sales management would have to 
attend to any possible changes in delivery time (in 
fact, an extension of the delivery period from two 
to five days). From the production line's point of 
view, the most important criterion was that the 
actual control system would have to be based on the 
concept and model that had already been obtained as 
a result of the simulation study. The system would 
also have to be capable of expansion to take account 
of suppliers and customers, and above all, the 
system had to interface with the accounts office and 
with the control of the machines. In this way an 
integrated system for the control of cycle tyre 
production would be created. Finally, the system had 
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to produce, process, and feed back information for 
each 24-hour period, for the intended Post-Order 
production system. 

As stated, the change of delivery time meant that 
the then current delivery time of 2 days would have 
to be extended to 5 days. The sales management did 
not view this change favourably, since they felt 
that it lowered the quality of service. An 
addi tional disadvantage was that an extension of the 
delivery time did not fit in with their sales 
strategy. It was to take a long time befere this 
situation was changed or alternatives were 
constructed. 

The feedback and processing of actual production 
figures per 24 hours was readily achieved, as was 
the production of a real, up to date report of 
orders to the production line. 

5.5. Production Line Control Implementation 

After simulation of the bicycle tyre production and 
forwarding, a start was made on the implementation 
of the production line control structure that had 
been developed for production on a Post-Order 
strategy basis. The most important goal of the 
system was that it had to be capable of updating the 
production instructions every 24 hours on the basis 
of order information. In view of the interactions in 
the control structure, actual production figures had 
to be fed back into the system at least once every 
24 hours. 

In order to build the production line control 
system, some restrictions had to be imposed. The 
control system was to concentrate on production line 
organisation, even in the absence of automated 
machinery and the required changes in del i very time. 
Tyres were to be produced in the conventional way, 
even though the control system was to be (partially) 
automated. The conventional way of producing tyres 
involves a crew of 10 men for each 8-hour shift: 
each crew cernprises 1 foreman, 1 mould changer, 2 
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vulcanising operators, 1 quality controller, 4 
winder operators, and a supply man. 

While, from the Post-Order viewpoint, the control 
system would have a 24-hour capaci ty window and 
cycle time, the responsibility of the foreman for 
each shift led to an 8-hour capaci ty window and 
cycle. From this point of view each shift was to be 
supplied with its own figures relating to the number 
of tyres produced, the cost in man-hours, the 
production efficiency, etc. 

The system was built on the basis of the day plan 
that existed in the conventional planning system. 
The control system was modelled, on the basis of the 
production line processes developed as described in 
the previous section, as a single layer control 
model in view of the requirement for processing. The 
description of the control process was extended from 
this point by splitting it into two sub-processes: 
one process handles the orders in the 24-hour 
window, and the other takes care of the 8-hour 
window. The two processes serve to separate the 
order information for these different windows, and 
they run in parallel. Figure 5.7 shows the resulting 
model of the production line control system. When 
the production line control system was actually 
implemented in 1983, in fact only the control 
processes of the vulcanising process were partly 
automated, the other processes remaining under 
manual control. The dimensions of the production 
lines were implicitly chosen in consideration of 
this trivial, self-limiting function. 
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TyreProductionLine model 

Figure 5.7. Production Line, including Day and Shift 
Controllers. 

Implementing the model is not as easy as simulating 
it. Particularly when one is dealing with a mixture 
of partly automated processes and partly manual 
ones, it is difficult to choose which parts of the 
control system to automate. Another issue arose at 
Vredestein, since the company had had several 
disappointing experiences with consulting firms at 
different plants in the organisation, which lead to 
a very sceptical attitude towards control 
automation. Another problem is the choice of 
suitable tools, both software and hardware . In the 
case under study, all programs were written by the 
author in Modular Pascal (Bron, 1982; Bron, 
Dijkstra, 1987) running under the MUPOS eperating 
system (Rossingh, 1984), on PDP-11 computers. These 
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tools link up perfectly with the Process-Interaction 
Approach. Therefore these tools created the 
possibility of translating the roodels into an 
excellent, readable code and an open, logical 
architecture. 

Process and interaction data have to be saved and 
restored each time the programs are run. This 
facility was provided by use of a File Cabinet 
(Bron, Rooda, Rossingh, 1984), and the corresponding 
utility package (Boot, 1984), also written in 
Modular Pascal, to support the basic file transfer 
operations. The user interface was provided with a 
bar menu utility, and an Input-output utility. 

· Further descriptions of this program suite will be 
found in Lievestro (1984). 

Conventional planning information was added to 
complete the information in the control system. We 
mention here the results of the monthly forecast 
planning, which was used now as input information in 
the new production line control system. The storage 
and update of this information, including several 
translations of this information to different 
reports, was incorporated in the system. For the 
sake of completeness, certain invariant items of 
information, such as product and component 
specifications, were also necessary. such 
information remained very local and was thus clear 
and easy to maintain. 

After implementation of parts of the control system 
i t was found that timely provision of requested 
information was possible. No paper was needed, and 
a relatively high frequency was attained. Current 
information became available at shop-floor level. 
The main items of interest that were provided at 
shop-floor level were: the most recent order 
information, product and component specifications, 
and a synopsis of all production results obtained 
over the previous 24 hours. 

The report of the total production results became 
available in a very short time. Directly after the 
closure of each shift the results were available for 
consultation, even by the production line foreman. 
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Production management information for the previous 
24 hours was available 2 hours after the close of 
each 24-hour cycle. When the choice was made to 
operate on an 8-hour cycle, and the responsibility 
for eperating the system was passed on to the crew 
foremen, the system performed the function of 
centrolling the conventional method of tyre 
manufacture. The computed efficiency figures showed 
that efficiency rose by 40% in 1 ~ years. 
Furthermore, the software/hardware configuration 
chosen showed great flexibility in regard to the 
addition and change of parts of the system. The 
tools were indeed perfectly suited to the modelling 
technique used. 

Construction of the production line control system, 
plus the resul ts obtained, demonstrated a very 
important point: that the Multi-Layer Control 
concept worked perfectly, especially in keeping the 
various functions separated. It would appear that 
this would be the strategy of choice in the next 
phase. Furthermore, it was shown that a 24-hour, and 
even an 8-hour response time was perfectly possible. 
Des pi te the conventional machinery, the control 
system was highly automated, and the shop-floor 
staff gained experience in working with terminals 
and automated systems. Indeed, many of the 
suggestions made and questions asked by the shop
floer personnel, as well as the support of Mr. 
J.v.d. Horst (production manager) and Mr. E. Hissink 
(computer department) were very helpful in the 
construction of the system. 

After completion of the production line control 
system in the summer of 1983, we went on to automate 
other control systems in other plants and production 
lines within the Vredestein Group, using the 
experience gained at Doetinchem (Arentsen, Rooda, 
1982; Rooda, Arentsen, 1983). Also, many problems 
were left unresolved after the automation of the 
production line control system at Doetinchem, among 
which the most pressing was: how do we gain control 
of the component side of the plant, between the 
external suppliers and the production lines? This is 
the subject of the next section. 
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5.6. The Mantle Calender Control System 

Automation of the tyre production line control 
system resulted in an increasing amount of work in 
centrolling the mantle calendering production system 
by hand. A natura! extension of the work was 
therefore the automation of this part of the plant 
control system to ensure that the right amount of 
mantle types is present just in time to supply the 
four tyre production lines, of course without 
superfluous stock and without out of stock 
situations. The werk is presented here as a further 
demonstratien of the Multi-Layer Control concept. 

The tyre production line control system imposed on 
the supply units a requirement that they re-schedule 
frequently. Adding and changing supply orders daily 
instead of the weekly frequency used hitherto, 
caused a lot of werk. Rescheduling, stock build up, 
and na-sale (out of stock) responses were the 
resul t. The manual system could not cape wi th a 
daily update frequency. An additional reasen for the 
automation of this sectien of the plant was that the 
local foremen and operatives were interested in 
having their own computer-assisted control system. 

The underlying idea was the construction of a 
control system that would give the different 
production sections responsibility for their 
ordering and production. In fact, the production 
line as a department was responsible for originating 
the correct supply orders, and the supply department 
was responsible for just-in-time delivery. In 
contrast to the tyre production line control system, 
we decided to start by automating the most difficult 
part of the supply system. The benefits seemed to be 
greatest, and we were confident of our success. We 
would start by automating the mantle control system. 

A few initia! assumptions had to be made, partly for 
reasens of practical expediency. One such was the 
independenee of the mixing and the calendering 
processes. It was also assumed that their were no 
human capacity restrictions. 
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The system had first to be modelled. The mantle 
calendering process supplies four production lines, 
and the process has to supply many types of product 
in order to fulfill the requirements of the four 
lines. As has been demonstrated in Chapter 3, this 
is a situation which presents no difficulty when the 
make and buy ratios are the same. The ratios are 
related to the available time intervals of the 
orders and the minimum reaction time, determined by 
the required time interval of the production 
process. This minimum reaction time, in turn, 
depends on the machine capacity of the production 
process, the total required capacity, the supplies, 
and the set-up time. In the case under 
consideration, the constraints are the capacity and 
the set-up times of the mantle calender that result 
in a Sort-Order Processing control system, with a 
24-hour capacity window and cycle time. This 
situation is comparable to that of a consumer who 
has to have a sufficient quantity of a given product 
type so that he can keep his process running until 
the next delivery of the same product. Orders are 
therefore needed some time ahead of the actual 
consumption, and a stock is built up. 

The frequency of action depends on the capabilities 
of the mantle production process. If the production 
process can make products only once a day it is not 
effective to have a higher frequency of mantle 
orders. Therefore, for the time being, we can state 
that the production line control processes have to 
issue their orders 24 hours ahead of time. And it 
was at this point that the difficulties began. We 
had not only to consider the mantle unit, but also 
part of the production line control system. The 
capacity window and cycle time of the mantle 
production process was 24 hours, so the long-term 
control layer with a 24-hour capacity window and 
cycle time of the production line control model had 
to be extended. 

Before we go into detail on the production line 
control model extensions, the mantle department 
control layer is presented formally. Assume that the 
mantle control process is capable of issuing orders 
24 hours ahead of time, because the green tyre 
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production control process issues orders for the 
following 24 hours. This is not enough information 
on which to preset the stock quant i ties needed, 
though, and this complicates the control system. If 
the information is not available from orders, then 
the additional necessary information will have to be 
obtained from an Ante-Order strategy of the mantle 
control process. In order to determine stock levels, 
the forecast figures have to be available 24 hours 
in advance. This forecast has to be adjusted to take 
account of fluctuations in order flow. This means 
that the target has to be controlled, and a Multi
Layer Control model arises natorally from these 
considerations: layer 1 requires layer 2 to 
determine and adjust the forecast. In other words: 
in order to create the forecasts for the shortterm 
control process and to control the results, a long
term control process has to be added to the existing 
control process. By so doing, the calender control 
process in the short-term control layer can generate 
the mantle transformation tasks from the production 
line orders and the forecast figures. When the 
forecast is met, the deliveries of the correct 
amounts should be just-in-time, and at the right 
place. 

Figure 5. 8 shows the model of the Mul ti-Layer mantle 
calender control system. 
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MantleCalender model 

Figure 5.8. Multi-Layer Mantle Calender Control. 

The long-term control process has to determine the 
forecast figures. On this level it is necessary to 
use orders that have a langer capacity window than 
on the lower, shortterm level. In fact, it is a 
general rule that the longterm controller has to 
take account of the inaccessibility of the orders 
inside of the capaci ty window of the underlying 
shortterm controller. Thus the orders from the green 
tyre control process to the long-term controller in 
this model have to reach at least a corresponding 
24-hour horizon. Now, the orders to the 
vulcanisation process are given once per week, and 
so these orders were used. The vulcanisation orders 
were converted via the winding process, and then 
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again converted to mantle orders, thus producing an 
average required amount for every 24 hour cycle. 

As a result a weekly cycle was chosen for the long
term controller, with the creation of new target 
figures every week. For practical reasens, the long
term controller cycle starts 3 days in ' advance of 
production ( 2 days being the minimum) , and the 
short-term controller is active once every 24 hours, 
as has been stated above, and is started 1 day in 
advance of production. 

The forecasts of the mantle calender control process 
together with the scheduling strategy result in 
initial and end stock levels of a given cycle. With 
this information available the process can create an 
initial stock level of each type of mantle, 
sufficient for the process to survive until the next 
delivery. Now, this implies that, for this process, 
the daily transformation tasks are based on direct 
needs, but also on initial and final stock levels. 
The resulting end-of-shift stock level thus has to 
be incorporated in the transformation tasks. 

The size of the initial and the final materials 
stocks now depend on the average 24-hour orders, the 
process sequence, and the update frequency. They are 
best determined weekly in the long-term layer by 
simulating the mantle production: collect the 
orders; arrange them in a logical order; start 
production simulation without any stocks, and see 
what would be needed, by calculating the shortage of 
different types of mantle at the relevant production 
start-up time. This elegant way of determining the 
initial stock levels is very easy to visualise and 
to implement. 

If no alteratien has been made to the order quantity 
and production proceeds according to plan, then the 
final stock level at the end of a daily cycle will 
be the same as the initial stock level. But the 
initial stock levels are checked by counting the 

. stock every 24 hours, just befere werk on the new 
plan commences. In theory, the initial stock level 
should be the same as the final stock level of the 
previous session. That this is not the case may be 



THE BICYCLE TYRE FACTORY 141 

due to a variety of reasons: too much green tyre 
scrap, malfunctions in the production line 
equipment, or delivery of out-of-spec mantles. For 
this reason, stock is held as long as possible in 
the mantle calender department, and is not 
distributed to the production lines until the last 
moment. In fact, after receiving the forecasts, the 
short-term control process reads in the day orders. 
These orders, tagether with the final stock level, 
have to be scheduled. Delivery times then have to be 
simulated - analogously to the description above -
since the daily actual 24-hour requests may differ 
from the average figures, based on the weekly 
forecasts. In such cases, when an order cannot meet 
the required delivery time, the final stock level 
could cause production to halt. Thereforé a check is 
performed before real production commences. In 
practice, the crew foreman gets advance information 
on upcoming problems: some types of mantle will not 
be delivered in time, while others will be in 
surplus in the stockpile. Now the orders have to be 
juggled by hand (manual-commands), and final stock 
levels have to be corrected. By this means, every 
day, new stock levels and different production 
sequences occur, which give rise to different 
transformation tasks. In other words, the forecast 
stock levels are modified on the basis of the day 
orders. Only after this simulating process has been 
performed are the transformation tasks and the final 
stock levels finally passed to the physical 
production process, and production is commenced. 

As stated before, since the semi-finished products 
demand an action of the production line processes, 
it became apparent that the production line control 
process, i.e. the winding machine controllers, would 
also have to be provided with more options. 
Additions to the production line control process 
consist of an indication of the expected production 
per tyre type for the coming 24 hours, and the 
ordering of the necessary materials. The expected 
production figures are given by a copy of the actual 
situation report, annotated with an indication of 
proj ected al terations. Th is process is repeated 
twice, in conneetion with the orders necessary for 
the coming three shifts. Supply ordering occurs in 
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two stages, using the green tyre requirements and 
the product specifications, in order to work out the 
necessary raw material quantities. The details are 
then automatically transferred to the semi-finished 
product department. All components are considered in 
the calculations and the information transfer, but 
only the details relevant to the mantles are further 
processed automatically. All production lines now 
work with an automated supply ordering system, 
operating on a 24-hour cycle. 

After producing the mantle, the results are passed 
to the short-term control process. It is very 
important that this latter process is aware of 
errors, but a lso that i t learns from them before the 
next time it is activated. Errors result not only in 
late delivery; they may also resul t in delivery 
ahead of time. Early delivery means that a stockpile 
is created. Late delivery leads to production 
downtime and unused capacity on the consumer side. 

Implementing the calender control process as 
described required the assistance of automation, 
since the amount of information to be processed in 
any given time frame was large. The main sections 
that would benefit from automation are clearly shown 
in the diagrams. Implementation at this stage was 
relatively simple. The computer programs were simple 
to write on the basis of the formal process 
descriptions, and the menus depend on the functions 
in each process, and the combinations of processes, 
that are supervised by one person. Much time was 
saved by the use of the same program modules in 
implementing many functions in the two layers. In 
particular, simulation of delivery times and stock 
shortagesjsurpluses was the same in both layers. 
When implementing the calender control process, a 
choice was made for one coordinator for each shift. 
The 'morning' coordinator was further held to be 
responsible for the necessary 24-hour period 
actions. The weekly actions are performed by 
collaboration between the 'afternoon' coordinator 
and the planning manager - the only person left of 
the former central planning department of the 
bicycle tyre plant. 
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The main objective of this work - the speeding up 
and the smoothing of the information and materials 
flow between the production line and the mantle 
supply unit - has been achieved with the aid of the 
Multi-Layer Control concept, simulation and 
automation. The stock levels of the various kinds of 
mantle have been balanced. Deliveries that will not 
occur in time (out of stock and overstock 
situations) are predicted by the control system as 
a result of the in-built Operational Discrete Event 
Simulations. Necessary corrections and decisions are 
made to the control system by the coordinator. The 
mantle calender control system has operated since 
the spring of 1985 and, since that time, has 
functioned smoothly, every second of its existence. 

5.7. Experience at Vredestein 

As may be seen from the previous sections, the 
mantle and the production line departments in the 
bicycle tyre factory together form a Mul ti-Layer 
Control system, comprising a shift, day, and week 
layer, and every part of this control system is 
linked to a control strategy. The automation of the 
control system was logical, proceeding from the 
control concepts and the theoretica! model. In 
summary, the most important automation functions 
relate to the storage, calculation and presentation 
of the required information, and the handling of 
transformation tasks and results. Collaboration 
between the coordinator and the programs is such 
that decisions are always taken by the coordinator. 

Operational Discrete Event Simulation of the mantle 
production in the long-term control layer allows 
caretul determination of production sequence and 
stock levels in advance of production. This allows 
a simple determination of the set points for the 
short-term control layer, where simulation once 
again allows detection of impossible situations in 
advance of production. 

In this case it has obviously been of major 
advantage to base the mantle calender control 
system, as well as the production line control 
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system, on the Multi-Layer Control concept. By this 
means the analysis could be performed very 
systematically, the details being worked out step by 
step. With each step taken, the system became 
formalised, the most appropriate order accepting and 
scheduling strategy could be chosen, and also the 
decision could be taken whether or net to automate 
the relevant parts of the system. Mantle calender 
control required an Ante-Order and scheduling 
strategy, and automated assistance, since the amount 
of data to be processed in a relatively short time 
was large. Forma! analysis made it possible to carry 
out this automation in a very transparent way. As a 
resul t, the interface between the human and the 
automatic actions was very smooth and logica!. 

This system of control and automation gives rise to 
many further ideas for its use and extension, among 
which are: the canvas calendering control system; a 
compounding control system; supplies purchase; order 
acceptance and simulation systems ( sales 
activities); similar control at other Vredestein 
plants; automation of operator and other physical 
processes; control of product development 
activities; and quality control. Other instanoes 
where the concept already has been applied are - in 
chronological order - summarised in Table 5.1. The 
author coordinated most of these projects and 
supervised the engineers. 
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TABLE 5.1. 
Multi-Layer Control Applications. 

Production Line 

bicycle green tyres 
bicycle tyre covers 
automobile tyres 
rubber compounds 
bicycle inner tyres 
bicycle tyre covers 
industrial inner tyres 
automobile tyres 
bicycle inner tyres 
hydrodynamic seals 
hydrodynamic seals 
extruded profiles 
small rubber articles 
automobile tyres 

Location 

Doetinchem 
Doetinchem 
Enschede 
Renkum 
Doetinchem 
Doetinchem 
Maastricht 
Enschede 
Doetinchem 
Kerkrade 
Kerkrade 
Renkum 
Maastricht 
Enschede 

Engineer 

Arentsen (1981) 
Arentsen (1983) 
Hoonacker (1983) 
Lievestro (1985) 
Arentsen (1985) 
Smook (1985) 
Berndsen (1986) 
Hulshof (1986) 
Welmer (1986) 
Lievestro ( 1987) 
Esselink (1987) 
Bleekman (1987) 
Seinhorst (1987) 
Hulshof (1988) 

145 

The experience with the Multi-Layer Control Concept 
at Vredestein and the ideas for its use and 
extension will be discussed further in Chapter 6 in 
the context of explaining the current gap between 
automation of long term and real time control 
systems. 



CHAPTER 6 

Review of the Factory Control Architecture 

We now present a review of the complete research 
project, with the aim of determining its value, 
having regard to the objectives, motivation, and 
assumptions upon which it is based. The 
introduction, the aim of the research project, and 
path followed in achieving this aim will be briefly 
reviewed on the basis of the experience hooked thus 
far. 

The main objective of the work done was to find an 
explanation for the difficulties and the lacunae 
encountered in the automation of factories, in 
particular between their long-term and real-time 
control systems. When automating control functions 
in the way described in the literature, many of the 
expectations concerning the nature of the systems -
in particular their integration wi th other automated 
functions - remained stillbarn while, at the same 
time, the necessi ty for such integrated systems grew 
apace. Thus we shall delve deeper in this chapter 
into the main objective of our mission: 'Explain the 
gap in the automation of control systems, and 
suggest directions for its resolution'. An 
explanation will be presented of how far this 
objective has been achieved, and of those matters 
that remain unclear. This chapter thus contains a 
discussion of the development of the Factory Control 
Architecture and its application in a variety of 
practical and simulation studies, and the way it has 
been implemented in some industrial situations. The 
value of this work will be related to developments 
in other fields, and possible consequences of this 
study on the future of factory automation will be 
discussed. 

6.1. Disappearance of the Automation Gap 

This investigation of the control of a factory has 
as its starting point the Process-Interaction 
Approach, which has been used as a modelling tool, 
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on the assumption that rnadelling is the only correct 
approach, an assumption that itself is based on 
Rooda's system theory. On the basis of a control 
model, using this assumption and the available 
automation technology and theories, it must be 
possible to find an explanation for the gap between 
long term and real time implementation of 
automation. 

The modelling process cammences with the placing of 
limits around the object to be studied, in order to 
focus the attention only upon certain aspects of the 
whole. In using the Process-Interaction Approach the 
rnadelling of factories was indeed very easy, 
according to the results in Chapter 2. In this work, 
concentration has been confined to the supply of 
products - in the right quantity and at the right 
time - and thus to the flow of materials, which 
forms the conneetion with the control model. 

The specification of a control model implies the 
choice of a particular strategy. In respect of the 
material delivery time and the order acceptance, an 
analysis of the control model has brought two 
strategie principles to light: the Post-Order and 
the Ante-Order Processing strategies. The former is 
based entirely on actual, real order information, 
and all processes are based on this information. The 
latter strategy bases the actions on the best 
available estimate of what may happen in the future, 
complemented by real orders. Related to these order 
accepting strategies a scheduling strategy could be 
added, mainly to create an efficient use of the 
transfarmer capacities. Again the Process
Interaction Approach governed the smooth developme.nt 
of a model, and in this way the simplicity of the 
factory control primitives became clear in Chapter 
3. 

Models developed on the basis of the order accepting 
and scheduling strategies led to the formulation of 
a Multi-Layer Control concept. The Multi-Layer 
Control concept may serve as the basis for any 
control model, and ensures the conversion between 
the specification and realisation phases. The 
formulation of the Multi-Layer Control concept has 
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given a clear conception of what actually occurs 
within a control system, of the potential benefit of 
automation, and of what may be automated. The most 
important a spects and parameters, from the 
automation point of view, are related to the degree 
to which the actions may be formalised, to their 
parallelism, and to the frequency with which the 
actions occur. 

The eperation of the Multi-Layer Control concept has 
been clarified in Chapter 4 by a description of the 
way in which a control model of a factory can be 
constructed. Using this control concept, pure Post
Order or pure Ante-Order factories have been 
constructed, as well as a mixture of both types. 
With this knowledge some phenomena from the 
literature are observed. To start with, the existing 
pull and push control techniques have been analysed, 
modelled, and explained: pull is seen to be a Multi
Layer Control system, where each individual process 
works on an Ante-Order basis. The push technique is 
a Multi-Layer Control system that contains forecast 
information only for the customer orders in the 
latter control process. From this investigation it 
may be concluded that the nomenclature is misleading 
and should be avoided. The same conclusion holds for 
the Customer Disconnection Point, which is 
erroneously used in many si tuations, and mostly 
depends on product type and the current load of the 
system. 

The assumption was that an explanation of the 
•automation gap' would be found by first modelling 
control processes according to the Multi-Layer 
Control concept, then possibly simulating them, and 
only then implementing them. In essence, we may 
state that this Multi-Layer Control concept does 
indeed clarify the problems. The automation process 
fellows logically and simply as one of the possible 
ways of implementing a control system from the 
model, wi th no 'automation gap' . In other words, the 
'gap' only exists in so far as the development of an 
automated control system does not take place in such 
a way. To illustrate and explain this statement, in 
particular the Kamban and MRP implementations will 
be reviewed, as well as the Vredestein case. 
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Two current forms of control technology, Kamban and 
MRP, have been described in order to illustrate the 
utility of the Multi-Layer Control concept while, at 
the same time, giving a critica! appraisal of the 
two systems. Application of the Multi-Layer Control 
concept to the Kamban and the MRP implementations 
has yielded a number of findings related to the 
automation gap. But first of all it has been 
concluded that Kamban and MRP have not hi therto been 
very well described: the modelling process reveals 
where the essential points are. It also shows that 
the chances of error, when these two systems are 
thoughtlessly applied, are very high. This statement 
holds also for most of the other control 
technologies found in the literature: they suggest 
building and automating the control system without 
any knowledge of the technology or the system. In 
this respect, the Multi-Layer Control concept has 
helped to reveal that the Kamban system must 
comprise higher levels, above the visible lowest 
layer, and that Kamban in fact consists of a 
combination of controllers using a combination of a 
Post-Order and an Ante-Order strategy. Furthermore, 
Multi-Layer Control has shown that MRP may contain 
lower levels, under the visible top layer. It too 
must comprise a combination of Post-Order and Ante
Order controllers. 

The case study based on the Vredestein bicycle tyre 
factory at Doetinchem has been used to demonstrate 
the fact that the Multi-Layer Control concept also 
has practical applications and prohibits the 
creation of an automation gap. The Vredestein case 
indeed gave an impression of the practical value of 
the Multi-Layer Control concept. The creation of the 
control system in the bicycle tyre factory showed 
the advantages of the concept: the system grew 
easily from a simple Post-Order oriented simulation 
program to a complex control system with a mixture 
of strategies, divided into different layers and 
with several automated parts. In the resulting 
control system automation was used only as a 
possible implementation, and followed logically from 
the modelling steps. 
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Many studies are known within the Vredestein 
organisation in which the Multi-Layer Control 
concept has been used. Among ethers Vegter (1986) 
and Velgersdijk (1986) have used Multi-Layer Control 
to investigate control systems in the process 
industry. Ledeweegs (1987) has used Multi-Layer 
Control in an investigation of production control in 
the papermaking industry. 

From a global perspective, it may be stated that a 
control system may be realised by using the Multi
Layer Control concept in roedelling the real world, 
simulating the model, and then implementing the 
system. Automation then forms only one of the 
possible options for the implementation of the 
activities to be carried out. A total Factory 
Control Architecture has thus been created, based on 
Rooda's system theory, the Process-Interaction 
Approach and the Multi-Layer Control concept. 

In the performance of this research, it has been 
demonstrated that the control of a factory may be 
modelled wi th the assistance of the Mul ti-Layer 
Control concept, and - most importantly - that 
existing solutions like Kamban and MRP represent a 
specific implementation of a part of a control 
system. It is at present common to automate by means 
of existing methodologies, such as MRP, to automate 
real-time machine control, and then to discover that 
such partial solutions are not compatible with each 
other. From the perspective of the approach adopted 
in this research, the commonly used automation 
approaches miss out a number of steps. The following 
conclusions may therefore be drawn, with regard to 
the automation gap. 

The control system model should first be made 
explicit befare a sensible choice can be made in 
conneetion with automation. The suggested sequence 
for the development of a control system - model, 
simulate and implement - gives a predictable result. 
The result is predictable because of the possibility 
to specify the control system systematically and 
rigorously, and to implement it directly from such 
a formal description. Now the 'automation gap' may 
be explained by clearly showing the relationships 
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between the currently automated segments of a 
control system. Hitherto it is almost exclusively 
the topmost layer that has been automated with MRP, 
tagether wi th the lowest, machine-control layer; the 
layers in between have previously never been 
rendered explicit. 

In fact, with the assistance of the Process
Interaction Approach, it has been shown that it is 
possible to isolate the core processes, and to 
achieve a control system on the basis of the model 
so developed. By this means, the divergence · between 
reality and the anticipated reality is rendered 
visible, and the system may be made self-governing. 
From this point of view, it appears that a control 
system may always be represented by a synthesis 
between Post-Order, Ante-Order and Sort-Order 
strategies, the optimum one being a pure Post-Order 
system. But most current systems are using the non
ideal Ante-Order strategy. The trick is now how to 
operate using such a non-ideal system as little as 
possible. Optimisation according to such criteria is 
very complex. Ante-Order systems work in 
anticipation of an actual order; the difficulty here 
lies in the anticipation of corrective action if 
reality does not work out as forecast in 
particular if the system is automated. Th is leads us 
to the most important reason for having the 
automation gap: not knowing the underlying control 
model and therefore not being able to see whether or 
not an automation project moves the system towards 
the ideal control system. 

6.2. The Significanee of the Factory Control 
Architecture 

The development of the Factory Control Architecture 
and its application made it possible to show the 
redundancy of the automation gap: but to clarify all 
the existing situations and to help create a fully 
integrated and automated control system, much work 
still has to be done. The Factory Control 
Architecture may be used to move towards this goal. 
The value of such a Factory Control Architecture in 
creating fully integrated and automated control 
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systems lies in the fact that the current 
•automation gap' may disappear by the adeption of 
such an architecture, and future problems may be 
obviated. The various parts of a control system may 
be rendered visible and they may be implemented 
using appropriate means. 

It is possible, with the help of the Factory Control 
Architecture and control systems based on it, to 
utilise the advantages of the available machinery: 
the quick response, the market position, and the 
commercial advantage of a company is thereby 
improved. Customer requests have often resulted in 
the development of more rapidly werking machinery; 
this is in fa ct senseless, without a more rapid 
control system. The use of MRP has hi therto not 
resulted in a facile and rapid control process and, 
so long as this does not happen, then the advantages 
conferred by more rapid machinery remain to a great 
extent unrealised. 

The Factory Control Architecture reveals, albeit 
indirectly, that programs are often written withno 
knowledge of control systems. A similar reasoning 
applies to other parts of the system. The Factory 
Control Architecture does place automation and the 
accompanying tools within the appropriate context. 
With regard to the communication between different 
parts of an automated system, the same statement 
could be made: the context and the relevant 
information are made clear by using the Factory 
Control Architecture. In looking to the internal 
and external communication of factories in this way, 
the research and investments in local area networks 
(Welmer, 1985; Hoekstra, 1986) and communication 
protoeels like MAP, a Manufacturing Automation 
Protocol defined by General Motors (1986), will pay 
off. 
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The Factory Control Architecture gives a new 
dimension to the development of control systems and 
their automation. Despite the value of this work, 
there remain many questions that yet have to be 
answered. It is suggested, on the basis of the work 
done thus far, that insight in the following aspects 
may prove fruitful. 

This architecture is based on the Process
Interaction Approach. However, in using the approach 
and the accompanying tools in creating the Factory 
Control Architecture a few obstacles to a further 
development have been detected. In this regard, it 
is essential to emphasize that rnadelling - the 
discovery of bubbles and arrows, and the filling in 
of the bubbles - remains an art, sernething out of 
the main stream. Önly if suitable tools are 
developed for this job will it be possible to 
concentrate on the essential facets, and only then 
it will be possible to model complex systems. In 
this respect cri tical reviews of the PRIND 1 s and 
DIDOC 1 s of Overwater ( 1987) , the S84-simulation 
package (Rooda, Joosten, Rossingh, Smedinga, 1984) 
and the Roskit-machine control kernel (Rooda, Boot, 
1984; Rossingh, Rooda, 1984; Arentsen, Naber, 1986; 
Rooda, Boot, 1986) are necessary, and attention to 
rapid prototyping and a smooth conversion between 
the life phases is suggested. In this context, 
current research work, such as that with the 
programming environment 1 Smalltalk-BQ 1 ( Goldberg, 
Robson, 1983; Goldberg, 1984; Wortmann, 1987; 
Wortmann, 1989) on model development, model 
simulation and control, may be viewed in its proper 
perspective. 

It has not been demonstrated that each and every 
control situation may be resolved by the use of the 
Factory Control Architecture, such as those 
occurring in other types of factory and system (job 
shops, for instance) (Bertrand, Wortmann, 1981). It 
may be that, under certain circumstances, much work 
remains yet to be done, especially in those 
situations where the scheduling algorithms have to 
use knowledge of the surrounding processes and 
possibly influence the (re)design of the system. 
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Rapid adaptation at one end of a process has no 
sense if all the down-stream processes cannot keep 
up with the pace. In such layers simulation offers 
a perspective on the limits and bottlenecks, as has 
been demonstrated in the case study. Such simulation 
is termed Operational Discrete Event Simulation. New 
directions in modern control systems need such a 
simulation; from the design phase (optima! design) 
to the operational phase (optima! setting) . It would 
appear, therefore, that simulation, including 
decision support software, has a great future in 
cantrolling factories, and that the design and 
evolution of the corresponding tools is imperative 
(Boshuisen, 1987). 

It is conceivable that it will not be possible to 
achieve an optima! system if it has only an optima! 
control system. It may therefore very well be 
necessary to investigate the other processes. As we 
have shown, in the area of control systems, the 
Process-Interaction Approach offers great insights. 
Besides such insights into control, the approach may 
offer new perspeet i ves in other areas, such as 
investment policy, quality control, product 
development, tools, machinery, and flexible 
manufactliring. The Multi-Layer Control concept forms 
the foundation for extension to accountancy; 
extensions in this direction could lead to a 
balanced optimisation policy, instead of simple cost 
and inventory minimizations (Vegter, 1986) . The 
quality control aspect becomes increasingly 
important in cases where the. resul ts do not 
perfectly fit the tasks (van de Haterd, 1987). The 
integration with the development of new products, 
tools and machinery will complete the possibility of 
creating flexible automated systems. 

What one achieves with the Multi-Layer Control 
concept, when one inspects a control system, is an 
insight into the system and the possible automation 
of its static solution. In other words: the system 
can not transfarm itself - in structure or strategy 
for instanee - when aircumstances are changing. What 
one does not achieve is the gaining of any insight 
into dynamic optimisation. Further work will be 
necessary in this direction: it may be expected that 
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the Process-Interaction Approach may form a basis 
for an analogous dynamic optimisation approach, and 
that automation in this direction will yield great 
benefits. 

Finally, after having reviewed this study, the 
application of the Factory Control Architecture is 
put forward as the new direction in the development 
of industrial control systems. When we compare the 
development of the Factory Control Architecture wi th 
the evolution from a central souree of mechanica! 
power towards decentralised, local power units, the 
first analogy is that of centralised control moving 
in the direction of decentralised, local control 
with only localised, autonorneus control elements. 
Secondly, the advantages of such an evolution are 
also comparable. In this context the last analogy is 
found: the Factory Control Architecture heralds a 
new era in the evolutionary process of factories. 
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APPENDIX I 

Summary of the Task Language 

This appendix contains a summary of the task 
language for the tormulation of the process 
description. In principle all of Smalltalk-80 is 
available for this task (Goldberg, Robson, 1983). 
After a brief presentation of the syntax we present 
a number of often-used descriptions. Appendix II 
presents a clarification of the syntax on the basis 
of an example. 

The Small talk-80 syntax of a methad expression 
consists of a receiver followed by a message. A 
message camprises a method selector, possibly 
accompanied by some arguments. The receiver and the 
arguments are described by other expressions. The 
selector is specified literally. Function 
abstraction may be utilised in Smalltalk, comparable 
with functions in Pascal. Simpler types of 
expression also exist, such as variables or 
literals. 

For example, the expression 'order deliveryDate' may 
provide the delivery date for the object 'order'. 
Here, the method selector is 'deliveryDate': there 
are no arguments. 'machine2 send: order to: 
sendPort' may ensure that the process specified as 
the obj eet machine2 sends the order through the 
relevant port. In this case 'send: to: ' is the 
method selecter, and 'order' and 'sendPort' are the 
arguments. Within the description of a process, the 
process itself may be referred to by the variable 
'self'. Within the blocks of code, the received 
obj eet may be referred to by the variable that 
occurs between the symbols [ and I • 
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The Process-Interaction approach is linked with a 
number of methods that are available for the 
irnplementation of the primitive interactions 
(Wortrnann, 1989). There are also various methods 
that beleng particularly to the simulation 
environment, such as methods that are related to the 
simulation time, or methods that beleng to the 
graphical animation process. Below we present a 
brief review of the methods for send, receive, and 
workOuring actions, each of which will then be dealt 
with separately. 

par. # basic camment 

II.l 1 send unconditional, blocking 
2 send non-blocking 

II.2 3 receive blocking 
4 receive blocking, conditional 
5 receive blocking, conditional, time 
6 receive blocking, conditional, interval 
7 receive non-blocking, conditional 
8 receive multiple port 

I I. 3 9 workOuring interval 
10 workOuring interval, forReason 

It will be clear that new methods can be generated, 
as necessary, on the basis of the information 
contained in this table, particularly for th 
multiple port receive actions. The most frequently 
encountered send and receive actions have the 
following syntax: 
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II.1 Send actions 

The available send actions cernprise a blocking and 
a non-blocking variant. The object to be sent and 
the desired port are always important as arguments 
of the method selecter. 

1 send: anObject 
to: aPertName 
Send the object to the port. Block until a 
receiver is available for communication. 
This may be termed a synchronous 
interaction mechanism. 

2 send: anObject 
immediatelyTo: aPertName 
then: [ • • • ] 
else: [ . • . ] 
Send an object to a port if the action can 
be immediately accomplished. If it 
succeeds, execute the then-block. If 
unsuccessful, cease send operatien and 
execute the else-block. This is a non
blocking action . 

II.2 Receive actions 

A number of receive actions are available, all of 
which receive simply from one port. The options 
consist of combinations, together with various 
conditional tests, and the immediate, non-blocking 
reception of an object. Besides this, it is possible 
to receive from a number of ports. An elementary 
example of the method is described below. 

3 receiveFrom: aPertName 
Receive from port. Block until a sender is 
available for communication. 
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4 

5 

6 
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receiveFrom: aPertName 
if: [ :i tem I • . . ] 
Receive an object from the port provided 
that the condition in the if-block is 
fulfilled. In other words, the if-block 
will be executed with, as argument, the 
object that the sender makes available. If 
the result is true, the object will 
actually be transferred, resulting in 
delivery of the object. Block until the 
sender has a suitable object available. 

receiveFrom: aPertName 
i f : [ : i tem I • . . ] 
then: [ : i tem I • . . ] 
before: aTime 
ifTimedOut: ( ••• ] 
Receive an object from the port provided 
that this succeeds within aTime and also 
that the condition in the if-block is 
executed with the object that the sender 
makes available as argument. If the result 
is true, the object will actually be 
transferred, resulting in the execution of 
the then-block. If nothing is received 
before aTime, cease reception and execute 
the block specified after 'ifTimedOut•. 

receiveFrom: aPertName 
i f: [ : i tem I . • • ] 
then: [ : i tem I . . . ] 
within: aninterval 
ifTimedOut: ( .•• ] 
Receive an object from the port provided 
that this succeeds within aninterval and 
provided the condition in the if-block is 
fulfilled. In other words, the if-block is 
executed with, as argument, an object that 
the sender makes available. If the result 
is true the object will actually be 
transferred and the then-block will be 
executed. If nothing is received within 
aninterval, cease reception and execute the 
block specified after 'ifTimedOut'. 
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7 receive ImmediateFrom: aPartName 
if: [ : i tem I • • • ] 
then: [ : i tem I . . • ] 
else: [ • • • ] 
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Receive immediately from a port. If that 
succeeds, then execute the then-block with 
the received object as argument. If 
reception does not immediately succeed, 
then execute the else-bloc. This is a non
blocking action. 

8 receiveFrom: aPortNamel 
then: [ : i tem I . • . ] 
or: aPortName2 
then: [ : i tem I . • • ] 
Receive from the first or the second port. 
On reception, execute the relevant block 
with the received object as argument. 
Supply this as result. The sender that is 
ready for communication first is the first 
that is served. For each receive action, 
of course, an object is transferred. Block 
until an object is transferred. 

II.3 WorkOuring actions 

The following methods are often used in 
circumstances in which the treatment of a given 
processor is not simulated in any detail, apart from 
the specifying that the transaction takes a certain 
amount of time. 

9 workDuring: aninterval 
Block this process during aninterval. Set 
a 'busy' status flag. 

10 workDuring: aninterval forReason: astring 
Bleek this process during aninterval. 
Status set to aString. 
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Explanatory Example of a Model 

To illustrate the syntax of the Task Language, an 
explanatory example is given in this appendix. We 
refer the reader to Appendix I, Smalltalk-80 
(Goldberg, Robson, 1983) and Wortmann (1989) for 
further details. 

The example contains a sender and a receiver 
process. The sender generates and sends mail to the 
receiver. The receiver awaits mail from the sender. 
The total model consists of four methods. Some 
remarks will be made after the model has been coded. 
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Sender Receiver 

1.1 Sender 
1.2 [ letter <- self writeLetter. 
1.3 self send: letter to: out 
1.4 forever 

2.1 Sender writeLetter 
2.2 self workDuring: 10 forReason: •writing'. 
2.3 ALetter new 
2.4 

Receiver model 

3.1 Receiver Model 
3.2 letter <- self receiveFrorn: in. 
3.3 self read: letter 
3.4 forever 

4.1 Receiver read: aLetter 
4.2 self workDuring: 8 forReason: 'reading' 
4.3 
4.4 
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Remarks (Numbers refer to methad and line) 

1.1 The title of the process is used to adress the 
start of the accompanying code. Model is a 
method, with Sender as the syntactical-) 
receiver. 

1. 2 The ' [ ' and '] ' symbols are used to mark a block 
of code. The methad 'writeLetter' contains the 
details of the writing action, and returns an 
object that is assigned to the variable 
'letter'. 

1.3 The letter is sent by the sender process itself 
to the port wi th the name 'out' . The send action 
is used according to the description of the Task 
Language (see Appendix I). 

1.4 The 'forever' statement is meant to repeat the 
preceeding bleek of code continuously. 

2.1 This methad is abstracted from theSender Model 
method. But this code could also be incorporated 
in the Sender Model, depending on the desired 
level of abstraction. 

2.2 The writing action lasts 10 time-units. 

2.3 The result of 
letter, where 
primitive. The 
model by using 

the wri ting action is a new 
'new' is a basic Smalltalk 

letter is returned to the sender 
the '"'' sign. 

3. 2 The receiver awaits a letter from the port 'in'. 
The receiver is blocked at this point until the 
sender sends a letter, because of the synchronie 
mechanism in the send and receive actions (see 
Appendix I). 
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3.3 Here the variable letter will be passed as an 
argument to the method read. Reading the letter 
is detailed in the method 'read: aLetter'. 

4.2 The reading of a letter in this case is clocked 
at 8 time-units. After this time interval the 
receiver process awaits a new letter. 
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foundation was laid for the werk leading to the 
writing of the present thesis, under the supervision 
of Dr. Ir. J. E. Rooda, Professor of Production 
Automation at the Technica! University of Eindhoven. 

In 1984 Arentsen took over the leadership of the 
System Control Group of Vredestein's R & D 
Department, whereby the full spectrum of control 
systems came under his attention. During this time, 
among ether things, he coordinated development and 
introduetion of new, real-time machine control 
concepts and tools. At the same time he continued 
his collaboration with the Technica! Universities at 
Twente and Eindhoven, The State University of 
Groningen, and the Colleges of Information Science 
at Enschede and Emmen, where he supervised students 
and was chairman of the College of State Delegates 
at the College of Drenthe, Emmen. He wrote both 
internal and external publications on control 
systems and delivered lectures and seminars on the 
subject. 
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Since 1987 he has been manager of the whole R & D 
Department at Vredestein, a department with a staff 
of around 40 people. In this function he plays a 
rele in the renewal and automation of the rubber 
industry, in which bath the processing technology 
and the control systems play an important part. 



STELLINGEN 

behorende bij het proefschrift 

FACTORY CONTROL ARCHITECIURE 

A Systems Approach 



1. De kloof tussen de administratieve automatisering en de reai
time automatisering is illusoir. 

Dit proefschrift. 

2. Het vermogen om zichzelf voortdurend te kunnen herontwerpen 
zou als één van de meest kenmerkende eigenschappen van een 
flexibele fabriek moeten worden gezien. 

3. Soms worden besturingsconcepten als middel gebruikt, soms 
worden besturingsmiddelen als concept gebruikt. Dit verklaart 
onder andere waarom buiten Japan het Kamban-systeem zelden 
wordt begrepen en waarom invoering van MRP-en OPT
systemen veelal niet leidt tot een succes. 

Dit proefschrift. 

4. De Proces-Interactie Benadering beoogt gedurende alle 
levensfasen van een systeem bruikbaar te zijn. Toch vraagt het 
veel expertise om deze benadering te hanteren; dit uit zich met 
name bij systemen waarbij het model niet alleen dient ter 
ontwikkeling maar juist ook ter besturing. Het gebruik van object
georienteerde talen kan hier uitkomst brengen. 

Overwater R, 
"Processes and Interactions, An Approach to the ModeHing of lndustrial 
Systems•, 
Proefschrift, Fac. Werktuigbouwkunde, 
Techn. Universiteit Eindhoven, Eindhoven (1987). 

Goldberg A, Robson D., 
"Smalltalk-80, The Language and its Implementation", 
Addison-Wesley Publ. Comp., Reading (Ma) (1983). 

Dit Proefschrift. 



5. Een architectuur voor de besturing van de fabriek is een 
noodzakelijke voorwaarde om de continuïteit van een 
onderneming te waarborgen, maar niet de enige. 

6. De naam van de leerstoel "Automatisering van de Produktie" aan 
de Faculteit Werktuigbouwkunde van de Technische Universiteit 
Eindhoven dient te worden gewijzigd. 

7. In een milieubewuste samenleving dient plastic te worden 
vervangen door rubber. 

8. Vanaf het jaar 1992 zullen software-houses verdwijnen. 

9. Een florerende Nederlandse economie vraagt om een 
industriebeleid dat gebruik maakt van zowel nationale als 
streekeigene kenmerken. 

10. De naam bladrandkever (Sitona cylindricollis) is een contradictio 
in terminis 

J.HA. Arentsen Eindhoven, 20 juni 1989 


