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Abstract
This doctoral thesis addresses performances, modelling and analyses of pull 
based production systems. The thesis consists of four main parts: a literature 
review, a comparison study of Kanban and CONWIP, an industrial practical 
case study, and the development of a new tool used for presentation and analysis 
of simulated performance results.  

Through a literature review existing performance measures, modelling 
techniques and analysing approaches were discovered and discussed. The 
literature review revealed a lack of performance measures regarding the 
variation in system performances. To compensate for this a new variation 
measure for analysing pull based production systems was found. Simulation was 
chosen as an analysing tool, because of the dynamic nature of practical 
production systems and the desire to analyse complex real systems not fitting 
other approaches. 

A comparison of Kanban and CONWIP, the two most basic pull based control 
methods, has been conducted through a simulation study. A five machine line 
system for production of a single product was used as a case. The result was 
seven rather general observations. A main finding is that Kanban and CONWIP 
systems need to be analysed due to variation measures and not only average 
measures, Kanban and CONWIP perform equally in terms of throughput due to 
average work in process (WIP), but unequally due to maximum storage 
capacity.

An industrial practical case of a mass-produced single product have been studied 
and analysed with simulation. A new production line consisting of several 
chemical and mechanical processes was to be designed and installed. The design 
was tested for sensitivity to the experts’ estimated parameters down time and 
required buffer capacities. The down times were categorized in five groups due 
to length, and three of these were analysed further. The system was sensitive to 
changes in all three groups but due to different performance measures and with 
different results of variations. The study also showed that the variations of the 
flow differed in the system from input to output.  

Based on performed simulations a new tool for presentation and analysis of 
performance data related to the system configurations has been invented. The 
result is a 3D Performance Surface method. Here, the performance’s lead time, 
WIP and throughput are plotted into a three dimensional geometrical space. In 
this model the relation between different system settings and performances is 
analysed. Variation measures can also be included. The advantage with this 
geometrical tool is that the performances of not simulated configurations can be 
estimated. 
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Sammendrag
Dette doktorgradsarbeidet fokuserer på egenskaper, modellering og analyse av 
sug baserte produksjonssystemer. Gjennom et omfattende litteratur studie er 
eksisterende prestasjonsmål, modelleringsmetoder og analysemetoder avdekket 
og diskutert. Et nytt variasjonsmål for bruk under analyse av sug baserte 
produksjonssystemer er definert og simulering ble valgt som 
modelleringsverktøy. Simulering ble valgt fordi virkelige produksjonssystemer 
er utpreget dynamiske og det var et ønske å kunne analysere komplekse 
systemer som ikke passer for analyse med andre metoder.   

En sammenlikning av Kanban og CONWIP, de to mest grunnlegende sug 
kontroll metodene, er gjennomført gjennom simulering. En produksjonslinje 
med fem maskiner ble brukt som eksempel. Resultatet ble syv observasjoner. 
Hovedfunnene er at Kanban og CONWIP systemer må analyseres med både 
variasjons- og gjennomsnittsmål, Kanban og CONWIP presterer likt når 
gjennomstrømming måles mot gjennomsnittlig produkter i systemet, men ulikt 
målt mot behovet for maksimalt lager kapasitet. 

Et simuleringsbasert case-studie er gjennomført med et firma som 
masseproduserer et produkt. En ny produksjonsline bestående av flere kjemiske 
og mekaniske prosesser skulle designes og implementeres. Designet ble testet 
for sensitivitet til de ekspertestimerte parameterne nede tid og behovet for 
mellom lager. Nede tiden ble kategorisert i fem grupper. Tre av disse ble 
analysert videre. Systemet var sensitivt til variasjon i alle tre gruppene, men 
relatert til forskjellige prestasjonsmål. Resultatet viser at variasjonsmål må 
inkluderes i prestasjonsanalyser. Studiet viser at variasjonen i strømmen av 
produkter er forskjellig inn og ut av systemet.  

Basert på behov avdekket i tidligere simuleringer ble et nytt verktøy for analyse 
av prestasjonsmål relatert til system innstillinger definert. Resultatet er 3D 
Prestasjon Overflate metoden. Her er prestasjonene ledetid, varer i arbeid, og 
gjennomstrømning angitt i et tre dimensjonalt geometrisk rom. I denne modellen 
kan sammenhengen mellom prestasjonene og systeminnstillingene analyseres. 
Variasjonsmål kan også inkluderes og prestasjoner av ikke simulerte 
systeminnstillinger kan bli estimert ved hjelp av geometriske verktøy.         
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1 Introduction  

In modern manufacturing systems raw material is processed into products 
through a number of processes. In between these processes material items are 
accumulated due to process variations. How much and where the material is 
allowed to accumulate contributes to overall system performance (Hopp and 
Spearman, 2000). This relation is cardinal for system managers to meet 
stakeholder’s system objectives both during system design and in day-to-day 
operation. This dissertation addresses this relation, how to model it and how to 
analyse it in pull based manufacturing systems. The background for this is 
described in the following.  

1.1 Dissertation background 

After some trial and error, one occurrence changed the course of this project. 
Anders Segerstedt from Luleå University of Technology (LTU) become a 
professor II at NUC and started teaching in Logistics in the Master of Industrial 
Engineering program. He asked me to give a short presentation on simulation 
during one of his lectures. To show the benefits of simulation a small production 
line with some machines with individual fluctuating production times was 
modelled. This model was presented for Segerstedt and the students. During a 
run of the model a line chart showed how output, in terms of products per time 
unit, changed over time. After the presentation Segerstedt said: ”The production 
line you have modelled is very similar to a production line described in “Silver”. 
It would be interesting to verify their statements. Can you do that?” At that time 
I had no idea of what Silver was, but I said: “Of course”. I later found out that 
“Silver” was the book “Inventory Management and Production Planning and 
Scheduling” by Edward A. Silver, David F. Pyke and Rein Peterson (Silver et 
al., 1998). The production line to which he was referring is a small problem 
excellently described on page 694. The result of this verification, and further 
ideas that has its origin from this test, can be found in Chapter 5 (Pettersen and 
Segerstedt, 2009).  

Almost at the same time a local company asked NUC for help to evaluate and to 
verify the performance of a designed production line. The production line was 
only designed, not implemented. The fate decided that this production line was 
an upscale of the one discussed in Silver et al. (1998). This investigation, 
besides some directly practical results for the company, resulted in the case 
study described in Chapter 7 in this thesis.

In parallel to these two instances a literature review was started. The original 
purpose of this was to find the research of others on the topic multiple machines 
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- single product. As the project evolved the literature search became more and 
more extensive, because of questions like: Which people works with what 
topics, who are working with things like us now, and what journals should be 
used for a possible publication? Chapter 2, 3 and 4 are results of literature 
reviews. 

During the last part of the project a need for a new tool for presenting and 
analysing of performance data emerged. Current tools did not present the 
necessary relations between all the performance data and system parameters in 
an intuitive way. The result of this is presented in Chapter 6 (Pettersen et al. 
(2010)).  

1.2 Research questions: 
Early in the study of Silver et al. (1998)’s small production line and the case 
study the point of focus become pull based systems. This study has been 
restricted to concentrate on the two most basic, but at the same time representing 
two ends of control alternatives for pull based production systems; namely 
Kanban and CONWIP. Already in the early phase of this study the following 
main research questions were defined. 

- How will CONWIP perform compared to Kanban? 
- To achieve a special performances using Kanban; where, in which station, 

to increase or decrease the number of kanbans?  
- When comparing pull based control systems, which performance 

measures are to be used? 
- When modelling pull based production systems, which tool should be 

used?
- When using simulation as modelling tool, can the number of simulation 

computations be decreased? 

These questions are studied, discussed and answered in this thesis. 

1.3 Dissertation contributions 
The five main contributions of this dissertation are described in the following.  

The Literature Review will work as a bank of knowledge for future research.   

Variance Performance Measure is found as a needed performance measure in 
future comparisons and analyses of pull based systems. This is a weakness of 
previous research.    

Input/Output Rate Variation Measure is found as a needed substitute for the 
general throughput variation measure.   
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The Comparison of Kanban and CONWIP shows some important resemblance 
between the two control methods. Increased WIP does not only increase average 
lead time and decrease throughput, but it also increases variations for both of 
them. For practical applications variation is hard to handle. In general a supply 
chain or a production line should be balanced in term of inventory capacities, 
but if extra capacities should be allocated, put it last in the chain. Extra storage 
rooms last in the chain result in more relative throughput. Due to Little’s Law 
(Little, 1961) increase in throughput has to come from decrease of lead time or 
increase of WIP. A decrease of lead time comes from equipment changes or 
workers increased efficiency. A reduction of lead time is harder to achieve than 
an increase of WIP, so in practical applications it is required to adjust WIP up 
and down due to changes in demand. This is easier in CONWIP than Kanban. 
The same throughput is achieved in CONWIP and KANBAN systems if average 
WIP is the performance measure, but due to needed max WIP Kanban requires 
higher investments in storage capacities and thereby higher sunk costs. This 
comparison has more practical benefits than previous comparisons.      

3D Performance Surface makes it possible to include both average and variation 
measures in the same presentation, and it opens for use of geometrical tools to 
estimate performances for complementary configurations from a limited set of 
simulated configurations. This is not possible with existing methods.  

1.4 Definitions 
In the following definitions used in the main body of the dissertation are defined 
and described.

Manufacturing Systems 
Hopp and Spearman (2000) use the definition: “A manufacturing system is an 
objective-oriented network of processes through which entities flow.” The 
objective of a manufacturing system is often to make money. Making money 
can be done in many ways. With different focus on short or long term, rate of 
return and level of risk. In short term one way is to sell the assets of the firm. In 
long term this would be catastrophic. It is important that everyone involved in 
the system have the same understanding of the objective. So another objective 
often used is something like: “Increase the well-being of the stakeholders over 
long term.” With this term we understand that there are many participants 
affected by changes in the system and that we want a system that should survive 
in the long time.  

Hopp and Spearman (2000) use the term entities. With entities they mean both 
the physical parts manufactured and the information passed through the system. 
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We will distinguish these two flows by use the terms parts, about physical items 
manufactured, and information flow or other specified terms, for example 
kanban cards.

Process  
A process is a machine or a set of machines that perform an activity on the parts. 
It could be some mechanical removal of material, painting, assembly or 
mounting of details. In this dissertation a process has only capacity of one unit at 
a time and it has no other storage capacity.   

Process Time   
Hopp and Spearman (2000) uses a logistical view to describe process time. If 
you look at a process from the rest of the system, it does not matter what is the 
reason for why the part is held at the process. Reasons like working, setup or 
reparation do not matter. The consequence for the system is the same; the part is 
held at that process. If we use an efficiency point of view it is of interest to split 
downtime, working time and setup time. In this dissertation, if nothing else is 
mentioned, process time is the number of time units the manufacturing 
equipment works on the part. Down time and other time consuming activities 
are described and modelled separately.  

Flow Line Manufacturing Systems 
The systems we have investigated have processes put in tandem with storage 
capacities in between so they perform a line where parts, or items, flow through. 
These systems are, in contrast to functional organized systems, adjusted to the 
product. They are normally used for mass production of a high volume product 
with a low number of product alternatives.   

Discrete Flow Line Manufacturing Systems 
Discrete points both to the product and at the production method. The product is 
a single item in terms of time and physical measures. The production method 
consists of a countable number of time units at each process. Each process has 
an exact boundary against other processes. 

Process State 
Process state describes a situation in the process. Variables included in the state 
description can vary. We consider only combinations of parts and machine 
status. We use four different states. Idle: no part in the process, but the process is 
ready for one. Working: one part in the process. The process performs a job on 
the part or the process waits to move the finished part out of the process. Down:
The process is stopped and is under reparation or waits for reparation after a 
failure, or a setup procedure to handle a new part type, is performed.  
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Buffer
A buffer is a physical bounded area that can contain a given number of parts 
waiting for further work. A set of rules defines how parts in the buffer form a 
queue. For example: first in first out, last in last out or shortest process time first 
out etc. In this way buffers has a fixed number of storage places, this number 
could in theory be infinity, and the queue consists of a current number of parts. 
Some literature use storage when they talk about raw material and finished 
goods we use buffers for all places were parts can be stored.        

Little’s formula 
In 1961 Little formed and proofed the equation CTTHWIP �� (Little, 1961). WIP
is work in process [parts] and is measured as the number of parts between a start 
point and an end point in the system. TH is throughput [parts per time units] 
normally measured out of the system at the end point, but as we will see later in 
this dissertation it is, in some cases, necessary to measure throughput also into 
the system at the start point. CT is cycle time [time units] measured as the time 
each part use from the start point to the end point of the system. Note that this is 
not necessary the same as lead time. Lead time is often related to the time 
between order placement and fulfilment of the order. Since we in this 
dissertation consider mass production and infinity demand we only look at cycle 
time. Little’s law, that is actually not a law but a tautology, describes a steady 
state situation. This means that all three parameters have to be measured as 
average values over a period of time. If we use momentary values the equation 
will not be correct. To measure average WIP we will later in this dissertation 
show that each measured WIP level has to be weighted with a constant due to 
how long time that WIP level lasts.          

System Performance Measures 
With the objective “Increase the well-being of the stakeholders over long term” 
it is obvious that the system need a balance between earning money and related 
costs. In mass production it is important to produce as much as possible to as 
low as possible cost. The income per time unit is related to throughput. With 
some boundaries, increased throughput is equal with increased income. Cost is 
related to WIP and cycle time. So in basic terms we want a system like ours to 
have high throughput, low WIP level and short cycle time. Little’s Law tells us 
that this is not possible. We need to do a trade-off between these three measures. 
The objective use the term “long term”, but if a system shall last for long terms 
then it has to last for short term also. This means that short term variations can 
not be to large, so the system collapse before it reach steady state in long term. 
We there for also has to measure the variation in the average measures. Kumar’s 
(2007) work shows that average WIP, throughput and lead time is the most 
common used performance measures.       
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Inventory 
Inventory is all parts in the system. In the following are some reasons for 
holding inventory and defined which of them used in this thesis. Silver (1998) 
categorized reasons for holding inventory in following categories: Cycle 
inventories; this is parts accumulating to become a batch. Batches are used 
because of: 1. economies of scale, 2. quantity discounts and, 3. technological 
restrictions. Congestion stocks; this is items competing for limited capacity. 
Safety stock; this is items kept on hand to handle uncertainty of demand and 
delivery. Anticipation inventory; this is items accumulated in advance of an 
expected peak in demand. Pipeline inventories; this is items accumulating 
during transportation. Hopp and Spearman (2000) classifies inventory in four 
main categories: raw material, work in process, finished goods inventory and 
spare parts. For this dissertation the work in process is the most important. They 
divide this category further into: Queuing; parts waiting for a resource, 
processing; parts being worked on by a resource, waiting for batch; parts waiting 
for other parts to arrive to form a batch, moving; parts being transported 
between two recourses and waiting for match; parts waiting for other parts to be 
assembled. In this dissertation we assume an instant delivery of raw material, 
instant demand for finished parts, batches of size one, no assembly, only one 
part being manufactured in a serial of processes, instant internal delivery 
between processes and each process has an constant capacity of one part. This 
means that the only inventory we address is Silver’s (1998) congestion stocks 
and what Hopp and Spearman (2000) calls queuing inventory. A queue of parts 
occurs if one or more parts want to use the same resource but the resource has 
no free capacity. If the upstream process continues to produce parts the current 
queue start to increase.  

Blocking and Starvation 
In practical cases almost every queue is bounded by limitations of space, time or 
operating policy (Hopp and Spearman, 2000). If one process, through a time 
period, manage to take more parts through than the downstream process due to 
longer process time, breakdowns or other delays, the in between queue start to 
build up. After a while the queue reaches its limitation and the upstream process 
has to stop its production. This is called blocking; no place to put finished parts. 
On the other hand, if a process, through a time period, manage to take more 
parts through than the upstream process, the in between queue length start to 
reduce. After a while the queue is empty and the downstream process has no 
more parts to produce. This is called starvation; no parts to produce. Blocking 
and starvation can happen even if the average process time is equal for two 
processes in tandem. Due to independent variation in process times parts can, 
over a time period, be produced faster or slower in current process than in up- or 
downstream ones. How often and for how long time blocking and starvation last 
depends on the degree of variation and the size of in between buffers. Every 
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time blocking or starvation happens production in that process is stopped. 
During the stop production that could have been performed is not. Over time the 
average throughput of that process is reduced. As long as the process work at 
full capacity when it works, it is never possible to regain the lost production. 
Therefore also the systems average throughput is reduced. 

1.5 Organisation 
This introductory chapter contains, as hopefully already seen, a short 
background, studied research questions, claimed contributions and some 
important definitions for forthcoming text. The forthcoming chapters are also 
here presented. The rest of the dissertation is divided into another seven 
chapters. Chapter 2 contains the results of literature reviews, reviews that started 
early in this project and finished late. A lot of existing papers regarding Kanban 
and CONWIP have been studied. These papers are reviewed due to topics, used 
journals, authors’ collaboration, used performance measurements, modelling 
techniques and research approach. An overview and description of different pull 
based control policies is presented in Chapter 3. This overview is also a result 
from the literature reviews. The reviews are an important base and fundament 
for the rest of the dissertation. Chapter 4 describes used modelling techniques 
also found in literature. Emphasis is placed on the techniques used in our works; 
simulation is described in detailed together with a smaller section of surrogate 
modelling. Chapter 5 presents some concluded differences and similarities 
between Kanban and CONWIP. The content is the article Pettersen and 
Segerstedt (2009); Restricted work-in-process: A study of differences between 
Kanban and CONWIP. Chapter 6 contains the article Pettersen et al. (2010) 
concerning the 3D Performance Surface method for analysis and estimation of 
performances connected to configurations of special systems. Chapter 7 presents 
the case study; the verification of performances for a designed production line. 
Chapter 8 presents conclusions from this work, claimed contributions and 
possible future extensions. 
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2 Literature review 

This chapter describes a literature review that started early in this project, it has 
resulted in a bank of knowledge necessary for this project. Hopefully it can be 
helpful for others in the future. The main search has been conducted during 
2008, but the final numbers of articles and citations were found and calculated 
in October 2009. ISI Web of Knowledge and Scopus are used as search 
engines. Also the next chapter (Ch. 3), a presentation of different control types 
for pull systems is naturally a result and specification from the literature. 

2.1 Introduction
The objective for this literature review was, and is, to be a base for the rest of 
the study and answer some of the research questions. Questions looked for in 
the literature have been: Which performance measures are used in previous and 
current research regarding pull based production systems? How are these 
systems controlled to archive special performances? Other goals for the 
literature review have been to find which people are working in this area and 
how they are working. This is done by answering the following questions: 
Which articles are most sited? Who are the most contributing authors? In what 
journals are their research published? 

In ISI the search is done in the search field “Topic” and in Scopus in “Title, 
Abstract, Keywords”. Table 2.1 shows the number of found articles (October 
2009).

Table 2.1 Number of found articles 
Search Criteria ISI Scopus 
Kanban 476 750 
CONWIP 117 144 

The rest of this review chapter is divided in additional eight sections: 2.2 The 
most cited articles, 2.3 Most contributing Journals, 2.4 Chosen most important 
articles, 2.5 Main topics within Kanban/CONWIP and its writing authors, 2.6 
Most cited articles in 2007-2009, 2.7 An Overview Perspective, 2.8 
Performance Measures and 2.9 Research Methods.



Chapter 2. Literature review 

10

2.2 The most cited articles 
In this section the most sited articles containing the words Kanban or CONWIP 
found in ISI Web of Knowledge (http://apps.isiknowledge.com/) and in Scopus 
(http://www.scopus.com/). There are four parts in this section ISI: Kanban; ISI: 
CONWIP; Scopus: Kanban; Scopus: CONWIP. In this way both ISI and Scopus 
are sourced for both Kanban and CONWIP. Seven of the most cited articles are 
presented in this section. This is done due to space limitations. There are 
interesting articles further down the list, and these are presented in the Chosen
most important articles section.  

ISI: Kanban
In the Table 2.2 the most cited articles found in ISI including the word kanban
are listed. Self-citations are included.  

Table 2.2 Most cited articles ISI: Kanban (first seven) 
Citations Author(s) Article Title 

244 Spearman et al. (1990) Conwip – A pull alternative to kanban 
147 Krajewski et al. (1987) Kanban, MRP, and shaping the 

manufacturing environment 
104 Flynn et al. (1995) Relationship between JIT and TQM – 

Practices and performance 
100 Spearman and Zazanis (1992) Push and Pull production systems – Issues 

and comparisons 
96 Mitra and Mitrani (1990) Analysis of Kanban discipline for cell 

coordination in production lines 1 
73 Deleersnyder et al. (189) Kanban controlled pull systems – an analytic 

approach 
71 Bitran and Li (1987) A mathematical – programming approach to a 

deterministic kanban system 
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Figure 2.1 Kanban: Citations and published items in each year 

Figure 2.1 shows that Kanban has been a popular topic for publication since the 
beginning of the 90’ties, with a down around 2005 and a big increase for the 
last two years. The number of citations of articles concerning Kanban has 
gradually increased.

ISI: CONWIP 
In Table 2.3 the most cited articles found in ISI with the word CONWIP are 
listed. Self-citations are included. 

Table 2.3 Most cited articles in ISI: CONWIP (first seven) 
Citations Author(s) Article Title 

244 Spearman et al. (1990) Conwip – A pull alternative to kanban 
52 Bonvik et al. (1997) Comparison of production-line control 

mechanisms 
41 Gstettner and Kuhn (1996) Analysis of production control systems kanban 

and CONWIP 
40 van Oyen et al. (2001) Performance opportunity for workforce agility in 

collaborative and noncollaborative work systems 
40 Muckstadt and Tayur (1995) Comparison of alternative kanban control 

mechanisms. I. Background and structural results 
36 Spearman (1992) Customer service in pull production systems  
31 Hopp and Roof (1998) Setting WIP levels with statistical throughput 

control (STC) in CONWIP production lines 
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Figure 2.2 CONWIP: Citations and published items in each year  

As shown in Figure 2.2, CONWIP have increased in popularity the last years. 
Also the citations of CONWIP related articles have increased the last years 
(Figure 2.2)

Scopus: Kanban  
In Table 2.4 the most cited articles found in Scopus with the word Kanban are 
listed. Self-citations are included. 

Table 2.4 Most cited articles in Scopus: Kanban (first seven) 
Citations Author(s) Article Title 

258 Spearman et al. (1990) CONWIP – A pull alternative to kanban 
140 Sugimori et al. (1977) Toyota production system and kanban 

system. Materialization of just-in-time and 
respect-for-human system 

135 Krajewski et al. (1987)  Kanban, MRP, and shaping the 
manufacturing environment 

105 Spearman and Zazanis (1992) Push and Pull production systems – Issues 
and comparisons 

75 Mitra and Mitrani (1990) Analysis of Kanban discipline for cell 
coordination in production lines 1 

63 Di Mascolo et al. (1996) An analytical method for performance 
evaluation of Kanban controlled production 
systems 

63 Goldratt (1988) Computerized Shop floor scheduling 
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Scopus: CONWIP 
In the most cited articles found in Scopus with the word CONWIP are listed. 
Self-citations are included. 

Table 2.5 Most cited articles in Scopus: CONWIP (first seven) 
Citations Author(s) Title

258 Spearman et al. (1990) Conwip – A pull alternative to kanban 
56 Bonvik et al. (1997) A comparison of production-line control 

mechanisms 
44 van Oyen et al. (2001) Performance opportunity for workforce 

agility in collaborative and noncollaborative 
work systems 

43 Gstettner and Kuhn (1996) Analysis of production control systems 
kanban and CONWIP 

40 Muckstadt and Tayur (1995a) Comparison of alternative kanban control 
mechanisms. I. Background and structural 
results 

38 Hopp and Roof (1998) Setting WIP levels with statistical throughput 
control (STC) in CONWIP production lines 

36 Hopp et al. (2004) Benefits of Skill Chaining in Serial 
Production Lines with Cross-Trained 
Workers 

2.3  Most contributing journals 
There are a number of journals that publish articles concerning Kanban and 
CONWIP. Here are the journals with the highest number of articles. 

� International Journal of Production Research (IJPR) 
� International Journal of Production Economics (IJPE) 
� Production Planning and Control (PPC) 
� European Journal of Operational Research (EJOR) 
� IIE Transactions (IIE) 
� Computer & Industrial Engineering (CIE) 
� International Journal of Operations and Production Management

(IJOPM)
� Management Science (MS) 
� Operations Research (OR) 

In Table 2.6 the journal name, number of articles, how many times the articles 
in that journal are cited, the average number of citations each article has, and 
the h-index. The h-index is a wide used performance measures for journals and 
authors. For example, IJPR has an h-index of 17. Then there are seventeen 
articles that are cited seventeen times or more. To increase the h-index to 18, 
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eighteen articles have to be cited eighteen times. The next column is the impact 
factor of the journal. This factor is calculated based on a three-year period, and 
can be considered to be the average number of times published papers are cited 
up to two years after publication. For example, the impact factor 2008 for a 
journal would be calculated as follows: A = the number of times articles 
published in 2006 and 2007 was cited in indexed journals during 2008. B = the 
number of articles, reviews, proceedings or notes published in 2006 and 2007 in 
the journal. The impact factor for 2008 = A/B. Note that the impact factor of 
2008 can not be published before 2009, because all of the 2008 publications has 
to be received before calculation (www.wikipedia.org). The last column is the 
N-Level. N-Level for each journal is decided by The Norwegian Association of 
Higher Education Institutions (www.uhr.no). In Norway the funding of higher 
educations institutions are divided in three components. First a basic component 
consisting of about 55 per cent of university budgets, second an education
component calculated based on credit points taken by students, and third a 
research component calculated based on, among other factors, number of 
publications published in Level 1 or Level 2 journals. Publication in Level 1 
journals has a weight of 1 point and Level 2 has a weight of 3 points. In 2007 
one point had a value of 40 030 NOK. So a Level 2 journal is more worth than a 
Level 1 journal (www.uhr.no).

Table 2.6 Most contributing journals 
Journal # Articles Citations Average h-index Impact 

factor 
N-Level

IJPR 100 1156 11.56 17 0.774 2 
IJPE 39 176 4.51 7 2.026 1 
PPC 40 183 4.57 8 0.597 1 

EJOR 28 286 10.21 10 1.627 2 
IIE 25 271 10.84 9 1.023 1 
CIE 17 87 5.12 6 1.057 1 

IJOPM 17 117 6.88 7 1.054 1 
MS 11 604 54.91 9 2.175 2 
OR 11 364 33.09 8 1.463 2 

� International Journal of Production Research (IJPR) 
� Production Planning and Control (PPC) 
� International Journal of Production Economics (IJPE) 
� IIE Transactions (IIE) 
� International Journal of Applied Management and Technology (IJAMT) 
� European Journal of Operational Research (EJOR) 
� Operations Research (OR) 
� Management Science (MS) 
� Annals of Operations Research (AOR) 
� IEEE Transactions on Semiconductor Manufacturing (TSM) 
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� Defence Systems Journal (DS)
� International Journal of Operations and Production Management

(IJOPM) 
� Production Planning and Control (PPC) 
� Computer & Industrial Engineering (CIE) 
� International Journal of Information Processing and Management

(IJIPM)  

It is worth mentioning that N-Level and Impact Factor do not always reflect 
each other. For example IJPR has N-Level = 2, Impact Factor = 0.774 
compared to IJPE that has N-Level = 1, Impact Factor = 2.026. For Norwegian 
researchers this has to be taken into consideration because it has great 
economical impact on the local founding and international credits.

2.4  Chosen most important articles 
To find the most important articles regarding this study, a process of selection 
was conducted. In conformity with other’s work, the number of citations was 
used as a quality indicator and as a measure of importance. For a given article 
the number of citations differ some between Scopus and ISI. This is because not 
all journals are included in both ISI and Scopus. Therefore the citation numbers 
from both ISI and Scopus are presented in Table 2.7. Both numbers were used 
during evaluation of the articles. From a long list of the highest citied articles, 
that contains the words Kanban or/and CONWIP, 24 articles were chosen for 
further revision. These were chosen after a relevance study of the titles and 
abstracts. If an article was relevant or not was decided based on its ability to 
give insight to one or more of the previous defined research questions. In Table 
2.7 these 24 most important articles for this study are listed.  

Table 2.7 The 24 most cited – and most related articles for Kanban or CONWIP 
Author(s), Article Title ISI/Scopus 
Spearman, M., L., Woodruff, D., L., Hopp, W., J., 1990. CONWIP: a pull 
alternative to kanban. International Journal of Production Research.

244/258

Krajewski, L., J., King, B., E., Ritzman, L., P., Wong, D., S., 1987. 
Kanban, MRP, and shaping the manufacturing environment. Management
Science.

147/134

Sugimori, Y., Kusunoki, K., Cho, F., Uchikawa, S., 1977. Toyota 
production system and Kanban system materialization of just-in-time and 
respect-for-human system. International Journal of Production Research.

0/140

Spearman, M., L., Zazanis, M., A. 1992. Push and Pull production 
systems – Issues and comparisons. Operations Research.

100/102

Mitra, D., Mitrani, I., 1990. Analysis of kanban discipline for cell 
coordination in production lines 1. Management Science.

96/75 
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Deleersnyder, J., T. , Hodgson, T., J.,  Muller, H., Ogrady, P., J., 1989. 
Kanban controlled pull systems – an analytic approach. Management 
Science.

73/0

Bitran, L., Li, C., 1987. A mathematical – programming approach to a 
deterministic kanban system. Management Science.

71/0

DiMascolo, M., Frein, Y., Dallery, Y., 1996. An analytical method for 
performance evaluation of Kanban controlled production systems. 
Operations Research.

45/63 

Mitra, D., Mitrani, I., 1991. Analysis of Kanban discipline for cell 
coordination in production lines 2. Operations research.

61/52 

Bonvik, A., M., Couch, C., E., Gershwin, S., B., 1997. Comparison of 
production-line control mechanisms. International Journal of Production 
Research.

52/52 

Tayur, S., R., 1993. Structural properties and a heuristic for kanban-
controlled serial lines. Management Science.

49/48 

Gstettner, S., Kuhn, H., 1996. Analysis of production control systems 
kanban and CONWIP. International Journal of Production Research.

41/43 

van Oyen, M., P., Gel E., G., S., Hopp, W., J., 2001. Performance 
opportunity for workforce agility in collaborative and noncollaborative 
work systems. IIE Transactions.

40/44 

Muckstadt, J., A., Tayur, S., R., 1995a. Comparison of alternative kanban 
control mechanisms. I. Background and structural results. IIE
Transactions.

40/40 

Spearman, M., L., 1992. Customer service in pull production systems. 
Operations Research.

36/0

Hopp, W., J., Roof, M., L., 1998. Setting WIP levels with statistical 
throughput control (STC) in CONWIP production lines. International 
Journal of Production Research.

31/38 

Hopp, W., J, Spearman, M., L., 1991. Throughput of a constant work in 
process manufacturing line subject to failures. International Journal of 
Production Research.

30/28 

Hopp W., J., Tekin E., van Oyen M., P., 2004. Benefits of skill chaining 
in serial production lines with cross-trained workers. Management 
Science.

28/36 

Duenyas, I., Hopp, W., J., Spearman, M., L. ,1993. Characterizing the 
output process of a CONWIP line with deterministic processing and 
random outages. Management Science.

24/22 

Chang, T., M., Yih, Y., 1994. Generic Kanban systems for dynamic 
environments. International Journal of Production Research.

23/29 

Muckstadt, J., A., Tayur, S., R., 1995b. Comparison of alternative kanban 
control mechanisms. II. Experimental results. IIE Transactions.

27/28 

Duenyas, I., Hopp, W., J.. 1992. CONWIP assembly with deterministic 
processing and random outages. IIE Transactions.

21

Herer, Y., T., Masin, M., 1997. Mathematical programming formulation 
of CONWIP based production lines: and relationships to MRP. 
International Journal of Production Research.

19

Framinan, J., M., Gonzales, P., L., Ruiz-Usano, R., 2003. The CONWIP 
production control system: Review and research. International Journal of 
Production Research.

18/18 
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In the following it is presented facts for, and from, for the chosen articles. The 
tables from Table 2.8 to 2.30; the first column shows the number of articles in 
each journal that cite the current article, the second column shows the 
geographical locations of the citing articles in %, and the last column shows 
how many times a specific author has cited the current article. For example; see 
Table 2.8, this table shows that there are 55 articles in the journal IJPR that has 
cited Spearman et al. (1990), that 42.7 % of the citing articles are located in 
USA, and that Yves Dallery has cited Spearman et al. (1990) 8 times. 

Spearman et al. (1990) is the first article that describes the concept of 
CONWIP. CONWIP is a production control method where the WIP in a defined 
area or part of a production line or production system is limited to a maximal 
value. Originally CONWIP was design as a replacement of Kanban in shops 
controlled by job orders.

Table 2.8 Key information about Spearman et al. (1990) 
Journal Articles Location % Most Citing Authors Times 
IJPR 55 USA 42.7 Dallery, Y.  8 
PPC 22 South Korea 8.5 Takahashi, K. 8 
IJPE 20 Taiwan 8.5 Lee, Y. H. 8 
IIE 18 France 6.1 Gershwin, S. B. 7 
IJAMT 13 Israel 4.7 Framinan, J. M. 6 
EJOR 12 Japan 4.7 Huang, M 6 
OR 8 Netherlands 4.7 Ip, W. H 6 
MS 7 China 4.7 Askin, R. G. 5 
AOR 5  Liberopoulos, G. 5 
TSM 5  Nakamura, N. 5 
   Ruiz-Usano, R. 5 
   Wang, D. W 5 

Krajewski et al. (1987) analyse whether the kanban system could perform well 
in production environments found in the United States, compared with 
conditions in Japan. They also analyse which factors, in the production 
environment, that have the largest impact on the performance.  Reduced setup 
time and at the same time reduce lot sizes were found to be the single most 
important factor to reduce inventory levels and improve customer service 
regardless of production control method. The authors argue that factors like 
inventory record inaccuracy, equipment failures and vendor reliability are less 
important than earlier believed. 
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Table 2.9 Key information about Krajewski et al. (1987) 
Journal Articles Location % Most Citing Authors Times 
IJPR 32 USA        60.5 Atwater, J. B.       4 
EJOR 16 Canada       4.9 Chakracorty, S.S       4 
DS 12 France       4.9 Fry, T. D.   4 
IJOPM 12 Japan       4.9 Allahverdi, A.        3 
PPC 12 Sweden 4.9 Benton, W. C.      3 
IJPE 11 England       4.2 Framinan, J. M.   3 
MS 6 Singapore  2.8   
CIE 5     

Sugimori et al. (1977); this is the first published document in English describing 
the Toyota Production System (New, 2007; Uzsoy and Marin-Vega 1990). It 
describes the basic kanban, lean and just in time production system “invented” 
at Toyota. Also the characteristics of Japan and Europe/USA are described that 
favours Japan due to lean production.     

Table 2.10 Key information about Sugimori et al. (1977) 
Journal Articles Location % Most Citing Authors Times 
IJPR 30  Svensson, G 6 
IJOPM 13  Takahashi, K. 6 
PPC 11  Ip, W. H. 6 
IJPE 9  Wang, D. 6 
JOM 8  Nakamura, N. 4 
IIE 4  Gupta, S. M. 3 

Spearman and Zazanis (1992); in this article push and pull production systems 
are investigated and compared in an attempt to explain why pull systems seems 
superior. Three hypothesis are investigated pull systems have less congestion, 
pull systems are easier to control, and that the benefits of a pull systems is from 
the fact that the inventory is bounded more than the pull everywhere strategy. 
Through the investigation evidence of all hypotheses was found and a new 
control strategy was identified. A strategy with push and pull characteristics 
that seams to be superior to pure push and pull. This strategy is known as the 
CONWIP method. The comparison is performed by analytical tractable models.  

Table 2.11 Key information about Spearman and Zazanis (1992) 
Journal Articles Location % Most Citing Authors Times 
IJPR 24 USA   50.5 Zhao, X. B.   6 
IJPE 12 China    11.8 Gong, Q. G.  4 
IIE 11 France   6.45 Framinan, J. M. 4 
PPC 9 Israel   5.37 Masin, M. 4 
EJOR 7 Japan    5.37 Ruiz-Usano, R. 4 
OR 3 Singapore  5.37   
  Spain 5.37   
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Mitra and Mitrani (1990, 1991); in these articles the kanban control method is 
analysed by simulation and a new method of approximation is presented by first 
an analysis of a single cell in isolation and then a combination of the isolated 
cells through fixed-point equations. The second article includes a stochastic 
customer arriving process. A special variant of kanban is used, called kanban 
cell. In a kanban cell system each area where the kanban cards are circulating 
includes a bulletin board (empty cards), an input storage (not manufactured 
parts with connected cards), and an output buffer (manufactured parts with 
connected cards). This system differ form traditional kanban systems by the 
timidity material transfer out of each machine. This kanban scheme has a 
superior throughput-inventory relationship compared with other classical 
disciplines. 

Table 2.12 Key information about Mitra and Mitrani (1990) 
Journal Articles Location % Most Citing Authors Times 
IJPR 16 USA   56.0 Altiok, T. 7 
IIE 14 Japan   8.8 Dallery, Y. 4 
EJOR 8 Canada    6.5 Kuhn, H. 4 
IJPE 8 France   6.5 Zhao, X. B. 4 
MS 7 China   6.5 Cheng, D. W. 3 
PPC 6 UK   5.4 Duenyas, I. 3 
OR 5  4.4 Gershwin, S. B. 3 
   Gong, Q. G. 3 
   Gurgur, C. Z. 3 
   Krieg, G. N. 3 

Table 2.13 Key information about Mitra and Mitrani (1991) 
Journal Articles Location % Most Citing Authors Times 
IJPR 11 USA   46.6 Altiok, T. 4 
IIE 8 Germany 13.3 Dallery, Y. 4 
EJOR 6 Japan   10 Kuhn, H. 4 
IJPE 5 France    8.3 Buchholz, P. 3 
OR 5 India 6.6 Gershwin, S. B. 3 
MS 3 Canada     3.3 Krieg, G. N. 3 
PPC 3 UK   3.3 Ramesh, R. 3 
   Takahashi, K.  3 
   Bonvik, A. M. 2 
   Di Mascolo, M. 2 

Deleersnyder et al. (1989); a discrete time Markov process model is used to 
analyse a 3-stage kanban system’s performance due to the number of cards, the 
machine reliability, the demand variability and safety stock requirements. 
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Table 2.14 Key information about Deleersnyder et al. (1989) 
Journal Articles Location % Most Citing Authors Times 
IEE 10 USA    54.2 Huang, M: 5 
PPC 8 China       12.8 Ip, W. H. 5 
EJOR 6 France  5.7 Wang, D. W. 5 
IJOPE 6 Germany   5.7 Gong, Q. G. 3 
IJPR 6 Hong Kong    5.7 Gupta, S. M. 3 
OR 4 India   5.7 Krieg, G. N. 3 
IJAMT 4 Japan   5.7 Kuhn, H. 3 
MS 3 Canada    4.2 Wray, B. A. 3 
  UK 4.2 Yung, K. L. 3 
   Al-TurkI, Y. A. Y. 2 

Bitran and Li (1987); with a mathematical programming model a Kanban 
system in a deterministic multi-stage capacitated assembly-tree-structure is 
analysed in a production setting. 

Table 2.15 Key information about Bitran and Li (1987) 
Journal Articles Location % Most Citing Authors Times 
IJPR 10 USA    43.4 Gupta, S. M. 5 
EJOR 9 Japan  10.1 Hiraki, S. 5 
PPC 7 Canada     8.6 Watamabe, N. 5 
CIE 6 India 5.7 Al-TurkI, Y. A. 3 
IJOPM 5 Israel    5.7 Chen, M. Y. 3 
OR 5 Saudi Arabia  5.7 Svasar, M. 3 
IJPE 4 Turkey 5.7   
  Australia 4.3   

DiMascolo et al. (1996); in this paper a general analytical method for 
performance evaluation of multistage kanban controlled production systems is 
developed. The kanban system is modelled as a queuing network with 
synchronization mechanisms. The line is decomposed into a set of subsystems 
that are analysed individually, using a product-form approximation technique, 
and by an iterative procedure all unknown parameters are estimated. 

Table 2.16 Key information about DiMascolo et al. (1996) 
Journal Articles Location % Most Citing Authors Times 
IJPR 8 USA   43.1 Dallery, Y. 6 
AOR 5 France      20.4 Gupta, S. M. 4 
IIE 5 GREECE    20.4 Altiok, T. 3 
EJOR 4 India    11.3 Gong, Q. G: 3 
COR 3 China     9 Gurgur, C. Z. 3 
IJPE 3 Germany  6.8 Kavustrucu, A.  3 
  Netherlands   6.8 Krieg, G. N. 3 
   Krishnamurthy, A. 3 
   Kuhn, H. 3 
   Liberopoulos, G 3 
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Bonvik et al. (1997); the control mechanisms kanban, minimal blocking, base 
stock, CONWIP, and hybrid kanban-CONWIP are analysed by simulation 
studying service level and work-in-process level. The ranking due to lowest 
inventory with constant service level is, in decreasing order: Kanban, base 
stock, CONWIP, hybrid. So hybrid kanban-CONWIP is best regarding 
inventory level. The investigation also show that CONWIP and the hybrid 
system response better on changes in the demand rate.  

Table 2.17 Key information about Bonvik et al. (1997) 
Journal Articles Location % Most Citing Authors Times 
IJPR 16 USA     28.2 Framinan, J. M. 5 
IIE 7 France    15.2 Gershwin, S. B. 4 
IJPE 4 China     13 Ruiz-Usano, R. 4 
PPC 4 Spain   10.8 Dallery, Y. 3 
AOR 2 Germany 6.5 Gong, Q. G. 3 
  Greece    6.5 Kleijnen, J. P. 3 
  Netherlands     6.5 Liberopoulos, G. 3 

Tayur (1993) states that kanban controlled serial manufacturing systems are 
hard to study with analytical methods so simulation and heuristics are essential. 
He developed two theoretical results reversibility and dominance. Reversibility 
describes the behaviour of some permutations of the machines and dominance 
describes some behaviour related to allocations of cards among the cells. He 
also concludes that if our goal is to maximize throughput with a fixed number 
of cards all the machines should be allocated in one cell. Used in simulation 
studies the results reduce the required simulation effort. 

Table 2.18 Key information about Tayur (1993) 
Journal Articles Location % Most Citing Authors Times 
IJPR 9 USA 36.9 Takahashi, K. 9 
IIE 8 Japan 28.2 Nakamura, N. 7 
IJPE 7 Israel 10.8 Grosfeld-Nir, A 3 
PPC 5 China 6.5 Magazine, M 3 
EJOR 4 Germany 4.3 Masin, M. 3 
IJOPM 3 Saudi Arabia 4.3 Nakashima, K. 3 
  Spain 4.3 Zhao, X. B. 3 
   Gong, Q. G. 2 
   Herer, Y. T. 2 
   Muckstadt, J. A. 2 
   Tayur, S. R. 2 

Gstettner and Kuhn (1996) show that the amount of cards and distribution along 
the line has a significant contribution to the performance in terms of throughput 
versus average work in process. Kanban is more flexible than CONWIP 
because it has one more variable, the distribution of cards and not only the total 
amount. When to optimise average work in process against throughput the card 
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distribution looks like the “WIP bowl phenomenon”, with less cards at the ends 
and more cards in the middle distributed like an upside down bowl.  

Table 2.19 Key information about Gstettner and Kuhn (1996) 
Journal Articles Location % Most Citing Authors Times 
IJPR 9 USA    29.4 Huang, M. 5 
IIE 5 Germany     20.5 Ip, W. H. 5 
PPC 4 China    14.7 Kuhn, H. 4 
EJOR 2 Spain   11.7 Wang, D. W. 4 
IJPE 2 Hong Kong      5.8 Framinan, J. M. 3 
  Turkey 5.8 Krieg, G. N. 3 
   Krishnamurthy, A. 3 
   Ruiz-Usano, R. 3 
   Yung, K. L. 3 

van Oyen et al. (2001) and Hopp et al. (2004); these two articles analyse the use 
of cross-trained and agile workforce. The control issue is how to assign workers 
to jobs over time along a simple serial production line. The first article assumes 
complete worker flexibility; every worker can do everything. Here both the 
expedite policy and a policy they call the pick-and-run policy are analysed. 
They show by a counterexample that the last one is not always an optimal 
solution. This result is applied to both demand-constrained and capacity-
constrained environments operating under CONWIP. The last article deals with 
the problem of which skill(s) do each worker need and how to coordinate these 
workers’ response to congestions.

Table 2.20 Key information about Van Oyen et al. (2001) 
Journal Articles Location % Most Citing Authors Times 
IIE 5 USA   66.6 Hopp, W. J. 6 
NRL 3 Canada    7.6 Van Oyen, M. P. 6 
QS 3 Greece    5.1 Ahn, H. S. 4 
AAP 2 Ireland 5.1 Iravani, S. M.R. 4 
EJOR 2 Israel   5.1 Androdottir, S. 3 
IJPE 2 ITALY    5.1   
IJPR 2 China   5.1   
  Taiwan    5.1   
  Turkey 5.1   

Table 2.21 Key information about Hopp et al. (2004) 
Journal Articles Location % Most Citing Authors Times 
IIE 5 USA    51.8 Van Oyen, M. P. 5 
EJOR 4 Canada    11.1 Down, D. G. 3 
MS 2 China     11.1 Iravani, S. M. R.  3 
PEIS 2 Singapore  11.1 Androdottir, S. 2 
 2 Spain   11.1 Ayhan, H.  2 
  England   7.4 Blumenfeild, D. E. 2 
   Hopp, W. J. 2 
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Muckstadt and Tayur (1995a, b); in these two articles the pull control systems 
kanban and CONWIP are compared, with the conclusion that they are just two 
extremes of a finite family of pull controls, and that none of them is superior in 
all situations. The analysis is done by simulation including four variability 
sources: processing time variability, machine breakdowns, rework, and yield 
loss. The analysis show that machine breakdowns, rework and random 
processing times have similar effect regarding optimisation in contrast to yield 
losses that has to be handled separately.     

Table 2.22 Key information about Muckstadt and Tayur (1995a and b) 
Journal Articles Location % Most Citing Authors Times 
IJPR 5 USA    11 Takahashi, K. 5 
IIE 4 Japan   7 Zhao, X. B. 5 
IJPE 4 China    7 Nakamura, N. 3 
PPC 4 Colombia 2 Geraghty, J. 2 
AOR 3 France    2 Gong, Q. G. 2 
IJIPM 3 Ireland 2 Heavey, C. 2 
EJOR 2 Saudi Arabia 2 Nakashima, K. 2 
MS 2 Spain    2   

Spearman (1992) treats costumer service in pull production systems by first 
discuss the meaning of customer service in pull systems, pure pull and hybrid, 
compared to in push systems. Second he looks at how changes in inventory 
levels and processing time characteristics contribute to the customer service. 
Finally the conclusion is that CONWIP has better service and solves some 
implementation problems better than pure kanban.       

Table 2.23 Key information about Spearman (1992) 
Journal Articles Location % Most Citing Authors Times 
IIE 7 USA     35.2 Takahashi, K. 7 
IJPR 7 Japan     29.4 Nakamura, N. 6 
PPC 6 China     17.6 Huang, M. 3 
IJPE 5 France   11.7 Ip, W. H. 3 
EJOR 3 Canada   5.8 Ryan, S. M. 3 
  Greece    5.8 Wang, D. W. 3 
  Hong Kong    5.8 Balan, C. V. 2 
   Chen, M. Y. 2 
   Choobineh, F. F. 2 
   Dallery, Y. 2 

Hopp and Roof (1998) describe an adaptive production control method for 
setting WIP levels in real time to meet target production rates in CONWIP 
controlled production systems. The method is called Statistical Throughput 
Control (STC). This control method works well for systems with environmental 
changes.



Chapter 2. Literature review 

24

Table 2.24 Key information about Hopp and Roof (1998) 
Journal Articles Location % Most Citing Authors Times 
IJPR 8 USA    34.4 Framinan, J. M. 4 
IIE 5 Japan    13.7 Takahashi, K. 4 
PPC 5 Spain    6.8 Nakamura, N. 3 
IJPE 4 Canada   6.8 Ruiz-Usano, R. 3 
EJOR 2 India  6.8   
IJAMT 2 China    6.8   
  Taiwan    6.8   

Hopp and Spearman (1991); with a queuing network model the throughput in a 
CONWIP controlled production line is approximated based on the WIP level. 
Processes times are deterministic but time between failures and time for repair 
are exponentially distributed.   

Table 2.25 Key information about Hopp and Spearman (1991) 
Journal Articles Location % Most Citing Authors Times 
IJPR 8 USA         60.7 Herer, Y. T. 4 
IIE 6 Israel    21.4 Masin, M.  4 
PPC 5 Germany  7.1 Dar-El, E. M. 3 
EJOR 4 Italy    7.1 Duenyas, I. 3 
  South Korea    7.1 Cigolini, R. 2 
  Spain   7.1 Craighead, C. 2 
   Fowler, J. W. 2 
   Framinan, J. M. 2 
   Fredendall, L. D. 2 
   Hopp, W. J. 2 

Duenyas et al. (1993) use closed queuing network to model a CONWIP 
production line with deterministic processing times and exponential Time To 
Failure (TTF) and Time To Repair (TTR). With this model they approximate 
mean and variance of the output. Finally they show how the method can be used 
in a selection of correct production quota and card count.  

Table 2.26 Key information about Duenyas et al. (1993) 
Journal Articles Location % Most Citing Authors Times 
IIE 8 USA 39.1 Tan, B. 5 
IJPE 3 Turkey 21.7 Der-El, E. M. 3 
IJPR 2 Israel 13.0 Duenyas, I. 3 
MS 2 China 8.7 Masin, M 3 
MCM 2  Herer, Y. T. 2 
PPC 2  Olsen, T. L. 2 
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Duenyas and Hopp (1992); this article develops a closed-form approximation 
for throughput of an assembly system fed by multi-station fabrication lines 
controlled by a CONWIP. This is done by use of “deterministic steady state”, 
which tells how the system reacts to failures. 

Table 2.27 Key information about Duenyas and Hopp (1992) 
Journal Articles Location % Most Citing Authors Times 
IIE 4 USA 71.4 Duenyas, I. 4 
IJPR 3 Germany 9.5 Keblis, M. F. 3 
MS 2 Israel 9.5 Li, J. S. 3 
POM 2  Masin, M. 3 
   Ayhan, H. 2 
   Dar-El, E. M. 2 
   Herer, Y. T 2 
   Meerkov, S. M. 2 
   Wortman, M. A.  2 

Chang and Yih (1994); Kanban is successful in lowering inventory level and 
shortening lead time in repetitive production systems, but in dynamic 
environments kanban have not reached the same success. This article presents a 
modified kanban system for dynamic environments. The generic kanban system 
behaves more like a push system, but it is more flexible related to system 
performance and it is more robust in handling the location of the bottleneck. 
Based on simulation the conclusion is that generic kanban systems are dominant 
over traditional kanban systems and CONWIP system. 

Table 2.28 Key information about Chang and Yih (1994) 
Journal Articles Location % Most Citing Authors Times 
IJPR 9 USA   43.4 Framinan, J. M.   2 
PPC 3 Spain  13.0 Huang, C. C.    2 
IIE 2 Turkey 13.0 Kusiak, A.    2 
IJPE 2 Germany          8.6 Ruiz-Usano, R.     2 
  Jordan    8.6  

Herer and Masin (1997); this article develops a mathematical programming 
formulation of a CONWIP production system. The model shows how to order 
the backlog list. They also describe the major advantages of CONWIP; 
predictability and simplicity.  
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Table 2.29 Key information about Herer and Masin (1997) 
Journal Articles Location % Most Citing Authors Times 
IIE 4 Spain 25 Framinan, J. M. 3 
IJPR 3 China 18.7 Huang, M 3 
IJPE 2 USA 18.7 IP, W. H. 3 
JIM 2 Canada 12.5 Ruiz-Usano, R 3 
PPC 2 Germany 12.5 Yung, K. L. 3 
  Israel 12.5 Dar-El, E. M. 2 
  Taiwan 12.5   

Framinan et al. (2003); this paper is a review organizing the analysed articles 
according to three issues: operation, application, and comparison of CONWIP. 
The article concludes that lot sizing is overlooked in current literature and the 
comparisons of CONWIP with other production control systems suffer in lack 
of a unified framework for comparison where each system is tested under 
optimal parameter setting. 

Table 2.30 Key information about Framinan et al. (2003) 
Journal Articles Location % Most Citing Authors Times 
IJPE 4 Spain 20 Framinan, J. M. 2 
IJPR 3 USA 20   

2.5  Main topics within Kanban/CONWIP and its writing authors 
In this section, authors are grouped based on topics and whom working together 
on significant articles concerning Kanban or CONWIP. For each group there 
are two tables. The first is a key information table describing the authors. See 
tables with even number between Table 2.31 and Table 2.57. These tables show 
author’s name, number of articles they have contributed in concerning Kanban 
or CONWIP, total number of citations of these articles, the authors’ h-index, 
and first and last time that author published an article concerning Kanban or 
CONWIP. Here is an example to explain the h-index; Hopp, W. J. has an h-
index of 9 when looking at his articles related to Kanban and/or CONWIP 
topics. This means that he is main- or co-author of 9 articles treating the topics 
of Kanban or CONWIP, that are cited 9 times or more. To increase his h-index 
to 10 for articles relate to Kanban or CONWIP he has to have 10 articles cited 
10 or more times. The second table show which journals this group usually 
uses. See tables with uneven numbers between Table 2.32 and Table 2.58.  
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CONWIP - Characteristics, description and comparison:  
Hopp, W. J., Spearman, M. L., Duenyas, I., and van Oyen, M. P. 

These four authors are involved in total 17 articles concerning kanban or 
CONWIP with total of 620 citations. The most cited and oldest article is: 
“CONWIP – A pull alternative to kanban” (Spearman et al., 1990). The main 
focus of there articles are characteristics, description and comparison of pull 
and push production systems and CONWIP. In addition to this group Tekin, 
Hopp, van Oyen and Gel have 6 articles about agile workforce and work 
sharing.   

Table 2.31 Key information on Hopp, Spearman, Duenyas and Van Oyen 

Name Articles Citations 
h-

index
First-last 
published 

Location 

Hopp, W. J. 9 421 7 1990-2009 USA 
Spearman, M. L. 6 443 6 1990-1993 USA 
Duenyas, I. 6 95 5 1992-1998 USA 
van Oyen, M. P. 4 75 3 1998-2007 The Netherlands 

Table 2.32 Most used journals 
IIE Transactions    5 
International Journal of Production Research   5 
Management Science   2 
Operations Research 3 

Approximation of performance and comparison of pull based production 
systems: Frein, Y., Liberopoulos, G., Dallery, Y. and DiMascolo, M.

These four authors are involved in totally 19 articles concerning kanban or 
CONWIP. In total these are cited 232 times. There most cited article is “An
analytical method for performance evaluation of kanban controlled production 
systems” (DiMascolo et al., 1996). The main focus of these articles are 
approximation of performance and comparison of pull based production 
systems like Kanban, CONWIP, base stock, WIP cap, extended Kanban and 
generalized Kanban done by analytical methods.  

Table 2.33 Key information on Frein, Liberopoulos, Dallery and DiMascolo 

Name Articles Citations h-index 
First-last
published 

Location 

Frein, Y. 6 82 5 1996-2004 France 
Liberopoulos, G. 7 91 5 2000-2005 Greece 
DiMascolo, M. 10 144 6 1996-2004 France 
Dallery, Y. 13 200 8 1996-2005 France 
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Table 2.34 Most used journals 
Annals of Operations Research      3 
European Journal of Operational Research        2 
IIE Transactions          3 
International Journal of Production Economics         3 
International Journal of Production Research   4 

Comparing CONWIP, synchronized CONWIP and kanban systems. 
Description of reactive JIT and kanban systems, and ordering alternatives: 
Takahashi, K. and Nakamura, N. 

These two authors are involved in total 21 articles concerning kanban or 
CONWIP. In total these articles are cited 70 times. The most cited article is 
“Reacting JIT ordering systems to the unstable changes in demand” (Takahashi 
and Nakamura, 1999). The main focus of these articles is comparing CONWIP, 
synchronized CONWIP and kanban systems, reactive JIT and Kanban systems, 
and ordering alternatives in JIT systems.    

Table 2.35 Key information on Takahashi and Nakamura 

Name Articles Citations h-index 
First-last 
published

Location 

Takahashi, K. 14 62 5 1994-2007 Japan 
Nakamura, N. 9 41 4 1996-2004 Japan 

Table 2.36 Most used journals 
European Journal of Operational Research    2 
IEEE Transactions on Systems man and Cybernetics Parta-Systems and Humans 2 
International Journal of Production Economics    4 
International Journal of Production Research      6 
Production Planning & Control 3 

Simulation of card distribution in CONWIP systems:  
Ip, W. H., Huang, M. and Wang, D. W. 

These three authors are involved in a total of 8 articles concerning kanban or 
CONWIP. Total these articles are cited 14 times. Their research concentrates on 
simulation of different uses of CONWIP systems and how to distribute the 
number of cards in multistage CONWIP systems. The most cited article is 
“Simulation study of CONWIP for a cold rolling plant” (Huang et al., 1998). 

Table 2.37 Key information on Ip, Huang and Wang 

Name Articles Citations h-index 
First-last 
published

Location 

Ip, W. H. 8 17 3 1998-2007 China 
Huang, M. 6 10 2 1998-2007 China 
Wang, D. W. 5 9 2 1998-2007 China 
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Table 2.38 Most used journals 
Journal of Intelligent Manufacturing  2 
Xitong Fangzhen Xuebao Journal of System Simulation  2 
International Journal of Advanced Manufacturing Technology  1 
International Journal of Production Economics  1 

Analytical approximation of performances in CONWIP and buffer 
restricted line: Gershwin, S. B. and Bonvik, A. M.

These two authors are involved in total of 7 articles. In addition to other authors 
they also work together with Dellary, Y. in one article. Their most cited article 
is “Comparison of production-line control mechanisms” (Bonvik et al., 1997). 
Their research concentrates on different analytical approximation methods for 
analysis of production line systems, especially CONWIP and buffer restricted 
lines. 

Table 2.39 Key information on Gershwin and Bonvik 
Name Articles Citations h-index First-last published Location 
Gershwin, S. B. 7 109 4 1996-2009 USA 
Bonvik, A. M. 2 62 2 1997-2000 USA 

Table 2.40 Most used journal 
International Journal of Production Research     4 

Algorithms for description of dynamically adjusted flexible kanban 
systems: Gupta, S. M. and Al Turki, Y. A. Y.

Their two authors are involved in 7 articles concerning kanban or CONWIP.  
Their most cited article is “An Algorithm to dynamically adjust the number of 
Kanbans in stochastic processing times and variable demand environment”
(Gupta and AlTurki, 1997). The research concentrates mainly on description of 
dynamically adjustable flexible kanban systems with help of algorithms. They 
also use Petri nets in their research.   

Table 2.41 Key information on Gupta and Al Turki 

Name Articles Citations h-index 
First-last
published

Location 

Gupta, S. M. 7 79 5 1993-1999 USA 
AlTurki, Y.A.Y. 3 36 3 1997-1999 USA 
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Table 2.42 Most used journals 
International Journal of Production Research     2 
Production Planning & Control   2 

Performance analysis of kanban and CONWIP systems used in complex 
environments: Krishnamurthy, A. and Suri, R.

Their most cited article is “Re-examining the performance of MRP and Kanban 
material control strategies for multi-product flexible manufacturing systems”
(Krishnamurthy et al., 2004). Their research concentrates mainly on 
performance analysis of Kanban and CONWIP systems used in complex 
environment with multi inputs, multi products or advanced demand information 
using parametric decomposition. 

Table 2.43 Key information on Krishnamurthy and Suri 

Name Articles Citations 
h-

index
First-last
published 

Location 

Krishnamurthy, A. 6 16 2 2004-2009 USA 
Suri, R. 4 18 2 2000-2009 USA 

Table 2.44 Most used journals are 
Asia-Pacific Journal of Operational Research 1 
IIE Transactions     1 
International Journal of Flexible Manufacturing Systems 1 
International Journal of Production Research        1 
Production and Operations Management      1 
Production Planning & Control       1 
Queueing Systems 1 

Heuristics methods and genetic algorithms to design Kanban systems, in 
terms of number of cards: Rajendran, C. A. 

His most cited article “Formulations and heuristics for scheduling in kanban 
flow shop to minimize the sum weighted flow time, weighted tardiness and 
weighted earliness of containers” (Rajendran, 1999). He uses heuristics 
methods and genetic algorithms to design kanban controlled flow shops, in 
terms of number of Kanban cards, containers and scheduling principles.   

Table 2.45 Key information on Rajendran 
Name Articles Citations h-index First-last published Location 
Rajendran, C. A. 8 46 5 1997-2006 India 

Table 2.46  Most used journals 
International Journal of Production Research 5 
International Journal of Advanced Manufacturing Technology    2 
European Journal of Operational Research   1 
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Simulation and a decomposition approximation to analyse sequencing rules 
in kanban systems: Berkley, B. J.

His most cited article is “A simulation study of sequencing rules in a kanban-
controlled flow-shop” (Berkley and Kiran, 1991). He uses simulation and a 
decomposition approximation to analyse sequencing rules in Kanban controlled 
lines and analyse minimum performance levels of the same lines. 

Table 2.47 Key information on Berkley 
Name Articles Citations h-index First-last published Location 
Berkley, B. J. 8 140 7 1991/1996 USA 

Table 2.48 Most used journals 
International Journal of Production Research    5 
Decision Sciences  3 

Description of CONWIP, dynamic CONWIP, sequencing and dispatching 
in CONWIP systems: Framinan, J. M. and Ruiz-Usano, R.

Their most cited article is “The CONWIP production control system: review 
and research issues” (Framinan et al., 2003). The research includes the topics 
description of CONWIP, dynamic CONWIP, sequencing and dispatching in 
CONWIP systems. 

Table 2.49 Key information on Framinan and Ruiz-Usano 
Name Articles Citations h-index First-last published Location 
Framinan, J. M. 6 32 4 2000-2009 Spain 
Ruiz-Usano, R. 5 32 4 2000-2006 Spain 

Table 2.50 Most used journals 
International Journal of Production Research       2 
Production Planning & Control  3 

Kanban used in a job shop and assembly job-shop environments:  
Gravel, M. and Price, W.

Their most cited article is “Using the kanban in a job shop environment”
(Gravel and Price, 1988). Their research includes Kanban used in a job shop 
and assembly job-shop environments, with focus on optimization, performance 
estimation and simulation of kanban systems. 

Table 2.51 Key information on Gravel and Price 
Name Articles Citations h-index First-last published Location 
Gravel, M. 6 100 5 1988-1995 Canada 
Price, W. 4 55 3 1988-1995 Canada 
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Table 2.52 Most used journal 
European Journal of Operational Research    2 
International Journal of Production Research    2 

Decomposition method for analysis and performance evaluation of multi-
product kanban systems: Kuhn, H. and Krieg, G. N.

Their most cited article is an article together with Gstettner S, “Analysis of 
production control systems kanban and CONWIP” (Gstettner and Kuhn, 1996). 
Their own most cited article is “A decomposition method for multi-product 
kanban systems with setup times and lost sales” (Krieg and Kuhn, 2002). The 
research concentrates mainly on analysis and performance evaluation of multi-
product kanban systems based on a decomposition method.  

Table 2.53 Key information on Kuhn and Krieg 
Name Articles Citations h-index First-last published Location 
Kuhn, H. 5 56 3 1996-2008 Germany 
Krieg, G. N. 4 17 2 2002-2008 Germany 

Table 2.54 Most used journals 
IIE Transactions    2 
International Journal of Production Research   1 

Decentralized multi-product pull systems: Altiok, T. 

The most cited article is “Multistage, pull-type production inventory systems”
(Altiok and Ranjan, 1995). His research contains the topics decentralized multi-
product pull systems. 

Table 2.55 Key information on Altiok 
Name Articles Citations h-index First-last published Location 
Altiok, T. 6 50 3 1995-2008 USA 

Table 2.56 Most used journal 
Annals of Operations Research    1 
IIE Transactions 3 
International Journal of Production Research    1 

Planning and operations of kanban production systems:  
Sarker, B. R., Wang, S. J., and Balan, C. V. 

Their most cited article is “Operations planning for multi-stage kanban system”
(Sarker and Balan, 1999). The research includes the topics planning and 
operations of kanban production systems and supply chains.  
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Table 2.57 Key information on Sarker, Wang and Balan 
Name Articles Citations h-index First-last published Location 
Sarker, B. R. 6 51 5 1996-2006 USA 
Wang, S. J. 3 17 3 2004-2006 USA 
Balan, C. V.  3 34 3 1996-1999 USA 

Table 2.58 Most used journals 
European Journal of Operational Research  3 

2.6 Most cited articles in 2007-2009 
Old articles will natural have in general more citations than new, so a new 
search was performed June 2010 of articles treating Kanban and CONWIP 
(mentioned in title, keywords or abstracts). (This time only in Scopus, as most 
articles available in ISI are also nowadays available in Scopus and more 
journals are indexed in Scopus than in ISI.) This search covered only articles 
published in the years 2007, 2008 and 2009. Table 2.60 shows the number of 
articles that were “hit” by this search. 

Table 2.59 Hits for Kanban and CONWIP 2007-2009 
Year Kanban CONWIP 
2007 24 14 
2008 52 22 
2009 61 20 

Kanban is still much more popular than CONWIP. The Table 2.59 presents a 
more true and complete picture of 2009 than Figure 2.1 and 2.2, which show the 
situation October 2009. The number of articles about both Kanban and 
CONWIP increase; CONWIP shows the highest increase. 

For these articles and “hits” were then investigated the current number of 
citations. Table 2.60 shows the articles from 2007 and 2008 that has two or 
more citations and the articles from 2009 that has one or more citations. 
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Table 2.60 The most cited articles published 2007-2009 Kanban/CONWIP 
Author(s), Article Title Scopus 
Pettersen, J.-A., Segerstedt, A., 2009. Restricted work-in-process: A study of 
differences between Kanban and CONWIP. International Journal of Production 
Economics.     

2

Sharma, S., Agrawal, N., 2009. Selection of a pull production control policy under 
different demand situations for a manufacturing system by AHP-algorithm. 
Computers and Operations Research.

2

Askin, R.G., Krishnan, S., 2009. Defining inventory control points in multiproduct 
stochastic pull systems. International Journal of Production Economics.   

1

Klein, T., Thomas, A., 2009. Opportunities to reconsider decision making 
processes due to Auto-ID.  International Journal of Production Economics.

1

Masin, M., Prabhu, V., 2009. AWIP: A simulation-based feedback control 
algorithm for scalable design of self-regulating production control systems. IIE
Transactions.

1

Mo, J.-H., Huang, M., Wang, X.-W., 2009. Modeling and optimization of fuzzy 
production control system for serial line. Journal of System Simulation.

1

Sivakumar, G.D., Shahabudeen, P., 2009. Design of multi-stage Adaptive Kanban 
System using simulated annealing algorithm. International Journal of 
Manufacturing Research.

1

Jodlbauer, H., Huber, A., 2008. Service-level performance of MRP, kanban, 
CONWIP and DBR due to parameter stability and environmental robustness. 
International Journal of Production Research.

3

Lee, B., Lee, Y.H., Yang, T., Ignisio, J., 2008. A due-date based production 
control policy using WIP balance for implementation in semiconductor 
fabrications. International Journal of Production Research.

3

Meng, X.-J., Zhang, X., Ning, R.-X., Song, Y., 2008. Enterprise integration 
platform framework based on Web services. Jisuanji Jicheng Zhizao 
Xitong/Computer Integrated Manufacturing Systems, CIMS.

3

Watson, K.J., Patti, A., 2008. A comparison of JIT and TOC buffering 
philosophies on system performance with unplanned machine downtime. 
International Journal of Production Research.

3

Hao, Q., Shen, W., 2008. Implementing a hybrid simulation model for a Kanban-
based material handling system. Robotics and Computer-Integrated 
Manufacturing.      

2

Jodlbauer, H., 2008. Customer driven production planning. International Journal 
of Production Economics.

2

Shahabudeen, P., Sivakumar, G.D., 2008. Algorithm for the design of single-stage 
adaptive kanban system. Computers and Industrial Engineering.

2

Sivakumar, G.D., Shahabudeen, P., 2008. Design of single-stage adaptive Kanban 
system using genetic algorithm. International Journal of Services and Operations 
Management.

2

Holweg, M., 2007. The genealogy of lean production. Journal of Operations 
Management.

28

Schonberger, R.J. 2007. Japanese production management: An evolution-With 
mixed success. Journal of Operations Management.

14

Gershwin, S.B., Werner, L.M., 2007. An approximate analytical method for 
evaluating the performance of closed-loop flow systems with unreliable machines 
and finite buffers. International Journal of Production Research.

7
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Kumar, C.S., Panneerselvam, R., 2007. Literature review of JIT-KANBAN 
system. International Journal of Advanced Manufacturing Technology.    

6

New, S.J., 2007. Celebrating the enigma: The continuing puzzle of the Toyota 
Production System. International Journal of Production Research.

5

Gel, E.S., Hopp, W.J., van Oyen, M.P., 2007. Hierarchical cross-training in Work-
In-Process-constrained systems. IIE Transactions.

4

Kang, K.H., Lee, Y.H., 2007. Make-to-order scheduling in foundry semiconductor 
fabrication. International Journal of Production Research.

3

Yang, T., Fu, H.-P., Yang, K.-Y., 2007. An evolutionary-simulation approach for 
the optimization of multi-constant work-in-process strategy-A case study. 
International Journal of Production Economics.

3

After evaluation of the titles and abstracts the following articles from Table 
2.60 are picked out as most relevant to comment for this study from this time 
period.

Holweg (2007); this article describes the research on lean production at MIT 
International Motor Vehicle Program and the history of one of the most 
important books regarding manufacturing “The Machine that Changed the 
World”.

Schonberger (2007); this article describes the evolution of the Japanese 
production management. From the publication in 1977 when the, until then 
internal, production management system in Toyota become public, the learning 
process in the Western industries, the Western modifications and enhancements, 
and the Japanese shortcomings during the 1990s.   

Gershwin and Werner (2007); this article is a succession of Gershwin’s earlier 
work (Gershwin 1986 and 1989). It presents a method for approximation of 
production rate and distribution of inventory in closed-loop tandem and 
CONWIP manufacturing systems with unreliable machines and finite buffers. 
The method is based on approximation and analytical decomposition.   

Watson and Patti (2008); the impact of buffering under kanban and drum-buffer 
rope (DBR) is evaluated through results obtained by simulation of a five-station 
cell production line. DBR have higher total output and less lead time while 
reducing inventory requirements compared to kanban. DBR is also more robust 
in terms of maintaining higher levels of performances across chains of 
inventory levels. 

New (2007); this article celebrates the 30th anniversary of the Sugimori et al 
(1977) publication and analyse the three main issues of the paper: The West’s 
interest in Japanese manufacturing, the preoccupation with information 
technology, and the topic job design and motivation. 
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Kumar and Panneerselvam (2007) does a literature review of 100 state of the 
art research papers concerning just in time and kanban literature regarded 
measure of performance and concepts involved.    

Yang et al. (2007) solves a multi-constant work-in-process pull strategy 
problem by an evolutionary-simulation optimisation approach. The results show 
that the multi-CONWIP strategy outperforms single-loop CONWIP strategies.   

Jodlbauer and Huber (2008) analyse the robustness of MRP, kanban, CONWIP 
and drum-buffer-rope in terms of service level and WIP during dynamic 
environments. CONWIP outperform the other control methods, but in less 
degree under dynamic conditions.  

Jodlbauer (2008) develops a customer driven production planning method by 
investigating the buying behaviour of the customer and the production capacity 
needed to meet customer orders. 

2.7 An overview perspective 
This review found ten articles that present an overview of the subject. In this 
section are these rendered, examined and discussed.  

Uzsoy and Marin-Vega (1990) review the techniques of modelling kanban-
based demand-pull systems. They point to three main categories; simulation 
models, deterministic models and stochastic models. Simulation models can 
include the dynamic and stochastic nature of a manufacturing system without 
the same degree of assumptions necessary as in analytical models. In current 
literature simulation has been used to examine how different manufacturing 
environments affect the system performance, how different configurations gain 
optimised performance measures and comparison of pull systems with push 
systems. Deterministic models are divided into three main groups: 
mathematical programming models, structural equations and inventory models. 
Stochastic models model the demand and processing times at each station by 
random variables and they analyse system performances. Main used methods 
are discrete-time Markov models, continues Markov models or some 
approximation technique combined with an iterative approach to obtain a close 
to real solution.  

Chu and Shih (1992) study the use of simulation in JIT research. The first step 
to a successful simulation is to know the purpose of the study. In the literature 
they fund two main purposes regarding the use of simulation. First, to evaluate 
the relative performance of JIT production against other types of production 
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systems such as MRP. Second, to identify factors detrimental to the success of 
JIT implementations. In their review they conclude that simulation studies until 
then has been too small, not complex enough in terms of multi stage and multi 
items, to reflect the actual production environment and the assumptions, in 
terms of perfect production processes, used to reflect the theory of JIT better 
than the real production environment. Also the argumentations about selections 
of appropriate random variables and seeds were overlooked or neglected in the 
literature reviewed. This dramatically reduces the traceability of the results. To 
perform a well fundamental simulation study the model must be validated and 
the computer program must be verified. This means that the model must be 
tested to show that all the assumptions are realistic and correct (validation) and 
the computer program must be tested to show it runs correctly (verification). In 
most of the literature this has been ignored. They found a wide rang of 
measures of performance which they classify in three groups: utilization of 
facility, output rate and work-in-process. They also found that measures are 
used in different ways in most of the studies, with different assumptions. This 
makes it very, if not impossible to compare results from different studies. 
Finally they mention four model design parameters that are often too easy 
handled in the literature, steady-state conditions, and the number of independent 
runs and length of simulation runs. A steady-state condition is when the 
simulation runs long enough to be in a so called steady state. It is at this point 
data are started to be collected to be used in the later statistical analysis. There 
are multiple tools to decide this point in time, but the tool used in the few 
studies that has done this is Conway’s graphic analysis. The main purpose of a 
simulation is to generate an average value for each performance measure. To 
generate a real average value the base numbers must be independent; this means 
that there have to be a number of independent runs. Independent means that 
there are used different seeds in each run. The number of runs have to be large 
enough to generate a small enough confident interval. The last issue that is not 
addressed well enough is the statistical output analysis. Only a few studies 
specify which method they used. 

Huang and Kusiak (1996) present an overview of kanban systems, the 
principles of kanban and kanban-related control systems are described, and the 
three main model approaches simulation, mathematical and stochastic models 
are also described. Simulation is in general used to explorative analysis of pull 
systems and comparative analysis of push and pull. Deterministic mathematical 
programming models are used to optimize some objective functions. This 
approach is suitable for a JIT-Kanban system since the repetitive environment is 
deterministic. In stochastic models demand and process times are modelled as 
random variables, and Markov chains are often used to describe system 
behaviour. Poisson process arrivals and exponential processing times are the 
general assumptions. Markov models can be of either continuous or discrete 
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time processes. Huang and Kusiak (1996) conclude that kanban systems are not 
working well under the following circumstances: job orders with short 
production runs, significant setups, presence of scrap, large unpredictable 
fluctuations in demand, and when the information and hierarchical control 
structure in the shop are complex. Modified Kanban systems described in the 
article are: The CONWIP system that is a kanban control system adjusted to 
shops control by job orders. The Generic Kanban system a system more suited 
for dynamic environments with variable demand and processing times. A 
kanban system modified to fit the nature of a semiconductor manufacturing 
environment with poor line loading and line balancing. An integrated push-pull 
manufacturing strategy combining push and pull through three points: 1. the 
customer order point, 2. the bottleneck resources, and 3. the product structure. 
Pull upstream the bottleneck or the customer order point, and push downstream. 
Finally the periodic pull system that is a computerised system due to handle 
large volumes of information.  

Akturk and Erhun (1999) present an article that is divided in two parts. In the 
first part the design parameters of kanban systems are explained by using a 
tabular format. In the second part the relation between the design parameters, 
number of kanbans and the kanban size, and the sequencing of the production 
kanban is explored. Finally they conclude that current literature is lacking 
studies of kanban sizes and kanban sequencing. 

Framinan et al. (2003) review three issues related to CONWIP: operation, 
application and comparison. They found that implementation decisions like lot 
sizing have received little interest in current literature. There is also a lack of 
unified framework for comparison of CONWIP against other production control 
systems. 

Kumar and Panneerselvam (2007) review 100 state-of-art research papers 
concerning JIT, with focus on Kanban. They describe a number of blocking 
mechanisms and thirteen measures of performance found in reviewed literature. 
Further the authors classify the reviewed articles into five groups: empirical 
theory, modelling approach, variability and its effect, CONWIP and JIT-SCM.  

Jin et al. (2001) compare, through a number of test problems, four metamodel 
techniques: polynomial regression, multivariate adaptive regression splines, 
radial basis functions, and kriging, an interpolation technique developed by 
Georges Matheron and Daniel Gerhardus Krige, to investigate the advantages 
and disadvantages of the different techniques.

Yu and Popplewell (1994) review metamodel techniques used on manufacturing 
systems. Only one article considers factory systems including production 
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planning and control. Rests of the literature reviewed only consider 
manufacturing subsystems. The final conclusion is that metamodels are useful 
in range of manufacturing applications and that metamodels provide more 
insight and are easier to manage than simulation alone.    

Andradottir (1998) reviews methods for optimizing stochastic system using 
simulation including both gradient-based and random search methods for 
respectively continuous and discrete decision parameters. For continuous 
parameters the gradient estimation, stochastic approximation and sample path 
optimization are reviewed. For discrete parameters random search methods are 
used.

Andradottir (2006) presents an overview of the use of random search methods 
for optimization. Methods included in the article are simulated annealing, tabu 
search and genetic algorithms. Topics discussed are also convergence and 
efficiency of each method and under different situations. They conclude that 
global convergence is not difficult to achieve, and therefore random search 
methods are worth concentrating on. Suggested area of future research is the 
ability to move rapid to feasible region to identify desirable areas worthy of 
further investigation.  

There are a number of ways to categorise literature about pull-based production 
systems. From the above reviews it can be concluded that there are three main 
ways to categories the literature. First, is due to system control techniques 
included. Second, is due to the modelling approach or the research method used 
in the article. And third, is the research objective of the paper. Research 
objective can be further divided into literature review, new system control 
description, system control performance evaluation, system control 
optimisation, and system control techniques comparison. The group of 
modelling approaches can be divided into deterministic methods like 
mathematical programming models, structural equations and inventory models, 
and stochastic methods like simulation, discrete or continue Markov models. 
There are a number of control techniques described and analysed in these 
reviews for example kanban, kanban cell, conwip, hybrid kanban-conwip, 
generalized and extended kanban, synchronized conwip, and gated maxwip.

In almost all papers there are used some performance measures. These can be of 
some economical combination of system performances, composite measures 
like flexibility and robustness, or simple average system performances like lead 
time, work-in-process and throughput. A few papers include also a variability 
measure.
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The following literature review is divided into four main parts: performance 
measures, pull-based system control types, modelling techniques, and research 
methods and objectives.

2.8 Performance measures 
As Chu and Shih (1992) state, the performance of JIT systems can be evaluated 
from several directions. From their research it is found that utilization of 
facility, output rate, and work-in-process are used more frequent than other 
measures. They classify performance measures used in the literature in three 
categories: overall, inventory related, and due-date related. In the overall 
category they include total cost, waiting time, idle time, production rate, facility 
utilization, throughput, length of queue, overtime, line efficiency, service level, 
labour productivity, labour requirements and, number of kanbans. Inventory 
related measures are raw material, work-in-process (WIP), finished good, total 
inventory. Lost sales, shortage, and past due demand are included in the due-
date category.  

Uzsoy and Martin-Vega (1990) classify performance measures in their 
reviewed articles in WIP levels, backorder levels, utilization, and throughput. 
Kumar and Panneerselvam (2007) found thirteen measure of performance in 
there literature review. These are: average WIP, demand, fill rate, average 
kanban waiting/queue time, average flow (production lead) time, average 
setup/process time ratio, average input/output inventory, mean cumulative 
throughput rate, mean line utilization,  mean demand satisfaction lead time, 
mean staging delay of job, mean tardiness, weighted earliness of the job. 
Average work-in-process, average flow time and, mean cumulative throughput 
rate are the most frequent used. 

From these three reviewed articles it can be seen that one measure relate to 
average number of items in the system (WIP), one measure relate to average 
throughput or satisfaction of customer demands and, one measure relate to the 
utilization of equipment in the system are used as performance measures in 
majority of the reviewed literature. This is not surprising because average WIP 
is direct connected to expenses related to system holding costs. Level of 
average throughput and the satisfaction of customer are related to income of the 
system. If the system does not meet the customers demand, lost sales occurs. 
Measure of utilization show how well the investments in equipment are used to 
generate possible income. Based on previews reviews and after a pre study of 
the relevant articles their performance measures were categorized into these 
main groups: Time, Flow, Number of Items, Percentage, Cost, and Variability.
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Time is used in 26 of the reviewed articles (Table 2.61). Two articles measure 
the time a backordered demand is waiting, five measures the time a demand is 
waiting, 13 measures how long an item is in the system (Flow time, cycle time, 
Lead time or system time), one consider setup time and five measures items 
wait time.  

Table 2.61 Time related performance measures 
PM Article  
Backordered demand 
waiting time 

DiMascolo et al. (1996) Frein et al. (1995) 

Demand waiting time Liberopoulos et al. 
(2007) 
Matta (2005) 

Takahashi and Nakamura (1998) 
Takahashi and Nakamura (2002)  
Takahashi et al. (2004) 

Item in system time  
(Flow time, cycle time, 
lead time or system 
time) 

Andijani (1997) 
Andijani (1998)  
Herer and Shalom (2000) 
Schömig (1995)  
Spearman and Zazanis 
(1992) 
Spearman et al. (1990) 

Al-Tahat and Rawabdeh (2007) 
Chan (2001) 
Ettl and Schwehm (1995)  
Li (2003) 
Liberopoulos et al. (2007) 
Little (1961) 
Marek et al. (2001)  

Setup time Cao and Chen (2005)  
Item wait time Al-Tahat and Rawabdeh 

(2007) 
Takahashi (2003) 

Köchel and Nieländer (2002) 
Muckstadt and Tayur (1995) 
Takahashi and Nakamura (1999) 

Flow (items per time unit) is used by 55 articles see Table 2.62. One article 
measures the input rate, two measures output rate, four measures production 
rate, one measures the kanbans/time, one measures loading events/time, one 
measures takt time and 42 measures throughput, one measures yield and one 
measures the throughput variability.  
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Table 2.62 Flow performance measures 
PM Article  
Input rate Huang et al. (1998)  
Output rate Duenyas et al. (1993) Chu and Shih (1992) 
Production rate Gershwin (1987) 

Gershwin (1989) 
Hillier and So (1991a,b) 
DiMascolo et al. (1996) 

Kanbans/time Köchel and Nieländer (2002)  
Load events/time Bonvik et al. (1996)  
Tact time Al-Tahat and Rawabdeh 

(2007)
Throughput Andijani (1997) 

Ayhan and Wortman (1999) 
Chen and Askin (2006) 
Cheraghi et al. (2008) 
Dallery and Liberopoulso (2000) 
Duenyas and Hopp (1993) 
Duri et al (2000) 
El-Rayah (1979) 
Framinan et al (2006) 
Herer and Shalom (2000) 
Hunag et al. (1998) 
Matta et al. (2005) 
Ovalle and Marquez (2003) 
Savsar and Al-Jawini (1995) 
Schomig (1995) 
Sharma and Agrawal (2008) 
Shi and Men (2002) 
So (1997) 
Spearman and Zazanis (1992) 
Spearman et al. (1990) 
Tayur (1993) 

Andijani (1998) 
Ettl and Schwehm (1995) 
Ghamari (2006) 
Grosfeld and Magzine (2002) 
Gstettner and Kuhn (1996) 
Hall et al. (1998) 
Han and Park (2002) 
Hazar et al (1999) 
Hiller and So (1991) 
Hirotani et al (2006) 
Kirkavak and Dincer (1999) 
Köchel and Nieländer (2002) 
Lee and Wang (2007) 
Little (1961) 
Marek et al. (2001) 
Mitra and Mitrani (1990) 
Muckstadt and Tayur (1995a, b) 
Panayiotou and Gassandras (1999) 
Papadopoulos and Vidalis (2001) 
Ryan and Choobineh (2003) 

Yield Liberopoulos and Kozanidis 
(2007)

Throughput 
variability 

Bonvik et al. (1996)  

Number of Items is used by 62 articles see Table 2.63. This category has three 
main groups. First, maximum items in the system at a time. In this group seven 
measure the total number of kanban cards, 5 measure buffer capacity or buffer 
spaces. Second, average number of items. Here 5 measure inventories, 1 of 
these measures only in buffer inventory the rest measure total inventory, 38 
measures WIP (work in process). The last category is other item oriented 
measures: two measures backordered or shortages, two uses a finished 
part/product measure and three use stocked material/parts/products as an item 
measure.
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Table 2.63 Item oriented performance measures 
PM Article  
Total number of 
kanbans

Hazar et al. (1999) 
Tayur (1993)  
Hall et al. (1998) 

Akturk and Erhun (1999) 
Muckstadt and Tayur (1995a, b) 
Panayiotou and Gassandras (1999) 

Buffer capacity Hiller and So (1991a, b)  
Ryan and Choobineh (2003) 

Han and Park (2002) 
Kirkavak and Dincer (1999) 

Average inventory  Chan (2001) Mitra and Mitrani (1990) 
Average inventory 
in buffer 

Welgama and Mills (1995) 
Huang et al. (1998) 

Gershwin (1989) 

Average WIP Al-Tahat and Rawadbeh (2007) 
Andijani (1998) 
Bonvik et al. (1996) 
Cheraghi et al. (2008) 
Chu and Shih (1992) 
DiMascolo et al. (1996) 
Duenyas and Hopp (1993) 
Duri et al (2000) 
El-Rayah (1979) 
Ettl and Schwehm (1995) 
Frein et al. (1995) 
Ghamari (2006) 
Grosfeld-Nir and Magazine 
(2002)
Gstettner and Kuhn (1996) 
Köchel and Nieländer (2002) 
Liberopoulos and Kozanidis 
(2007)
Little (1961) 
Marek et al. (2001) 

Geraghty and Heavey (2004) 
Herer and Shalom (2000) 
Li (2003) 
Li and Liu (2006) 
Muckstadt and Tayur (1995a) 
Papadopoulps and Vidalis (2001) 
Ryan and Choobineh (2003) 
Savsar and Al-Jawini (1995) 
Schömig (1995) 
So (1997) 
Spearman and Zazanis (1992) 
Takahashi (2003) 
Takahashi and Nakamura (1998) 
Takahashi and Nakamura (1999) 
Takahashi and Nakamura (2002) 
Takahashi et al. (2004) 
Takahashi et al. (2005) 
Wang and Wang (1990)  
Ovalle and Marquez (2003) 
Spearman et al. (1990) 

Shortages Takahashi et al. (2007) Philipoom et al. (1987) 
Finished products Matta et al. (2005) Frein et al. (1995) 
Stocked products Takahashi et al. (2007)  
Quantity ordered Petrovic (2001)  
Raw material  Geraghty and Heavey (2004)  

Percentage is used of 24 articles, see Table 2.64. This category can be divided 
in four: Utilization used of 8 articles, fill rate used of 4, service level used of 5, 
and other measures like availability, buffer utilization, busy probability, setup 
time vs. process time, shop floor is idle, productivity, robustness and work load.    
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Table 2.64 "Percentage of" performance measures 
PM Article  
Utilization Akturk and Erhun (1999) 

Chu and Shih (1992) 
Marek et al. (2001) 
Sharma and Agrawal (2009) 

Hall et al. (1998) 
Huang et al. (1998) 
Savsar and Al-Jawini (1995) 
Woolsey et al. (1999) 

Fill rate Chan (2001) 
Kleijnen and Gaury (2003) 

Akturk and Erhun (1999) 
Petrovic (2001) 

Service level Karaesmen and Dallery (1998)  
Yang et al. (2007) 

Bonvik et al. (1996) 
Framinan et al. (2006) 
Geraghty and Heavey (2005) 

Other Freiheit et al. (2003) 
Kleijnen and Gaury (2003) 
Li and Liu (2006) 

Bowden et al. (1996) 
Cao and Chen (2005) 
Frein et al. (1995) 
Li (2003) 

Cost is used by 22 articles see Table 2.65. This measure can be divided into two 
main groups: inventory holding costs, 12 articles, and shortage (backordered 
demand and waiting customers) 9 articles.  

Table 2.65 Cost performance measures 
PM Article  
Inventory holding Akturk and Erhun (1999) 

Huang et al. (1998) 
Lee and Wang (2007) 
Ovalle and Marquez (2003) 
Rees et al. (1987) 
Taylor (1999) 

Ettl and Schwehm (1995) 
Geraghty and Heavey (2004) 
Karaesmen and Dallery (1998) 
Köchel and Nieländer (2005) 
Markham et al. (1998) 
Petrovic (2001) 

Shortage Akturk and Erhun (1999) 
Lee and Wang (2007) 
Sharma and Agrawal (2009) 
Tardif and Maaseidevaag (2001) 

Geraghty and Heavey (2004) 
Köchel and Nieländer (2002) 
Köchel and Nieländer (2005) 
Markham et al. (1998) 
Rees et al. (1987) 

Other Takahashi et al. (2007)  

Variability is used of 8 articles. Four different variability measures are fund; 
Throughput used by 4 articles, a cost/profit relation is used by one, service level 
variation is used by two and last, variation in WIP is used by one.  

Table 2.66 Variability performance measures 
PM Article  
Throughput Duenyas et al. (1993) 

El-Rayah (1979) 
Duenyas and Hopp (1990) 
Muckstadt and Tayur (1995) 

Cost/profit Taylor (1999)  
Service level Takahashi et al. (2007) Sharma and Agrawal (2008) 
WIP Tahahashi (2005)  
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15 articles use all three measures time, items, flow, and 27 articles use only 
items and flow. 8 articles use time and items, but here the time measure is 
waiting time not flow or system time. One article uses system time and flow.  

2.9 Research methods 
Current literature has in general four main goals: a review of existing literature, 
to describe new system control methods, to compare existing and new control 
methods, or to calculate, with some degree of estimates, performances of 
different system configurations. There are a number of approaches to meet 
these goals. In the following a number of approaches in term of model types are 
discussed. Uzsoy and Marin-Vega (1990) divided their reviewed literature into 
simulation, deterministic and stochastic models. They further divided 
deterministic models into mathematical programming, including linear and non 
linear problems, structural equations and inventory models. Huang and Kusiak 
(1996) build their categories on Uzsoy and Marin-Vega (1990), but they divide 
the literature models into simulation, mathematical and stochastic.  

In the following a brief description of the methods found in the reviewed 
articles is given. The references regarding each type will only work as 
examples. All articles using the special method are not listed. The methods are 
divided into the groups: Reviews, Probability Theory, Heuristic Analysis,
Mathematical Programming, Mathematical Equations, Simulation and
Metamodels. Reviews are already discussed in section 2.7. Simulations and 
Metamodels will be presented and discussed in a forthcoming chapter (Ch. 4), 
because it is the main methods used in this work; the rest is commented on 
below. 

Probability Theory 
Almost all work done using probability theory are regarding either methods for 
determining the probabilities of certain events from the specified probabilities 
of each possible outcome of an experiment or methods for revising the 
probabilities of events when additional relevant information is obtained 
(DeGroot, 1989). This is also true for work regarding pull based production 
systems. In the reviewed literature Markov chains is the most frequent used, but 
in a multiple ways. A Markov chain is a special type of stochastic process. A 
Markov chain is the chain of states over time for a process. If the current state 
and all previous states are known, the probabilities of the next state and all 
future states are only dependent on the current state.     

Markov Continuous Time models are used by Papadopoulos and Vidalis (2001) 
and Al-Tahat and Rawabdeh (2007). Papadopoulos and Vidalis (2001) 
combined a Markov Continues Time model with an algorithm developed by 
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Heavey et al. (1993) to calculate the throughput of the system. To optimize the 
system they search the state space for the best solution. To manage this they 
developed a heuristic algorithm based on observations. This algorithm reduced 
the search space with approximately 50 %.    

Markov Discrete Time models are used by Kirkavak and Dincer (1999), 
Takahashi et al. (2007) and Li and Liu (2006). Hiller and So (1991a,b) and 
Kirkavak and Dincer (1999) use a Markov Discrete Time together with and an 
algorithm to formulate an optimization model that can be seen as a linearly 
constrained mixed integer non-linear programming problem, in terms of 
maximising long term throughput and minimizing the number of kanbans. 
Ayhan and Wortman (1999) develop a set of difference equations to employ the 
Markovian analysis to derive an expression for mean throughput.   

Decomposition Approximation was developed by Gershwin (1987). The 
motivation for the method is that the solution for a Markov chain for a long line 
of machines and buffers is hard to solve. The Decomposition Approximation 
method decomposes the line into segments of three machines, where the two 
end machines represents the whole line upstream and downstream of the middle 
machine. An algorithm to estimate the performances of this short line are 
developed based on probability theory. One important property of the 
Decomposition methods is that it cannot be directly used in the analysis of 
serial lines with quality inspection machines, because the flow is not conserved 
(Han and Park, 2002). Lee and Wang (2008) use the Decomposition 
Approximation method by Gershwin (1987) and describe the short line by a 
Markov process in a process to determine the optimum number of kanbans.  

Probability of states changes is used in Freiheit et al. (2003) to express 
productivity in production lines to analyse the effect of buffer less systems.  

Queuing Network models are used in a large number of articles in multiple 
ways. Exact analytical solutions exist for so called separable systems (Baynat 
and Dallery, 1996). These systems, with steady-state joint probability, have a 
product-form solution. Solution for these systems can be obtained with 
algorithms like mean-value-analysis, but systems in the class of separable 
networks are often too restrictive to model full scale real systems. Baynat and 
Dallery (1996) developed an aggregation technique to reduce the complexity of 
non-separable systems. Matta et al. (2005), Duri et al. (2000), and DiMascolo et 
al. (1996) are examples of articles that use the aggregation technique. Dallery 
and Liberopoulso (2000) present a new variant of Kanban control system. To 
compare this system to existing control alternatives, they use a common 
modelling approach. This approach is a queuing network with synchronization 
stations. From these models they derive a set of equations, which they compare. 
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Frein et al. (1995) also use a model of queuing network with synchronization 
stations. In this article the equations are used to investigate the design 
parameters, of a generalized Kanban system, effect on the efficiency.    

Heuristics 
A heuristic method is a set of steps for rapidly finding of good solution for a 
given problem. A solution is a set of values for the in beginning unknown 
parameters of the problem and “good” is based on a stated evaluation measure. 
A good solution is close enough to the best possible solution. Heuristics is an 
adjective of approximation algorithm, inexact procedure, experience-based 
techniques, educated guess, or simply common sense. In the research around 
pull based control strategies the found heuristics are tabu search, genetic 
algorithm, Artificial intelligence Markov heuristic, and induction reasoning.  

Tabu Search is a mathematical optimization method. It is a local search method. 
From a current solution the search method looks for other feasible solutions in 
the neighbourhood of the current solution. The method chooses the best of the 
found solutions and then repeats the search. Once a solution is “used” it is 
marked as “taboo”, hence the name tabu. Tabu search is used by Shi and Men 
(2002) in framework of Nested Partitions that make the method globally 
convergent. Their developed method is for finding the optimal buffer allocation 
in production lines. 

Estimates based on experience or some simplified equations are used instead of 
complex algorithms. Estimates are used in Hazra et al. (1999) for fast 
approximation of solutions of the aggregation and disaggregation method to 
solve continuous-time Markov chains.  

Genetic Algorithm is a search algorithm for combinatorial problems. 
Evolutionary processes are used to render near optimum solutions. Lee and 
Wang (2008) use the decomposition method developed by Gershwin (1987) and 
a combination of genetic algorithm and a Markov process model of the system 
to estimate the performances and find the near optimum solution of kanban 
numbers. Ettl and Schwehm (1995) investigate the problems of network 
partitioning and kanban allocation in production lines. They formulate an 
analytical nonlinear integer optimization problem and combined this with 
genetic algorithm in a heuristic method to find the best solution of partitioning 
and kanban allocation.

Extrapolating is the method of analysing a small or restricted problem in detail 
to gain experiences, and then transfer this to a larger problem. So (1997) does 
this by performing an Markov chain analysis on a small system, and then 
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extrapolated to large systems and by this developed a efficient heuristic for 
selecting optimal buffer allocations for larger systems in general.   
Inductive reasoning takes its conclusions from a set of observations. This is 
taken from the most fundamental learning mechanism, that is; observe and then 
set up the rules (Markham et al., 1998). Markham et al. (1998) use this method 
to identify the relationships between shop floor factors and the needed kanban 
numbers.  

Artificial Intelligence has been used in the investigation of pull based control 
systems (Markham et al., 2000). Markham et al. (2000) gives a review on the 
topic of artificial intelligence in analysis of production controls. Artificial 
intelligence is often used to solve the kanban number problem.   

Mathematical Programming 
In Mathematical Programming the model is formulated by a mathematical 
model, expressed in terms of mathematical symbols and expressions, and the 
goal is to find a maximum or minimum of something. The decisions to be made 
are expressed as the decisions variables. The performance measure of the 
system is expressed based on the decisions variables. This function is called the 
objective function. All the restrictions put on the decisions variables are called 
constrains and are also expressed mathematical often by inequalities. The main 
goal of Mathematical Program is to optimize or minimize the objective function 
while the decisions variables satisfy constrains. For a deeper insight in 
Mathematical Programming see Hillier and Lieberman (2010). In this review 
Mathematical Programming is divided into linear and nonlinear models. A 
linear model contains only linear functions and inequalities; in contrary a 
nonlinear programming model contains one or more nonlinear function or 
inequality.

Nonlinear Programming is used by Ryan and Choobineh (2003) to evaluate the 
throughput depending on product mix and WIP level in a given system. Hall et 
al. (1998) develops a nonlinear programming model to estimate the minimum 
trigger values to meet the demand. They implement their model by Solver in 
Excel.  

A Nonlinear Mixed Integer Programming model is developed by Cao and Chen 
(2005) to show the performances of a CONWIP based connected assembly and 
fabrication line. The nonlinear parts are made linear and solved for a small 
problem. A Mathematical Programming model is call a Mixed Integer model if 
some of the decision variables or objective function can obtain real numbers 
and other can only obtain integer values.
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Mathematical Equations 
A mathematical equation is formulated by mathematical symbols and 
expressions. These equations can be used by recursion to work the way from 
the first stage or the first state to the next and all the way to the finish. The 
equations can also be of a more structure character and only describe the 
relationships between some parameters and a performance measure, and only be 
compared system against system.      

Recurrences are formulated by Mitra and Mitrani (1990) to describe the 
evolution of Kanban systems. By comparing the recurrences for each system 
they are in position to evaluate the system performances relative each other. To 
manage this for large systems they develop the recurrences for fractions of a 
line and by rules of fixed-points the fractions are connected together to a line. 
An example of a fixed-point is the conservation of flow. Others that use 
recurrences are Takahashi and Nakamura (1998), Tayur (1993) and Muckstadt 
and Tayur (1995a). In the two last articles recursion is used to derive the 
heuristic performance measure state space.

A mathematical equation is developed by Liberopoulos et al. (2007) to 
investigate how different system parameters affect the system’s performance. 
Liberopoulos and Dallery (2000) develop and use a set of mathematical 
equations to compare a number of different pull systems. Geraghty and Heavey 
(2004, 2005) develops mathematical equations to describe how different pull 
system works and compare their performances. 

Structure Equations is developed by Philipoom et al. (1987) to investigate 
factors that influence the number of kanbans.  



Chapter 2. Literature review 

50



Chapter 3. Pull System Control Types 

51

3 Pull System Control Types  

This study focus on pull based production systems, and this chapter describes 
different kinds of control types found in literature. Most pull based production 
systems are based on some kind of cards. The main object of a card in a card 
based control system is to be an information carrier to control and level 
necessary product quantities in the factory. The card can bee a traditionally 
paper or plastic card with text information or the card can be an electronically 
signal that travels around in the production environment based on defined rules. 
The first card based production control policy was Kanban. Kanban was 
developed by the Toyota Motor Corporation as a part of their production system. 
The Toyota production system includes also smoothing of production, reduction 
of setup time, design of machine layout, standardization of jobs, improvement 
activities, and automation. From the beginning kanban has been just a part of the 
whole production system. After the oil shock in 1973 many other Japanese 
companies adopted the control policy with great successes (Monden, 1983). 
Western companies, especially Americans, has also tried to adopt the policy, but 
with minor successes (Philipoom et al., 1987). This is due to differences in 
production environment and worker’s mentality. The Japanese production 
environment, especially for Toyota, is characterized by high market share, 
relative constant and regular demand, high degree of automation, and a close 
relation with suppliers of parts. The workers are cross trained and highly skilled. 
This gives small variations in process times. Western industries, in general, are 
more shop-oriented with a high degree of system variability. To implement the 
Japanese just-in-time philosophies and especially the kanban policy in western 
companies is not a strait forward job. Philipoom et al. (1987) address this 
important topic. 

After studying the literature, the production system control types are divided 
into 16 groups. The two main groups are Kanban (30 articles) and CONWIP (13 
articles). Reactive Kanban, Dynamic Kanban, Generalized Kanban and 
Extended Kanban are subgroups of Kanban (Table 3.1). A Kanban system is 
normally a static system but can be dynamic due to changes in the number of 
cards. Articles in the two groups Reactive Kanban and Dynamic Kanban 
describes dynamic Kanban systems. Synchronized CONWIP is a subgroup of 
CONWIP and is a development from the original CONWIP control system. 
There are two groups of hybrid control systems. The first is called Hybrid Push 
– Pull system and the second is Hybrid Kanban-CONWIP system. 
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Table 3.1 Groups of Production Control Methods  
Kanban Andijani (1997) Akturk and Erhun (1999) 
 Bowden et al. (1996) Andijani (1998) 
 Hall et al. (1998) Chu and Shih (1992) 
 Hazra et al. (1999) Ettl and Schwehm (1995) 
 Köchel and Nieländer (2002) Huang and Kusiak (1996) 
 Kumar and Panneerselvam (2007) Takahashi et al. (2004) 
 Lee and Wang (2007) Markham et al. (1998) 
 Panayiotou and Gassandras (1999) DiMascolo et al. (1994)  
 Papadopoulos and Vidalis (2001) Mitra and Mitrani (1990) 
 Philipoom et al. (1987) Monden (1983) 
 Savsar and Al-Jawini (1995) Tayur (1993) 
 Uzsoy and Martin-Vega (1990) Matta et al. (2005) 
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3.1 Kanban systems 
In the following section different variants of Kanban are described.  

Original Kanban – The Toyota Kanban System 
As earlier mentioned Toyota was the developer and the first implementer of the 
original kanban system. For detailed study of the Toyota Kanban System see 
Monden (1983). The word kanban comes from the original card, put in a 
rectangular vinyl envelope, used to send information through the system. Card 
in Japanese is kanban. The basic idea of kanban is to only produce what is 
necessary, and with that control the inventory. The Toyota System has two types 
of cards: withdrawal kanbans and production-ordering kanbans. Some literature 
uses the name transportation kanbans in stead of withdrawal kanbans (Hopp and 
Spearman, 2000). Other two-card systems and one-card systems are described 
later. Withdrawal kanban is a signal from a process to its preceding (upstream) 
buffer of what type and quantity of products it needs to perform its production. 
Note that Monden (1983) uses the term store instead of buffer. In this case it is 
the same. A production kanban is a signal from the subsequent buffer to the 
preceding (upstream) process of what the subsequent (downstream) process 
needs to fill its production. With other words a production kanban order a 
process to produce a given number of a specific product. In this way all 
processes are connected together and they only produce what is needed. To 
make the system run correct and smoothly the Toyota Company has a set of 
rules. In the following we will go through some of them. 

1. The downstream process should withdraw the necessary products from 
the upstream process in the necessary quantities at the necessary point in 
time.

To make a kanban system work the worker must follow the system in a very 
strict way. Before a Kanban system is implemented decisions about 
production sequences and quantities are taken by each process managers. In a 
kanban system everything are controlled by the system. It is the top manger 
that plan and construct the system that decides. To make the Kanban system 
a just-in-time system it is important that each process can produce when it is 
ordered to do so. Toyota solve this by in the start of every month inform each 
process leader about the planned monthly production. In this way each 
process can level their workforce, equipment and raw materials in a best 
possible way. 

2. The preceding process should produce its products in the quantities 
withdrawn by the subsequent process. 

Do what you are told nothing else. By rule 1 and 2 all processes are 
connected together in a line and the inventory are restricted. If one process 
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stops the other processes are also interrupted and the inventory balance is 
kept. 

3. Defective products should never be conveyed to the subsequent process.  
Since the inventory level is very low there is no room for a defect product. 
Every kanban should be filled with ok products to prevent unnecessary work 
and use of recourses.     

4. The number of kanbans should be minimized. 
The number of kanbans levels the maximum inventory level. In the Toyota 
Production System inventory is the main source of waste. Thereby the 
number of kanbans should be minimized. The number of kanbans is held 
constant. This lead to when demand fluctuate that the kanban cycle time has 
to be changed. This can be illustrated by Little’s Law: CTTHWIP �� , WIP
= work in process, TH = throughput and �CT  Cycle Time. Adapted to the 
Kanban process this becomes: kanbankanban CTDemandN �� , �kanbanN
number of kanban related to that process, Demand = demand number of 
kanbans per time unit (demand has to be converted to number of kanbans, 
one kanban can include a number of parts) and �kanbanCT  time units one 
card uses to complete one cycle. For production kanban the kanbanCT
includes production time, waiting time to release the product, and waiting 
time for new product to be produced. For withdrawal kanbans kanbanCT
includes waiting time to release parts into production, and waiting time to get 
new parts from the preceding buffer. In the Toyota production environment 
there is always a machine overcapacity, so it is only the amount of part time 
labour and use of overtime that is adjusted to adjust the cycle time. 

In Toyota, when implementing or adjusting a kanban system they use the 
formula kanbankanban CTDemandN �� to decide the number of kanban 

kanbanN . This is called the Toyota Formula. Due to large market share, 
demand variation is small and cross-trained workers make it possible to tune 
the cycle time. Other companies do not have the same opportunity. They 
have to adjust the number of kanban.  

5. Kanban should be used to adapt to small fluctuations in demand (fine-
tuning of production by kanban)             
Referring to Toyota a fluctuation of 10 % can be handled by the kanban 
automatically. If the demand increase the frequency of released kanbans 
increase as well, and likewise in opposite case. In cases where demand 
fluctuates with more than 10 % the whole production system has to be 
revised. Number of workers and number of kanbans has to be reconsidered. 
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The Toyota System, with two cards, is developed to handle systems where the 
processes are located with some distance. Here it is not possible with 
instantaneous movement of parts from one process to another and the 
transportation lot may be of other size than the production lot. Therefore it is 
necessary with an inbound buffer before production and an outbound buffer 
after. The production kanban is a sign to the production process and the 
withdrawal kanban is a sign to the movement handler. If we think of the 
movement activity as a process there are no differences between a production 
kanban and a withdrawal kanban. In this case we have a one-card system.  

One card system 
Hopp and Spearman (2000) states: “If one looks closely, it is apparent that a 
two-card system is identical to a one-card system in which the move operations 
are treated as workstations.” This is not always correct. To show this we will 
describe the one card system described in Hopp and Spearman (2000) (HS 
Kanban) and the one described in Mitra and Mitrani (1990) (MM Kanban), and 
show the differences. 

In a HS Kanban system each kanban cell, where the kanban cards circulates, 
consist of one production process and an outbound buffer. If one card and one 
part is available the production starts. After production the part and the card is 
placed in the outbound buffer. When a card from the downstream kanban cell is 
available and the subsequent production process is idle the current card is 
detached from the part and sent to the start of the related kanban cell. Here it 
waits for a part and the production process to be free for a new production. The 
connection of cards and parts does not take place before the process is idle. The 
part and the new card from the next kanban cell enter the next production 
process. The amount of parts or inventory between two processes can not exceed 
the total number of cards in the upmost kanban cell related to the two processes.  

Figure 3.1 HS Kanban System (Hopp and Spearman, 2000) 

RM W1 W2 W3 W4

= Flow of Free Cards

= Reconnecting Cards and Parts
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RM = Raw Material
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In contrary, in a MM Kanban system the kanban cell consists of one inbound 
buffer, a production process, and an outbound buffer. Here the part and a free 
card enter the inbound buffer together and wait to be produced in the production 
process. After production the part and the card wait in the outbound buffer for a 
free card in the subsequent process. When a free card appears the current card is 
detached and sent back upstream. The part and the new card enter immediately 
the inbound buffer in the next kanban cell and wait to be produced. In this 
system the maximum amount of parts or inventory between the two processes 
are the sum of kanban cards in the first kanban cell and the number of kanban 
cards minus the number of cards in the process in the last kanban cell. This 
means that in a HS Kanban system the maximum accumulation of a stopped 
process upstream is much smaller than in a MM Kanban system as long as the 
processes are like and the number of cards in each cell is the same. If the total 
number of kanban cards in the two systems, where each system consist of 
multiple processes, are the same and they are uniform distributed among the 
kanban cells the maximum number of parts in both system is the same. But in 
the MM Kanban system a larger amount of parts will dynamically be guided just 
upfront the current bottleneck. This shows that a one card system can work in at 
least two ways and obtain at least two set of performances when it comes to 
throughput relate to average inventory and maximum inventory. Mitra and 
Mitrani state that their system is dominant over Hopp and Spearman’s system.   

Figure 3.2 MM Kanban System (Mitra and Mitrani, 1990) 

Dynamic and Reactive Kanban Systems 
A Kanban system is normally a static system. With the goal of adjustment due to 
demand variation Rees et al. (1987) adjust the number of kanbans. Based on the 
Toyota formula kanbankanban CTDemandN ��  Rees et al. suggest a method to 
dynamically adjust the number of kanbans in each process by estimates on 
regular basis the kanbanCT  and, with knowledge about demand, set the number 
of kanbans for the coming period of time. The estimation of kanbanCT  is done by 
a frequency analyses. They also argue that with their method the system is self 
adjusted after implementation of a Kanban system with wrong number of cards.   

Wang at al. (1990) are critical to the Toyota Formula of determine the number 
of kanban and the use of the formula to adjust the number during demand 
fluctuations. They mean when dealing with complex systems or a system 
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consisting of unreliable workstations the formula does not reflect the true 
problem. Wang at al. use models of Markov processes to model Kanban 
systems. By calculation of expected total cost for each number of kanbans in 
each process, they find an economical balance between holding and shortages 
costs at each process. This balance provides the optimal number of kanbans. To 
make this method work the production rate and demand rate are assumed to be 
exponentially distributed. To adjust the number of kanbans they use the 
decomposition principle suggested by Gershwin (1987). The method of 
adjusting kanbans for workstation i is as followed: After calculating CP
(production rate) for the kanban cycle i of interest they calculate EF (effective 

production rate) with: 
ii

i
ii FR

R
CPEF

�
��  , where �iEF  Effective production 

rate , �iCP  production rate, �iR  recover rate (exponentially distributed) and 
�iF  failure rate (exponentially distributed) for workstation i. Then they 

compare the lowest iEF  with Demand. If the lowest EFi is less than Demand
they increase the number of kanbans in that cycle to meet Demand. If the lowest 
EFi is higher than Demand, every kanban cycle is left unchanged. 

In a series of articles Takahashi and Nakamura (Takahashi and Nakamura, 1999, 
2001; Takahashi, 2003) develop, analyse and compare a system they call 
reactive Kanban. The advantage of this system, compare to dynamic Kanban 
(Rees et al., 1987), is that this system reacts to unstable changes in the demand 
not only changes in average demand. In reactive Kanban systems the number of 
kanbans in each stage is adjusted separately.        

Generalized Kanban 
In an ordinary Kanban system the demand signal (kanban card) is transferred 
upstream only when each workstation starts production of a new part (Figure 
3.3). It is only then a kanban becomes available. It is only when MP3 starts 
production of a new part a kanban is released from P2 and sent to D2. So even if 
there are parts stored in front of  MP3 that are “needed” downstream the demand 
signal waits until MP3 starts production of a new part. This means that demand 
from the most downstream station or the customer is delayed in its travel 
upstream the system.   
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Figure 3.3 Kanban System (Frein et al., 1995) 

Figure 3.4 Generalized Kanban (Frein et al., 1995) 

In contrary in Generalized Kanban the demand signal is transferred upstream if a 
kanban is available and that happens when a station is finished with a part. 
(Figure 3.4) (Frein et al., 1995; Liberopoulos and Dallery, 2000). This means 
that if there are parts in front of MP3 that are needed downstream, the demand is 
sent further upstream immediately. This function is achieved by separating the 
kanban and the part immediately after production in a workstation. In this way a 
demand from the customer is transferred faster through the system.      

Base Stock 
A Base Stock control system (BSCS) has an initial amount of raw material and 
customer demands are distributed immediately over the total production line 
(Figure 3.5). Only the combination of a finished product and a customer demand 
is enough to release a product from one stage to the next (Liberopoulos and 
Dallery, 2000). 
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Figure 3.5 Base Stock (Liberopoulos and Dallery, 2000) 

Extended Kanban 
Among other Kanban alternatives Liberopoulos and Dallery (2000) describe and 
analyse Extended Kanban Control system (EKCS). The Extended Kanban 
Control system is a combination of Base Stock and a standard Kanban control 
system. As in Base Stock the final customer demand are distributed directly to 
all stages, but the finished part is not released downstream until a production 
authorization is received from the downstream stage as in a Kanban system 
(Figure 3.6)  

Figure 3.6 Extended Kanban (Liberopoulos and Dallery, 2000) 

Concurrent Ordering System  
Takahasi and Nakamura (1998) call a Base Stock system for Concurrent 
Ordering system in order to regard it as an ordering system. Therefore it has the 
same performance as a Base Stock system; immediate transfer of customer 
demand upstream to all stations.    
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3.2 CONWIP Systems 
CONWIP stands for CONstant Work In Process (However, in chapter 5 
CONstrained is recommended instead due to what a practician really can do in a 
practical stochastic application.) In this section the control systems CONWIP, 
Gated MaxWIP, Synchronized CONWIP, Hybrid Kanban – CONWIP, Hybrid 
Push – Pull, and Buffer Restricte are described.

CONWIP 
Spearman et al. (1990) introduced the CONWIP system. The motivation of the 
policy is that pull based systems work well with shorter flow times and reduced 
inventory levels compared to push systems, but the current pull based system, 
Kanban, is hard to implement in production environments with a high number of 
part numbers or a significant amount of setups. The basic idea of CONWIP is to 
control the level of parts at a system level not at a process or cell level. By this 
the maximum system inventory is controlled and it benefits the use of a push 
flow inside the system. This is done by letting the parts waits for a free card 
outside the defined system. If a part and a card are attached to each other they 
are allowed to enter the system and the part is supposed to flow as fast as 
possible throughout the system (Figure 3.7). When the part leaves the system the 
card is sent upstream to the beginning of the system, in this way the maximum 
number of parts is controlled. Compared to a general Kanban system the main 
difference is that if a stop or a bottleneck occurs the parts are accumulated just 
upstream the problem process. In a general Kanban system the accumulated 
parts are divided, in different ways depending of the kanban system but in some 
degree, among all the upstream processes or Kanban cells. The CONWIP 
system therefore presents a higher utilization of bottlenecks and problem regions 
of the system. 

Liberopoulos and Dallery (2000) state that CONWIP is the same as single-stage 
Kanban system.  
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Figure 3.7 CONWIP (Spearman et al., 1990) 

Gated MaxWIP 
Grosfeld-Nir and Magazine (2002) introduce a control system called Gated 
MaxWIP. This is a CONWIP system with a gate in front of the first process in 
the system. This gate closes at a predefined WIP level of the total system. This 
gives the MaxWIP control. With this gate the system controller has the 
possibility to define different opening rules. For example, open after a given 
time after the WIP level is reduced under a given level. When the gate is open 
the parts are only allowed entering the system with a given frequency or pace. 
They state that this system has the benefits of both push, each process can work 
without restrictions, and pull, controlled inventory level. They conclude and 
argue that there is always possible to set the parameters in a Gated MaxWIP 
system so it performs better than a traditional Kanban and CONWIP system 
under the same circumstances.

Synchronized CONWIP 
In a CONWIP controlled three shaped system like the one showed in Figure 3.8 
a satisfied demand releases production orders in all the first processes at the 
same time. If the lead time in each branch varies, then there will bee inventory at 
some assembly stages waiting for products from the branches with long lead 
times. By adjusting the release of orders to the first process in each branch 
according to the differences in lead time the products will arrive at each 
assembly stage at almost the same time, with the result of a smaller amount of 
inventory (Takahashi et al., 2005).  
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Figure 3.8 A schematic diagram of a supply chain (Takahashi et al., 2005) 

Hybrid Kanban – CONWIP 
Figure 3.9 shows a Hybrid Kanban – CONWIP system described and analysed 
by Bonvik et al. (1996). The idea behind this control system is to take the best of 
both Kanban and CONWIP by having a local inventory control by Kanban at 
each stage and a total WIP control by CONWIP. With this control method the 
inventory is not allowed to accumulate in total in front of only one process even 
if this process have had a stop for a relative long time. The Kanban element of 
the control system will distribute the inventory along the line. In this way the 
system will handle the next stop in a better way. Bonvik et al. (1997) found that 
Hybrid Kanban – CONWIP achieve the same service level with less inventory 
compared to pure Kanban. It also responds better to changes in the demand rate.       

Figure 3.9 Hybrid Kanban – CONWIP (Bonvik et al., 1996) 
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Hybrid Push – Pull 
In Geraghty and Heavey (2004) a group of Hybrid Push – Pull systems are 
described. This group consist of production control systems like the Hybrid  
Kanban – CONWIP, systems with a junction point that separates the tandem 
processes controlled by push and those controlled by pull strategies, and systems 
that switch between pull and push over time depending on whether demand can 
be forecasted or not.     

Buffer Restricted 
A number of articles uses the term Buffer Restricted systems (Gershwin, 1987, 
1989; Shi and Men, 2002; Hiller and So, 1991b; Han and Park; 2002). In a 
Buffer Restricted system there are buffers between all or some of the processes. 
This is for disconnecting the processes due to stops and long process times. The 
restriction can be either a maximum number of items or a time measure. The 
time measure is the sum of the needed production time to empty the buffer. A 
time measure restriction is used in Theory of Constraints (Taylor, 1999). A 
Buffer Restricted system can be control by Kanban (Kirkavak and Dincer, 1999) 
or the empty places in the buffers can be used as production signal (Han and 
Park, 2002). In both cases a Buffer Restricted system works as a Pull System.  

Other systems 
In this section two alternative systems are describe Less Buffer and Work
Sharing.

Less Buffer
Due to the fact that buffers generate inventory-carrying costs and the possibility 
of hiding quality problems, there is always an interest to minimize the use of 
buffers (Freiheit et al., 2003). Reduced use of buffers often results in reduction 
of system efficiency. As an alternative to buffers Freiheit et al. (2003) presents 
the use of parallelism, flexible production equipment and reserve capacity.    

Work Sharing and self-balancing production lines 
Buffer and material control are important factors when designing production and 
assembly lines, but the buffers position and size has to be seen together with 
levelling and balancing each process capacity. In Hirotani et al. (2006) a self-
balancing production line is suggested. This method is based on human 
recourses working along an assembly line, but the results of allocating fast 
workers to the end of the line can be related to stage process capacity.  
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3.3 Existing comparisons of CONWIP and KANBAN   
Geraghty and Heavey (2004) compare Hybrid Push/Pull and CONWIP/ Pull and 
concludes that an optimal Hybrid Push/Pull system is the same as a 
CONWIP/Pull system. They use this finding in Geraghty and Heavey (2005). 
Geraghty and Heavey (2005) compare Kanban, CONWIP, Hybrid Kanban-
CONWIP, BSCS and EKCS in an environment with low variability and light-to-
medium demand load. In their study Kanban has the worst performance when 
Service Level vs WIP are analysed. The information delay in Kanban systems is 
assumed to be the main reason of the bad performance compared to the other 
control strategies.  

Kleijnen and Gaury (2003) analyse Kanban, CONWIP, Hybrid and Generic 
control strategies due to robustness. They conclude that robustness make a 
difference because if robustness is included in the analyses Hybrid is the best 
strategy, but if robustness is excluded Generic has best performance. Another 
finding is that simulation packages have no robustness capability and this is a 
shortness of current simulation software.  

Cheraghi et al. (2008) analyse seven control systems. They compare the control 
systems performances WIP and throughput. Their conclusion is that superiority 
has to be related to the values of input parameters and the type of factory setup. 
No control system is superior in all situations.  

Gstettner and Kuhn (1996) analyse and classify pull production systems. A 
special comparison of Kanban and CONWIP is performed. The result is that 
Kanban can be better than CONWIP if throughput is measured against average 
WIP. They also conclude that the allocation of kanban cards in the Kanban 
system is critical for the performance. The possibility of allocating the kanban 
cards in special patterns along the production line gives the Kanban system more 
flexibility to obtain desired performances.  

Bonvik et al. (1997) compares Kanban, minimal blocking, base stock, CONWIP 
and Hybrid Kanban-CONWIP control policies in a four-machine tandem 
production line. Service level is measured against WIP. They rank the control 
policies in the following order, from best to worst: Hybrid, base stock, CONWIP 
and last Kanban. They also point out that CONWIP and Hybrid has a significant 
better response to changes in demand rate.    

Karaesmen and Dallery (1998) compare base stock, Kanban, generalized, 
extended Kanban and single Stage Kanban. They state that single Stage Kanban 
performs in the same way as CONWIP. More complicated techniques perform 
in general better than simple, but in special cases simple can be as good as 
complex control systems.  
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Muckstadt and Tayur (1995a, b) show that Kanban and CONWIP are two 
extremes of a family of pull controls. If all the machines are put in one Kanban 
cell the system works as a CONWIP system. They also conclude that Kanban is 
superior over CONWIP in terms of low average WIP and high throughput, but 
this is reduced if the bottleneck is downstream compared to if the bottleneck is 
upstream. Also due to variation of the throughput Kanban performed better than 
CONWIP.

Spearman and Zazanis (1992) state that pull is superior over push and CONWIP 
control is more efficient than Kanban control. By efficiency they mean 
throughput measured against number of kanban cards. This means throughput 
against maximum WIP, not average WIP. (This is in line with forthcoming 
chapter 5.)

Takahashi et al. (2005) compares Kanban, Original CONWIP and Synchronized 
CONWIP systems. Their study shows that Synchronized CONWIP is superior 
over Original CONWIP and Kanban. Kanban becomes the less effective. Their 
performance measures are average total inventories measured against number of 
average backlog.
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4 Modelling of Pull Based Systems 

Concerning research on pull based systems, as described in the literature review; 
there are a number of relevant modelling approaches. This chapter will argue 
why simulation was chosen for this research, it will describe necessary steps in 
simulation studies, and describe findings from current research concerning the 
technique of simulation modelling for analyse of pull based systems.  

Models are in general built to reflect characteristics and features of systems or 
objects. A model will mostly never include all parameters and relations included 
in the original object. What to include is a trade off between the use of 
resources, in terms of man- and computer-hours, and a wished necessary 
accuracy. In research of pull based systems there are a number of aims for the 
use of models, for example: descriptions of the system, understanding of the 
system, comparison of systems, and improvement of systems. To achieve these 
goals can be difficult without the use of models because the original system is 
too expensive to do tests with, the system is not yet implemented in the real 
world or there is a need for speed up of time.  

To argue for the use of simulation instead of other modelling alternatives, a 
recall of the system characteristics in current research and problem area of 
interest is necessary. According to the literature review in chapter 2 there are a 
lack of research concerning variation in performance measures and real world 
like systems. With “real world systems” means longer production lines, not only 
three or four machines, multiple products, unequal distribution of production 
time and/or time to failure, and the inclusion of a yield that results in not a 
conservation of the flow. In the following there is a short list of arguments why 
other methods was not chosen. 

Probability Theory; when it is used for long lines, the solution becomes 
complex. This can be overcome by heuristics and decompositions. A premise of 
decomposition is a conservation of the flow. 

Heuristic Analysis is used for the estimation of performances and comparison of 
alternatives, not for investigations of the dynamic behaviour of a pull based 
system. 

Mathematical Programming is used for an optimization, not for investigation of 
the dynamic behaviour of a pull based system. Mathematical Equations; when it 
is used for long lines becomes complex and it does not satisfy this research’s 
requirements for analyses of dynamics.  
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No Metamodels were found that include the dynamic and variation of the 
traditionally performance measures used in analyses of pull based systems.  

4.1 Simulation
Simulation is especially suited for catching the dynamic behaviour of pull based 
production systems (Chu and Shih, 1992). By using simulation, the model can 
later be expanded to include yield, and be a visualisation for education use. One 
drawback of simulation is the possible huge requirement of computer time. This 
is no problem for small system and simple configurations, but for larger 
problems this is a challenge. As will be shown later in this thesis, this problem 
can be overcome with metamodels or surrogate models.   

Simulation is used for comparative analyses of different control methods, for 
optimization together with genetic algorithms, evolutionary programming, and 
direct search techniques, and for estimation of system performances. Simulation 
has its benefits concerning complex systems and when variability has to be 
analysed. The literature review found 36 articles that include some kind of 
simulation. The objectives of these can be seen in Table 4.1.  

Table 4.1 Objectives of simulations studies 
Objective  Articles 
Allocation Andijani (1998) Andijani (1997) 
  Panayiotou and Gassandras (1999) 
Dynamical Cards  Framinan et al. (2006)  
Kanban number Bowden et al. (1996)  
Kanban size  Chan (2001)  
Optimization Chen and Askin (2006) Köchel and Nieländer (2002) 
  Köchel and Nieländer (2005) 
Performance 
Approximation 

Welgama and Mills (1995) 
Petrovic (2001)  
Taylor (1999)  
Huang et al. (1998) 

Muckstadt and Tayur (1995b) 
Schomig (1995)  
Li (2003)
Savsar and Al-Jawini (1995) 

Performance 
Comparison 

Ghamari (2006)  
Cheragi et al. (2008) 

Kleijnen and Gaury (2003) 
Grosfeld and Magazine (2002) 

System Analyses El-Rayah (1979)  
System Comparison Bonvik et al. (1996) Takahashi (2003) 
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Chu and Shih (1992) reviewed simulation studies in JIT production. They found 
that some statistical issues were ignored in a majority of the analysed literature. 
More attention has to be put on verification, experimental design, statistical 
output analysis and interpretation.  

Simulations can be divided in several ways, based on the system characteristic: 
discrete events or continuous changes, or based on the structure of the 
simulation program: product/material oriented or process oriented.

In a discrete event system all events and state changes happens at a given point 
in time, in contrast to a continuous system were the changes happens over a 
period of time. Pull based production systems can be both discrete and/or 
continuous, for example production of soft-drink in bottles. Production of the 
liquid is continuous but after filled in bottles it is discrete. The liquid flows 
continuously through the pipelines. After filled in bottles the items are counted 
by integer numbers as one, two and three and so on. It is not possible to have a 
situation were there are for example 1.3 bottles in a buffer. In the reviewed 
literature all pull based production systems are related to the discrete production 
of discrete products. In this research also the point of view is on discrete systems 
and thereby discrete simulation.  

In a simulation software with a material oriented structure the logic is written 
from a material oriented view. Where will the material set off to, which machine 
does it need, for how long time will it use the machine and which other parts 
does it require to become a new part. In contrast, software with process
orientation the logic is written from the machines’ view. A machine need two 
parts of that kind, the process take 2 minutes and the machine puts the new part 
out on output number 2. Pull based and kanban controlled production systems 
can be modelled in both process and material oriented simulation software. This 
research is familiar with both types and has both types available. Material 
oriented simulation software where chosen mostly based on earlier experience 
and some lower entry level.  

A simulation study consists of several steps. In the next section these steps are 
described in general with some notes for this specific study. The steps are in 
general picked from Banks et al. (2005). 

Problem formulation must be clear to both the problem owner and the analyst, if 
they are not the same persons. Some times the problem formulation has to be 
evaluated a number of times before all involved agree on the formulation. In this 
research there are three main problem formulations related to simulations: 
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Case 1. - Differences between Kanban and CONWIP are studied. The 
differences in throughput, lead time and WIP for Kanban and CONWIP are 
investigated, studying both average values and variations. A setup described in 
Silver et al. (1998) is used consisting of a single line, single product, with 5 
machines in tandem with potential buffers in-between (in Chapter 5).
Case 2. - Based on a business case, it is investigated how the performance 
measures; average and standard deviation of throughput, lead time and WIP are 
affected by changes in machine down time and buffer sizes. The layout, 
capacities and material handling logic (as described in the equipment description 
from the production line designer and the machinery equipment supplier) are 
used (in Chapter 7).  
Case 3. - Build a test setup as in problem 1 to test the Three-dimensional 
performance surface tool (in Chapter 6).  

The Objective for the project defines which questions that will be answered. 
Related to the three cases of this research the objectives were: First, what are the 
differences between Kanban and CONWIP measured with average and standard 
deviation measures of throughput, lead time and WIP. Second, how do these 
measures react to changes in down times and buffer sizes in a long multi line, 
multi process single product line. Third, to make the interface between the 
surrogate model and the simulation model working.  

At this stage it should be decided if simulation is the appropriate tool. Based on 
the earlier literature review and the stochastic behaviour of the systems and of 
the measures, simulation was a highly relevant tool for this research.     

Model conceptualization is the step were the model user and the experts of the 
real system, if there are a real system to model, “teach” the model builder the 
concepts of the system. At this step the level of detail is decided. The model 
should be build just detailed enough to answer the questions in an accurate 
enough way. Chu and Shih (1992) pointed at problems around model 
assumptions in previous simulation studies. They state that model assumptions 
are important and it is necessary to be able to build a model, everything can not 
be implemented in the model. But, there is a lack of information of what is not 
implemented in previous research models. This makes it difficult to compare 
studies and their results should be seen in light of the assumptions.    

For Case 1 and 3 in this research both models consist of a theoretical system, so 
the conceptual description was quite easy, following Silver et al. (1998). For 
Case 2 the situation was different. The background for the case was that a local 
mass production company had a plan for investing and building a new 
production line, to increase their production capacity. After the equipment 
suppliers had given their offers on the equipments, the company wanted a 
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verification of the throughput from the total production line. The question was; 
how does the different equipment, with their property, work together and form a 
line. The conceptualization of the model now consisted in drawings, control 
logic descriptions, requirement documentations from the company, and property 
descriptions of the equipments from the supplier. The greater part of this step in 
this case was to make the suppliers of the equipments and the company to agree 
on the functionality and material control logic of the total line. This 
conceptuality process revealed a set of divergences in basic understanding and 
“unwritten thoughts” about the functionality of the line. This step therefore had 
a great value for the company.  

Data collection goes parallel with model conceptualization. For case one and 
three this consists of reading Silver et al. (1998). Fore case two converting data 
into common units and understanding of the numbers was a large job. Also 
analyses of the information source were a part of the data collecting phase. Did 
the source deliver assumptions or hard correct facts? Was the source under 
influence of anything? Did the source see the total picture or just a limited part 
of the problem? Frome these questions and related answers all the information 
was analysed, rejected, adjusted or accepted.    

Input data generations are needed if there are no historical or “on label” values 
are not available. To illustrate this, here is an example. Production performance 
data for a new machine in a not implemented production facility are not known. 
The supplier states that the particular product will have a production time of 2 
minutes and only one product in production at a time. What about time or 
number of products between maintenance, time for maintenance, time or number 
of parts between failures, time to repair and what external factors influence these 
parameters? In a simulation study concerning pull based production systems 
values like these are relevant. If they are not known, some kind of estimation 
based on an expert’s knowledge has to be done. This will result in a model of at 
least with estimated values. Take for example time between failures. This period 
of time is not constant. If it had been so it would not be a failure. But, based on 
experience a failure happens approximately every 5 hour. This and experiences 
of the relation between time to failure and time since last failure or maintenance 
can be modelled as an probability distribution. In AutoMod there are nine 
distributions available: Discrete (if nothing else fit, this can be defined by the 
user), Exponential, Gamma, Lognormal, One of, Normal, Triangular, Uniform 
and Weibull. In this research normal distribution was always used, due to lack of 
information the argumentation was as follow; based on experts an estimate of an 
average value was available, the probability of values around this average value 
have equal probability and values much over or much under the average is not 
possible. This research used a random generator included in AutoMod. Pursuant 
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to Chu and Shih (1992) argumentations for chosen distributions and how this 
chose affects the result are not well documented in pervious studies.  

Model translation is the process of changing all the information in different 
formats into computer code. Not all systems need a computer code, but most 
real world systems include a great deal of information, so a computerized model 
is necessary to handle all the data. Computerized models can be built from basic 
source code like C++ or built by simulation software. This research used 
AutoMod software for all three cases. This step results in a 3-D graphical 
representation of the systems and logic file that control the material handling 
and the machine control.  

Verification is the step where the computer code is tested if it works correctly. 
This is done by running the model and analyse it visually and checking the 
results against reference scenarios, and the three main performance measures, 
lead time, throughput, WIP and its internal relations given by Little’s Law.     

Validation is the step where the computer model is compared to the actual 
system. If the model is of a not implemented system, the model is compared to 
the description of the conceptual model. In Case 3 a set of runs were executed 
with settings that should result in known performance values, for example no 
down time, unlimited buffers and only one machine at a time gives random 
performances. In this way the model were validated section by section.

Experimental design is the description of the sets of input values in each run. 
After some runs and their results some other configurations have to be executed. 
For Case 1 the experimental design consists of a tabular of combinations of 
different average values and standard deviations for the process time at each 
machine. In this way the relations between process time and the performance 
measures were discovered. In Case 2 patterns of different down times and buffer 
sizes were tested.    

Performance measures have to be defined before the runs are executed. The 
performance measures present the foundation of what to monitor during the 
runs. Based on the literature review both average values and a variation measure 
were used in this research. Three parameters were monitored during each run: 
lead time of each part, throughput and WIP. Lead time was measured by 
attaching a tag with the point in time the part entered the system to each part and 
when the parts left the system the time in the system was calculated. Each lead 
time was stored and after each run the average lead time and the related standard 
deviation was calculated. This is a so called within replication measure, see table 
4.2. Throughput can be measured in at least two ways; by counting parts out of 
the system over a period of time, and then divide by the period length, or just 
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measure time between all parts and then inverse it. With the first method an 
average of production frequencies over the period length is found. In some cases 
there can be variations inside the period that is hidden with this method. 
Therefore this research used the time between parts method to measure 
throughput. After each run a within replication measure of throughput also was 
calculated. Last the WIP was measured. WIP is work in process or parts in the 
system, but when to measure? Measure at given time intervals? If the time 
interval is short there will be a huge amount of measures. If it is too long, some 
changes are overlooked. Measure at given events? How to calculate an average 
value? Divide the sum of parts in system from each measurement on total time 
or number of measures? One of the verification tools was to check the measures 
against each other with Little’s Law. Still after a long time in the verification 
process, the obtained values did not fit in the Little’s Law. After some thinking 
and trying the result was as follow. A combination of time and event based 
measure was the solution. For each change in the number of parts in the system, 
if a part entered or left the system, the number of parts was logged together with 
the amount of time since last change. In this way all levels of WIP during a 
simulation was connected with a time factor (� ). Average was then calculated 

like this: �
�

���
n

i
iiaverage WIPlevel

RunLength
WIP

1

1 � , n = number of intervals. An 

interval is a period of time with constant number of parts in the system. When 
calculating average WIP in this way, what to use as a variation measure? To 
describe the possible variation of WIP measures an example containing three 
situations are described in the following. STD = Standard Deviation.   

In Situation 1 the production starts at T = 0 with part A. At T = 3 part B and C
enter, at T = 5 part A leaves the system and so on. In Situation 2 the sequence of 
parts is the same as for Situation 1, but the length of the time periods are 
different. In Situation 3 the length of the time periods are the same as Situation 
1, but the sequence of parts are different. In  The columns contains data as 
follow, point in simulation time a change in WIP level happen, n = number of 
changes, parts entering and leaving the system, which parts are in the system, 
number of parts in the system in that period, length of each period � , weighted 
WIP ((parts in system in that period) · (� ) ). For each situation a number of STD 
and average values are calculated, also lead time, throughput and WIP based on 
Little’s Law. This is to compare the different results.  
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Situation 1 
=============================

n Enter Leave 
Parts in 
system 
(Name) 

Parts in 
system 
(Number) 

Period length 
( � )

Weighted 
WIP

T=0 0 A  Non 0 0 0 
T=3 1 B, C  A 1 3 3 
T=5 2  A A,B,C 3 2 6 
T=8 3 D B,C B,C 2 3 6 
T=11 4  D D 1 3 3 

    Sum 7 11 18 
    Average 1.75 2.75 4.5 
    STD 0.829 0.433 1.5 
    Average 

WIP 75.1
4
7

� 636.1
11
18

�

Parts A B C D Average 

Lead time 5 5 5 3 
4

18

� 	Throughput
1

5 3 0 3 
4

11

WIP calculated from Little’s Law: 

636.1
11
18

11
4

4
18

������ ThroughputLeadTimeWIP
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Situation 2 
=============================

n Enter Leave 
Parts in 
system 
(Name) 

Parts in 
system 

(Number) 

Period 
length 

( � )

Weighted 
WIP

T=0 0 A  Non 0 0 0 
T=1 1 B, C  A 1 1 1 
T=6 2  A A,B,C 3 5 15 
T=8 3 D B,C B,C 2 2 4 
T=11 4  D D 1 3 3 
    Sum 7 11 23 
    Average 1.75 2.75 5.75 
    STD 0.829 1.479 5.449 
    Average 

WIP 75.1
4
7

� 091.2
11
23

�

Parts A B C D Average 

Lead time 6 7 7 3 
4
23

� 	Throughput
1

5 3 0 3 
4

11

WIP calculated from Little’s Law: 

091.2
11
23

11
4

4
23

������ ThroughputLeadTimeWIP
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Situation 3 
=============================

N Enter Leave 
Parts in 
system 
(Name) 

Parts in 
system 

(Number) 

Period
length 

( � )

Weighted 
WIP 

T=0 0 A  Non 0 0 0 
T=3 1   A 1 3 3 
T=5 2 B,C,D   1 2 2 
T=8 3  A,B,C A,B,C,D 4 3 12 
T=11 4  D D 1 3 3 
    Sum 7 11 20 
    Average 1.75 2.75 5 
    STD 1.299 0.433 4.062 
    Average 

WIP 75.1
4
7

� 818.1
11
20

�

Parts A B C D Average 

Lead time 8 3 3 6 
4

20

� 	Throughput
1

8 0 0 3 
4

11

WIP calculated from Little’s Law: 

818.1
11
20

11
4

4
20

������ ThroughputLeadTimeWIP

For Situation 1 the Average WIPparts = 1.75, Average WIPweighted=1.636 and 
WIPlittle=1.636. As seen here the Average WIPweighted is the correct measure. It is 
the same result for Situation 2 and 3. If the STD values from the three situations 
are compared, it is seen that the STDWIPpart , STD �  and the STDWeighted reacts 
differently to changes in the situations.  

 Average 
WIPparts

Average 
WIPweighted

STDWIPpart STD � STDWeighted

S1 1.75 1.636 0.829 0.433 1.5 
S2 1.75 091.2 0.829 1.479 5.449 
S3 1.75 818.1 1.299 0.433 4.062 

The conclusion is that Average WIPweighted is needed to present a correct value 
due to Little’s Law and the variation measure standard deviation should been 
used with cautiousness, and at least be described in detail in each research case. 
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Table 4.2 Simulation Measurements Throughput and Lead Time 
Within-Replication 

Measures 
Measures during each run Average STD 
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Within and across replications measures are two different average and variation 
measures. Whiting replications are calculated after every run and show how the 
production system has performed during that run. To increase the confident in 
the point estimator of the measured value a number of replications are 
performed. The average value of the within replication averages gives a more 
confident point estimator for the performance measure. The average across 
replication measure of the average within replication measures is available in 
most common simulation software. In this research is AutoStat used to manage 
multiple replications. However, the average across replication measure of within 
replication standard deviation measures is not delivered. This had to be 
manually programmed.    

Output data analysis is done as a quality and confident control of the statistics 
gathered during the simulation replications. See Banks et al. (2005) for a 
detailed description. A common tool is confidence intervals. This is a measure 
of error of the point estimator of the actual performance measure. The 
confidence interval states that with a given confidence the point estimator will 
be inside the interval. It is important to separate between the confidence interval 
and the probability for an actual observation of the performance measure on the 
real system to be inside the interval. The last case is a prediction interval and 
this is a measure of risk (Banks et al., 2005).
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It is a desire to narrow the confidence intervals. This is done by increasing the 
number of replication, to increase of the run length, to use warm up time and by 
the use of common random streams. The increase of replication and run length 
are done on the expenses of increased computer resources and computer 
execution time. A trade-off has to be done, but it is never a need for higher 
accuracy than actually needed. The run length, number of replications should be 
seen in relation with the warm up period. Warm up period is the start of a run, 
before the system comes into a representative state. Normally the simulation 
starts with no parts in the system, this is not a representative situation if the long 
run steady state situation is the point of interest. All the data gathered during the 
“non-representative” period should be deleted. The run length should be at least 
10 times longer than the required time for warm up (Banks et al., 2005). More 
than 25 replications give normally no more accuracy (Kelton, 1986). When 
deciding length of runs and number of replications it is important to remember 
that errors can be simulated away but not the risk. 

Common random streams are a method of correlated sampling in contrast to 
independent sampling. This means that the same random stream is used during 
replications of different system configurations. With other words, the compared 
production systems are exposed for the same customer arrival, machine down 
time and other events. In this way the comparison becomes easier and the need 
for replications decrease.       

Sensitivity analysis is an analysis were a model or a system is tested how it react 
to changes. This can be used to validate the model, to test if it reacts in an 
expected way, or to find inputs to the model that should be investigated more in 
detailed. This research used sensitivity analyses to find parameters, among a set 
of parameters estimated by experts, which was critical and thereby needed a 
high accuracy. The experts’ effort could then be focused on these parameters     
instead on parameters that did not make any differences.    
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4.2 Metamodelling  
Simulation, in it self, is a surrogate model of the real system. The simulation is 
used to do multiple runs to obtain statistical material too expensive obtained 
from the real system. Some times the simulation is also very complex and 
expensive to execute in terms of computer time. In these cases a model of the 
model can be used (Jin et al., 2001). This model of the model is called a 
metamodel (Barton, 1998). In the following a set of techniques and some 
specialities of metamodelling in relation to simulation are briefly described. Jin 
et al. (2001) states that there is a lack of comparative studies of various 
techniques in previews literature, but see Barton (1998) and Kleijnen and 
Sargent (2000) for detailed descriptions. The metamodel techniques are response 
surface, splines, radial basis functions, neural networks, spatial correlation 
models, and frequency-domain approximations. 

The mathematical relations between the real system, the simulation model and 
the metamodel are like this (Barton, 1998; Yu and Popplewell, 1994): 

Real system: � 	sxxxfY ,.....,, 2111 �
Simulation:   � 	�,,.....,, 2121 rxxxfY �
Metamodel: � 	 �� mxxxfY ,.....,, 2131

srm ��

Number of inputs to the simulation model is lower than for the real system and 
the input � represents this difference. For the metamodel only the significant 
inputs found from the simulation model are included and the function 

� 	mxxxf ,.....,, 213  does not fit exactly to the respond 1Y . This difference is 
represented by the error  . The main steps of a metamodelling process are to 
find the form and related parameters of � 	mxxxf ,.....,, 213 , a model of  ,
perform a fitting activity and a validation process.  

Response Surface is in Kleijnen and Sargent (2000) described as follow “A 
metamodel is an approximation of the input/output (I/O) transformation that is 
implied by the simulation model; the resulting black-box model is also known as 
response surface”. Further they amplify that there are a number of metamodel 
types; polynomial regression, splines and neural network. In Barton (1998) the 
name Response Surface is used on an individual metamodel type. Response 
Surface model fits first and second order polynomial models to the system 
response(s). By use of vectors multiple observations are considered 
simultaneously. Referred to Fu (2002) this is done on the total domain of 
interest.  Response Surface models can be combined with some regression 
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sequential method or neural network to obtain more and more localized response 
surfaces that is used to determine a search routine for an optimum solution.  
To archive a good approximation for a large solution space a high order 
polynomial are needed. This will result in the possibility of oscillation. If high 
precision is needed another basis function should be considered (Barton, 1998), 
for example piecewise polynomial basis function.  

Splines are piecewise polynomials where adjacent pieces have continuity 
restrictions. A knot vector is defining the dividing of the domain. Power 
function basis and the B-spline basis are commonly used bases. Because most 
responses from the simulation model are not deterministic, interpolating splines 
will not be satisfactory (Barton, 1998). Smoothing spines can solve the tradeoff 
between fit and smoothness. A smoothing parameter weights the wish of fit, in 
terms of approximation at each known point, and smoothness, in terms of 
continuous derivative up to a given order.  

Radial basis function is found superior to other spline methods (Barton, 1998; 
Jin et al, 2001). Radial basis functions uses linear combinations of radially 
symmetric functions based on for example Euclidean distance to approximate 
the functions.      

Neural networks are networks of numerical processes which can exhibit 
complex behaviour, by defining connections between the processes elements 
and parameters of each process. Approximation of functions is often done by 
multi-layer feedforward networks.     

Kriging method is a least square interpolation estimation algorithm. The Kriging 
method is extremely flexible, due to the possible choices of the correlation 
function in the realization of the stochastic process part of the departure function 
(Jin et al., 2001; Barton and Meckesheimer, 2006). The main problem with 
Kriging is that it can require a significant amount of computer time.      

Kleijnen and Sargent (2000) describe a 10 step method for development of 
metamodels. In this process they put much attention to validation, fitting and the 
goals of the metamodel.  

Validation is the process of test if the metamodel meet its goal or not. To 
validate a metamodel the degree of accuracy has to be known, this depends on 
the goal of the metamodel. The goal of a metamodel is related to both the 
simulation model and to the real problem. To be validated the metamodel must 
meet its goal on the whole problem, not only on a given data set used during the 
fitting process.
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Fitting is the process of estimating the metamodels parameter values and 
evaluating these with respect to a given data set. 

Goals for most of the metamodels are understand the problem entity, predicting 
values of the output, performing optimization, aiding the verification and 
validation of a simulation model.  

Yu and Popplewell (1994) state, in 1994, that the use of metamodels will grow 
as a technique since investigators wish to examine more complex systems. Their 
literature study concludes that metamodelling is a useful technique in rank with 
many other manufacturing applications. Barton and Meckesheimer (2006) say, 
in 2006, that in the area of metamodelling-based optimisation the research 
activity is still active and has increased. They conclude that the choice of 
metamodel form, experiment design, validation of the model and prediction of 
optimal operating conditions has to bee done with carefulness, and that for 
relatively simple simulation models there exists proper alternatives to 
metamodels. Analytical approximations instead of metamodels and can be 
equally effective.         
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5 Comparison of Kanban and CONWIP 

Comparison of the two pull production control systems has received much 
attention since CONWIP was established by Spearman et al. (1990). This can be 
noticed in the previous chapters containing literature reviews. But the work with 
the material presented in this chapter started a bit before the literature reviews. It 
started more or less with “a trial and error”. 

The early background was a demonstration of discrete event simulation for new 
students at Master of Science in Industrial Engineering, Narvik University 
College. A small production system was modelled in AutoMod and the 
simulation model was executed at different speeds. The monitored performance 
measure was throughput. A line chart showed how throughput was varying over 
time during the simulation and visualisation. For demonstration and education 
purpose the modelled production system was controlled by multiple control 
systems. The line chart showed that by changing the control policy, all other 
parameters where held constant, throughput changed as well. From these 
observations the idea to investigate, not only throughput mean, but also 
throughput variation in multiple system configurations was born. 

The work continued with a verification of that if from a deterministic constant 
operation time, 60 minutes, changes to a uniform distributed operation time (30 
– 90 minutes) the throughput decreases  from 1 job/hour to 0.72 job/hour; in the 
case described in Silver et al (1998) page 694. (David Pyke is said to be the 
writer of this part of the book; excellent written.)  

From these tests, and new tests with different parameters a manuscript was built 
up. This manuscript was developed over some time and with different version 
presented at research conferences (14th International Symposium on 
Inventories, Budapest, Hungary, Aug. 2006 and ISEM07, Beijing, China, May 
30-June 2, 2007). The reactions and inputs from the audiences were very 
important. The preliminary manuscript was also sent to researchers already 
working in this area; then complemented with concrete questions. After this 
rather thorough preparation and inquire for information; to secure that the 
manuscript presented novelties, it was submitted to International Journal of 
Production Economics. The review process went well and the manuscript got 
published. 

Therefore, this material was first published in the article: Pettersen, J. A., 
Segerstedt, A. (2009). Restricted work-in-process: A study of differences 
between Kanban and CONWIP, International Journal of Production Economics,
118, issue 1, pp. 199-207.   
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Late July 2010 the article Pettersen and Segerstedt (2009) is cited by the 
following refereed articles:  
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This article presents a simulation study over a small supply chain, where the amount of

work-in-process (WIP) is restricted. The supply chain consists of five linked machines, or

production facilities, with stochastic operation times. A number of test cases are made

where the number of jobs in the machines and the buffer areas are restricted. The

restrictions are designed both in the Kanban way, linked to every machine, and in the

CONWIP way, connected only to the total production line. But no Kanban-cards and -

cells are involved in our study, just restricted inventories between the machines. With

the same amount of limited WIP, CONWIP-control compared to Kanban-control presents

a higher throughput rate, less time between jobs out, but the jobs stay on average longer

in the system. The stochastic operation times cause that the upstream machine

sometimes consumes the jobs in a rate that the downstream machine does not catch up

with, therefore all available storage room temporarily are not used. Kanban- and

CONWIP-control presents the same amount of average outflow per time unit with the

same variation in operation times and with the same amount of real average WIP. But

Kanban-control causes a lower utilisation of present available storage room and storage

equipment than CONWIP. The user of Kanban and CONWIP can only control maximum

WIP and not average WIP; average WIP is a consequence of existing variations, so the

difference is important. The coefficient of variation of the lead-times increases when

WIP increases; this is very difficult to handle in practical applications. Restricted WIP

that shortens the lead-time and decreases its variation is more important than if it is a

‘‘push’’ or ‘‘pull’’ system. Finally, it is argued that CONWIP-control is to prefer over

Kanban-control in theory, but in practice there is a lack of CONWIP installation

guidelines.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

Kanban is a technique for material and production
control and performance. Originally presented as a Japanese
technique Kanban was advocated for and spread by e.g.
Monden (1983), Schonberger (1982, 1986), Shingo (1982),
Sødahl (1984), etc. Similar techniques, two-bins, signal

systems with numbered metal plates, etc., were used before
in Nordic and western companies, not surprisingly because
basically Kanban is a reorder point system but with a more
visible reorder point. But the introduction of Kanban was a
breakthrough for visible signal systems in western compa-
nies. The introduction of Kanban started a discussion of
‘‘pull’’ and ‘‘push’’ systems, where material requirements
planning were considered as a push system and Kanban as a
pull and just-in-time system.

When searching on the internet for pull and push
systems the following definitions and categorisations of
push versus pull can be found: push systems is said to
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mean ‘‘make all we can just in case’’; and is said to be
categorised by production approximation, anticipated
usages, large lots, high inventories, waste, management
by fire fighting, poor communication. Contrary pull
systems is said to mean ‘‘Make what’s needed when we
need it’’ and categorised by production precision, actual
consumption, small lots, low inventories, waste reduction,
management by sight, better communication. The same
thoughts and reasoning can be found elsewhere even in
textbooks for management; the good things are pull and
the bad things are push and causes and effects are not
separated.

There exist many attempts tot define push and pull, cf.
Pyke and Cohen (1990) and Bonney et al. (1999). For
example, Spearman et al. (1990) mean that a pull system
does not schedule the start of jobs but instead authorises
production. Bonney et al. (1999) show that the definitions
of push and pull are inconsistent between different
researchers and arguments about performance are some-
times circular, if the performance of a pull system is poor
then it may be suggested that this is because the
fundamentals of just-in-time are not being observed,
whereas, if the performance of a push system is poor, then
that is a consequence of it being a push system.

Spearman et al. (1990) introduced a pull alternative to
Kanban named CONWIP (CONstant Work In Process),
where the work-in-process (WIP) is not constrained at
every operation or machine instead the number of WIP in
a total production ‘‘flow’’ is constrained. A production flow
that may consists of several operations or machines and
not just one machine.

For example, Hopp and Spearman (1996, 2000) and
Silver et al. (1998) show the importance of restricted WIP.
Too much (WIP) prolongs the time it take from start of
production until it is ready to leave the production facility,
to the next step in the supply chain or reach the end user.
Too little WIP, when there are variations in production
times and quantities, constrains the outflow by ‘‘starving’’
and ‘‘blocking’’ to a lower level then what would be the
case with more WIP. (When there are a number of
machines connected to a supply chain and no large
enough buffers between the machines; a machine is
starving when it cannot work because it has to wait for a
job from the upstream machine and the machine is
blocked when it cannot work with a new job because it
cannot pass the finished job to the downstream machine,
still working with its current job.)

Like Pyke and Cohen (1990) we mean it is not possible or
useful to label a manufacturing system as being entirely push
or pull. Most companies need both authorised and forecasted
scheduled production; but very important the companies
need restricted WIP. Push and pull are characteristics of the
underlying decision-making process, which will contain
elements of push or pull to varying degrees. To accomplish
a short delivery time to the customers most companies must
start production of components and semi-manufactured
products according to forecasts often long before the
customer order of the end product arrives. To achieve this
material requirement planning (MRP) or reorder point
systems (ROP) is mostly used in practical computer-based
applications. Therefore, our interest also emanates from an

alternative to MRP named cover-time planning (CTP)
(cf. Segerstedt, 2006); CTP has similarities to CONWIP, WIP,
in the machines and in stock for an item is constrained
according to its current forecasted demand rate and expected
lead-time. All these explain our interest in restricted WIP,
Kanban and CONWIP and the reason we examine it in this
simulation study. Despite the common attention to Kanban
and CONWIP (Framinan et al. (2003) present a review,
more recent publications e.g. Geraghty and Heavey (2004),
Takahashi et al. (2005)), we have not found a similar study
presenting similar results. Bonvik et al. (1997) also compare
Kanban and CONWIP but in totally different way. The
upcoming text has the following outlay. In Section 2, we
present the test example and describe the simulation model.
Thereafter, in Section 3, we present results from the
simulations and its findings and finally some conclusions,
discussions and extensions in Section 4.

2. Test example and simulation model

This study is triggered from and based on a small
problem excellent described in Silver et al. (1998, p. 694).
A job shop has five machines, illustrated in Fig. 1. We
assume that an average of 60min processing time for each
job on each machine. All jobs have the same routing: first
they are served in Machine 1, then in Machine 2 and last in
Machine 5 before they leave the system. We study a
number of test cases where work-in-process (WIP), the
maximum number of jobs in the buffer areas (Queues
1–4) and in the machines are restricted. No Kanban-cards
and no Kanban-cells are involved in our study, just
restricted inventories between the machines. So our study
is not really a study over a Kanban system, but it is a study
over when the WIP restrictions are designed both in the
Kanban way, linked to every machine, and in the CONWIP
way, connected only to the total production line.

Every machine is assumed to have the same variation
in operation times, three different variations were tested;
operation times uniformly distributed between 50 and
70min (60710, coefficient of variation cv ¼ s/m ¼ 0.096),
between 30 and 90min (60730, coefficient of variation
cv ¼ 0.29) and operation times uniformly distributed
between 10 and 110min (60750, coefficient of variation
cv ¼ 0.48).

For both Kanban and CONWIP several measures are
monitored: time in system, for each job the number of
minutes between moving into Machine 1 and moving out
of Machine 5; time between jobs out, the number of
minutes since the last job left Machine 5 and this job, for
each job; total number of jobs produced out of Machine 5
during total simulation time; current jobs in the system,
both in machines and queues.

For every test case is studied/memorised the mean and
the standard deviation of time in the system or lead-time,
LT, for a job passing all five machines (X5h ¼ 300min);
and achieved production, mean time between jobs out,
P, (X60min/unit). (Like Silver et al. (1998) we get for only
one job in each machine (WIPp5) and operations times
uniformly distributed 60730 an outflow of 0.78units/h,
cf. Table 2: 60/76.99 ¼ 0.78.)
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The simulation model was built with the discrete event
simulation software AutoMod Version 11.0 Build 1942.61
VR Graphics (Brooks Automation). Graphically the model
is also represented by Fig. 1. The source file consists of an
initialisation process and the real simulation process. The
initialisation process defines an output file for the results
of the simulation and determines the type of control
system, Kanban or CONWIP. It defines parameter values
for the uniform distribution related to each machine in
the system and it sets maximum storage spaces in
Queues 1–4. The production process, the real simulation
process, moves the jobs trough the different Machines
1–5. When a job is moved into Machine 1, the ‘‘time in
system’’—timer is started and the ‘‘current job in the
system’’—counter is increased by one. The job uses the
machine for a period of time drawn form the uniform
distribution. When finished in one machine then the job is
moved to the next storage, if it contains a free place.
When the job is completed in Machine 5 the ‘‘time in
system’’—timer stops and the time between this job and
the job before are measured and the ‘‘number of jobs in
the system’’—counter is decreased by one. For the
CONWIP mode this is essential to control total number
of jobs in the system, but for the Kanban mode it is used to
ensure that the system never runs out of jobs. Total
simulation time is 48,000h. The simulation starts with
zero jobs in the system, but since the monitoring do not
start before the first job leaves Machine 5 and the
simulation time is as long as 48,000h we have not used
any warm-up or start-up time. After each simulation Excel
has been used to calculate the mean and the standard
deviation for each parameter.

During the Kanban mode there was always one job
available for Machine 1. But the storage rooms of Queues 1–4
were restricted. The total storage space in the system
including machines and queues were restricted to be equal
or less than 5, 6, 7, etc. until 26. During the CONWIP mode
storage space of Queues 1–4 were unlimited (set to 100), but
total number of jobs in the systemwere set to 5, 6, 7, etc. until
26. This was done by that in the start of each simulation a
restricted number (5, 6, 7, etc.) of jobs were made available

forMachine 1 and after that one new jobweremade available
for Machine 1 only when Machine 5 finished one job.

3. Test results

When we restrict every inventory or queue (use
Kanban-control) and increase, e.g. maximum WIP from 5
to 6, or 10 to 11, from the beginning it was not obvious
where, which queue, we should increase. Tayur (1993)
means that for any five machines in line allocation (1, 4, 2,
3, 1) yields the highest mean throughput rate in a five-cell
line with a total of 11 cards to be allocated. Our system is
not a proper Kanban system with five cells with Kanban-
cards, we just use Kanban-control and restrict every
inventory, but the suggestions from Tayur made us worry
how to distribute the restricted WIP. Table 1 shows our
‘‘default’’ solution; where we put the extra storage as late
as possible. The five machines contribute with one place
each in every simulation, total five places. The rest of the
storage amount was divided evenly and as late as possible
in the system (in Table 1). We have also tested to put it as
early as possible, this result is presented in figures below
as E-Kanban, we also tested to have the extra inventory in
the middle in figures below presented as M-Kanban (this
to more imitate the suggestions from Tayur).

The result when possible extra WIP is placed as late as
possible (according to Table 1) and when operation times
vary 60730min is presented in Table 2. Kanban30 in
figures below are created from the data in Table 2. Table 2
is presented as an example fromwhich type of data all the
results in Figs. 2–13 below are created. Table 3 presents
explanations of the notations used in Figs. 2–13.

Fig. 2 shows the mean of ‘time between jobs out’ of the
system (leaving Machine 5). Here we can notice no
difference between early WIP and late WIP for Kanban,
but WIP in the middle seems to increase the throughput
rate in line in what Tayur (1993) says about Kanban-
systems.

Fig. 3 shows how mean lead-time through the five
machines varies with maximum WIP. For Kanban-control
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this time is influenced by where the extra WIP is put, if it
is put early or in the middle it takes in average a longer
time to pass the five machines than if the extra WIP is
placed in the end. The extra WIP in the end of the supply
chain seems to hurry up the departure compared to other
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Table 2
Result Kanban 60730, operation times cv ¼ 0.29

Max.

WIP

LT,

Mean

LT, Std.

dev.

P,

Mean

P, Std.

dev.

No.

observ.

WIP ¼ LT/

P

5 348.06 30.23 76.99 27.11 37401 4.52

6 344.53 30.57 75.88 27.28 37951 4.54

7 346.36 31.98 73.86 26.4 38987 4.69

8 364.68 40.73 70.24 24.53 40995 5.19

9 449.74 53.67 65.72 21.32 43814 6.84

10 447.57 56.79 65.47 21.29 43985 6.84

11 458.44 63.52 64.83 20.86 44419 7.07

12 491.41 77.08 64.09 20.27 44927 7.67

13 562.45 84.59 63.52 19.83 45330 8.85

14 567.33 88.91 63.28 19.9 45503 8.97

15 579.78 99.86 63.03 19.53 45692 9.20

17 680.07 118.52 62.46 19.19 46098 10.89

20 717.7 145.46 62.13 19.04 46351 11.55

23 812.13 156.59 61.76 18.64 46627 13.15

26 925.96 175.62 61.5 18.49 46826 15.06

29 1035.87 219.66 61.32 18.39 46967 16.89

32 1081.87 244.31 61.26 18.29 47009 17.66
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Fig. 2. Average time between jobs out, cv ¼ 0.29.
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Fig. 3. Mean lead-time, cv ¼ 0.29.

Table 1
Distribution of total storage space

Total

storage

space

Total space in

machines

Space in

queue 1

Space in

queue 2

Space in

queue 3

Space in

queue 4

5 5 0 0 0 0

6 5 0 0 0 1

7 5 0 0 1 1

8 5 0 1 1 1

9 5 1 1 1 1

10 5 1 1 1 2

11 5 1 1 2 2

12 5 1 2 2 2

13 5 2 2 2 2

14 5 2 2 2 3

15 5 2 2 3 3

17 5 3 3 3 3

20 5 3 4 4 4

23 5 4 4 5 5

26 5 5 5 5 6

29 5 5 6 6 6

32 5 6 7 7 7
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Fig. 4. Standard deviation: time between jobs out, cv ¼ 0.29.
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placements. CONWIP-control prolongs the lead-time
compared to Kanban-control.

Figs. 4 and 5 show that with increasing maximum WIP
the standard deviation of P decreases, with a lower
standard deviation for CONWIP than Kanban; and the
standard deviation of LT increases, but with a higher
standard deviation for CONWIP than Kanban. That the
standard deviation of P would decrease and standard
deviation of LT would increase this was not unexpected.
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Fig. 6. Coefficient of variation: lead-time, time in system; both when

operation times have cv ¼ 0.48, 0.29 and 0.096.
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Fig. 8. Average lead-time (throughput time); both when operation times

have cv ¼ 0.48, 0.29 and 0.096.
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But the clear difference between Kanban and CONWIP and
their standard deviations was not from the beginning
obvious.

Fig. 6 shows the coefficient of variation for the lead-
time for passing the five machines. When maximum WIP
increases the difference between different variations in
the operation times diminishes. However, Fig. 8 shows
that the lead-time increases only moderately, both for
Kanban and CONWIP, when the variation in operation
times increase.

Fig. 7 shows the coefficient of variation (cv ¼ standard
deviation/mean) for time between jobs out, P. cv has a
minimum value, and equal for both Kanban and CONWIP;
but higher variations ( ¼ cv) in operation times create a
higher minimum value.

Fig. 9 shows the number of jobs completed during the
entire simulation period 48,000h. It presents a picture of
how effective the different test runs are; the different
curves should reach as high as possible as fast as possible.
The tests start with no jobs in the machines; this
initialising time is also included, but only roughly 5h of
this 48,000h. The extra WIP in the middle when all
inventories are restricted show more jobs completed in
48,000h tolerably in line with suggestions from Tayur
(1993).

Little’s (1961) formula (L ¼ l�W) shows the connec-
tions in a queue system between intensity of arrivals (l),
time in system (W) and number of ‘‘jobs’’ in system (L). If
we apply Little’s formula on our test example, we measure
average time in system (LT) and average time between
jobs out (P), these measures are related to a maximum
WIP, the real average WIP we can calculate and estimate
from Little’s formula

real WIP ¼ LT

P
(1)

We also measured directly current jobs in the system,
but an average of this parameter does not consider how
long the different number of jobs has been in order, hence
this mean deviates a little from the Little’s formula mean.
Fig. 10 shows average time between jobs out depending on
average real WIP. Average real WIP is less than maximum
WIP, because the stochastic operation times cause that the
upstream machine sometimes consumes the jobs in a rate
that the downstream machine does not catch up with,
therefore all available storage room temporarily are not
used. Fig. 10 shows that in our experiment if available
extra WIP is put as late as possible the same amount
of real average WIP presents the same amount of average
outflow per time unit with the same variation in operation
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Table 3
Explanations of notations used in Figs. 2–13.

Notation Operation

times (min)

cv for operation

times

Mode Extra space/WIP

Kanban30 60730 0.29 Kanban, all queues individually restricted Possible extra WIP put in Queue 4

CONWIP30 60730 0.29 CONWIP, total number in all queues restricted –

E-Kanban30 60730 0.29 Kanban, all queues individually restricted Possible extra WIP put in Queues 1–2

M-Kanban30 60730 0.29 Kanban, all queues individually restricted Possible extra WIP put in Queues 2–3

Kanban10 60710 0.096 Kanban, all queues individually restricted Possible extra WIP put in Queue 4

CONWIP10 60710 0.096 CONWIP, total number in all queues restricted –

Kanban50 60750 0.48 Kanban, all queues individually restricted Possible extra WIP put in Queue 4

CONWIP50 60750 0.48 CONWIP, total number in all queues restricted –
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times, despite of a Kanban or CONWIP-control. Fig. 10
shows that to locate the available extra WIP early, instead
of late, creates a less efficient supply chain; also the
curve with middle WIP is situated above the late Kanban
curve.

Fig. 11 is done in a similar way as Fig. 10 but shows
how average lead-time depends on real average WIP.
Everything seems rather close in Fig. 11, so Fig. 12 is an
enlargement of Fig. 11 and with other limits in the scales.
Fig. 12 shows that despite if the inventories are controlled
in Kanban or CONWIP way the same average lead-time
require the same real average WIP. Higher variations in
operations times cause longer lead-times from the same
real average WIP.

The average ‘‘used’’ WIP connected to the maximum
WIP are shown in Fig. 13. There shows no significant
difference between different variations in operation times,
at least for smaller amount of WIP.

3.1. Observation I

The maximum throughput or minimum time between
jobs out, from a given total maximum WIP comes from a
situation where there is only a total restriction of WIP
(CONWIP-control) and not a restriction on every inventory
in the supply chain (Kanban-control). This is also in line
with Tayur (1993) (cf. Figs. 2 and 9).

3.2. Observation II

An increase of one extra unit of WIP in the given total
maximum WIP increases the throughput, decreases time
between jobs out, despite if it is a CONWIP or Kanban-
control situation, and despite in a Kanban-control situa-
tion in what inventory the extra unit WIP is put. (But with
Kanban-control the machines/stations should have the
same capacity as in our test cases or the extra WIP unit
should be put in the inventory before the bottleneck.)
However, the effect of the extra unit WIP diminishes with
higher total maximum WIP, and it reaches zero when the
throughput reaches the bottleneck (in our test 60min
between jobs out) (cf. Figs. 2 and 9).

3.3. Observation III

With a restriction on every inventory in the supply
chain (Kanban-control), with the same capacity and
variations in operation times, the available WIP should
be divided as even as possible. Any surplus should not be
distributed in the beginning or in the middle; the possible
surplus should be distributed in the end of the supply chain.
The extra WIP in the end helps the jobs to leave the chain
as soon as possible. Extra WIP in the beginning or middle
increases the ‘‘capacity’’ just there because starving and
blocking decreases around these machines, but the jobs
are stuck, they cannot continue because the end machines
have largely the same starving and blocking as before. The
chain is then not balanced, the average total WIP increase
but the throughput rate does not improve as much as it

should do if the extra WIP were put in the end (cf. Figs. 2,
9 and 10).

3.4. Observation IV

The relative variation in lead-time, time in system, its
coefficient of variation, increases with rising maximum
WIP. The relative variation in time between jobs out
decreases with increasing maximum WIP, but it reaches a
limit, the relative variation in operation times for the last
machine. (In our case the last machine is also the
bottleneck, if we have a significant bottleneck elsewhere,
the same would happen the relative variation in time
between jobs out decreases with increasing maximum
WIP, and it reaches a limit, dependent of the bottleneck
and the relative variation in operation times for the last
machine.) (cf. Figs. 6 and 7).

3.5. Observation V

With the possible surplus maximum WIP placed in the
end of the supply chain; the same average throughput rate

is established from the same average WIP independent of
a Kanban- or CONWIP-control (WIP restricted in every
inventory or only as a total). However, CONWIP-control
needs a lower maximum WIP than Kanban-control
(Observation I) (cf. Figs. 10 and 13).

3.6. Observation VI

With the extra maximum WIP placed in the end of the
supply chain; the same lead-time, average time in system,
is established from the same average WIP independent of
Kanban or CONWIP-control (WIP restricted in every
inventory or only as a total). However, CONWIP-control
needs a lower maximum WIP than Kanban-control
(Observation I) (cf. Figs. 3, 11–13).

3.7. Observation VII

The relative utilisation of maximum WIP is dependent
of the control parameters, Kanban or CONWIP, and
relatively independent of the variation in operation times.
It could have been suspected that a higher variation in
operation times would create more starving and blocking
and therefore a lower utilisation of available max WIP.
Instead maximum WIP is on an average used more or less
to the same extent independent of the variation in
operation times. This confirms and agrees with Little’s
formula; earlier it has been shown that higher variation
in operation times create lower throughput rate and
longer lead-times with the same average WIP. Conse-
quently, a maximumWIP creates almost the same average
WIP independent of variations in operation times, but
different throughput and lead-times. An important differ-
ence is that CONWIP-control implies that a larger part
of maximum WIP is used compared to Kanban-control
(cf. Fig. 13).
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4. Summary, discussions, conclusions and extensions

Our small experiments show the importance to keep
track of WIP and not allow it to increase out of control.
However, this is a not new finding; Nicolin (1959)1

explained that too much WIP would lead to future delays
of customer orders. ‘‘Balance flow and not capacity’’ is an
OPT-strategy (cf. Goldratt and Cox, 1984; Goldratt and Fox,
1986) that also implicates control of WIP. Hopp and
Spearman (1996) and Silver et al. (1998) show that after
WIP has reached a certain level more WIP does not
increase the throughput rate it only prolongs the lead-
time, which is also shown in our tests. Segerstedt (1999)
suggests the obvious that orders should not be released at
a higher rate than the rate of completion otherwise WIP
continue to increase. Our test results show that an
increase in WIP after a while does not improve the
outflow rate much but it increases the variation (correla-
tion of variation) in the lead-time time. Even for a
relatively low variation in operation times when WIP
increases the coefficient of variation for the lead-time,
increases significantly, it seems to catch up and present
almost the same coefficient of variation as for higher
variations in the operation times (cf. Fig. 6). So, too
much WIP not only prolongs the lead-time or throughput
time it also increases its variation. This is in a practical
application very difficult to handle; most plans cannot be
followed, promises will not be fulfilled, etc. Both Kanban
and CONWIP are hit by increased variation, our test
results show no significant difference that one of them is
less ‘‘hurt’’. In practical applications, too little WIP is
seldom the case, contrary too much WIP and long
lead-times are mostly the case. This certainly explains
the popularity and success of ‘‘pull systems’’, their
constrained WIP and decreased variations in WIP.

Our five machines can also be seen as five factories
with inventories in between. Naturally, the capacity
should be as balanced as possible among the different
production facilities, and for an efficient supply chain the
extra capacity for inventories should be placed in the end
of the chain, so that the throughput rate can be as high as
possible with as little as possible capital invested in
average inventories.

The practical user of Kanban or CONWIP cannot explicitly
control average WIP, it is a result of the circumstances,
variations in operation times, etc.; the user canmerely control
maximum WIP. Therefore, we mean that CONstant in
CONWIP should be exchanged to CONstrained. Regardless
of Kanban-control or CONWIP-control the same ‘‘investment’’
in WIP, capital cost of tied up material in WIP presents the
same throughput rate, time between jobs out or outflow per
time unit and also the same lead-time, time in system.
(Observations V and VI; this is deviating from the experi-
ments in Muckstadt and Tayur, 1995a,b.) However, Kanban
needs more max WIP, therefore the fixed costs, or sunk costs,
for Kanban is higher; more equipment for handling and
storage is necessary and also more storage room; equipment

and storage, which then has a lower utilisation than the
corresponding for CONWIP. From that point of view wemean
CONWIP-control is to prefer. Real Kanban-systems with
Kanban-cells and -cards also require a lot of manual
handlings; distribution of cards, changing of cards when
demand changes. Little’s formula ‘‘haunts’’ again; if we have
to increase the throughput due to changed demand, we have
to increase WIP or decrease lead-time. To decrease lead-time
mostly requires a change in the production facility or system,
more efficient machines, more working people. This is time
consuming and often it is not easy to see and understand
what to really do for improving the efficiency and shorten the
lead-time. Therefore more WIP is the fast way to revise.
When demand decreases, production also must decrease, and
the oppositemust be done,WIP should be decreased. This is a
disadvantage for pure Kanban; the number of Kanbans must
be changed, which explains why a Kanban installation prefers
stable demand.

Hurley (1996) argues that placing buffers between each
workstation is not the most effective mode of operation,
placing the same amount of buffer stock in the shipping
area and before the production constraint (s) produces
superior results. Hurley at that time was probably not
aware of the CONWIP concept but he suggests something
like it and we notice our study support his ideas.

Left for future studies, extensions, are e.g. to study when
onemachine has less capacity than the others and when one
machine has significantly higher variation in operation
times than the others. The bottleneck should never be
starved or blocked according to OPT theories; but other
non-affected inventories may hardly be set to zero.
Preliminary studies show that CONWIP-control solve this
type of complication more or less automatically, and it could
be suspected that it is very crucial how the restricted WIP is
distributed among the different inventories using Kanban. If
the suspicion can be verified by future studies; together
with what is so far observed Kanban-control must be
considered outperformed by CONWIP-control.

However, in a practical application it is not obvious
how to install CONWIP. Which maximum WIP should be
used? And in what way; item-wise (every route in the bill
of material) or production facility wise (a part of the
production area)? Most existing computerised Enterprise
Resource Planning (ERP) systems do not contain facilities
for CONWIP-control. Practical implications in literature
how to use CONWIP exist, e.g. Golany et al. (1999), Hopp
and Spearman (2000), Framinan et al. (2006), etc. But
Kanban is more well known and well defined, it is
described in most textbooks; it is just to follow the
descriptions, visit a bench-marking installation, and apply
it in parts of the productionwhere the company has a high
and fairly constant demand. Therefore an important
extension for further studies is to examine and learn
how CONWIP can easily be installed in different practical
applications.
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6 Three-dimensional performance surfaces 

Performance measures are involved in almost all kind of design, optimization, 
control, operating and comparison of pull based production systems. See the 
current literature review for an overview of used performance measures in the 
literature. What to choose as performance measure, how to obtain performance 
values from simulations, other approximation methods or real systems have 
been under serious consideration in current literature.  

The background for the article was an analysing process of historical data set 
from a simulation study of a production system. The results from each 
simulation run consist of values for lead time, throughput and WIP. In the 
beginning of the process the performance measures were analysed to-by-to in 
traditional line charts. During this process a feeling of that some information and 
relations did not show in the line charts was established. Parallel to this the first 
author taught a course in geometric modelling and computer aided design, so he 
got the idée of using geometrical techniques to describe and analyse the relation 
between more than two measures. After some trial and error a three dimensional 
presentation of the three performance measures lead time, throughput and WIP 
was established in Rhinoceros. Rhinoceros is a 3D design software for CAD and 
CAM designers (www.rhino3d.com/).  

This material was first published in the article: Pettersen, J.-A., Segerstedt, A., 
Bang, B. (2010). Three-dimensional performance surface - a tool for analysing 
and estimation of production system performances, International Journal of 
Production Research, Vol. 48, No. 17, pp. 4937-4948.    

Late July 2010 the article Pettersen et al. (2010) has not been cited. 
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This paper presents a new method to describe, analyse and estimate production
system performances. Work-in-process (units), lead time (number of time units
spent in the production system for each unit) and throughput (number of
produced units per time unit) are basic performance measures, also used in this
article. It is essential for industry to know about relations between system
parameters and system performances in existing systems, and in not yet
implemented system alternatives. Different performances are achieved by
adjusting system parameters. Trade-offs between system parameters and its
different performances are necessary to stay efficient and competitive in today’s
market. Queuing theory and simulation can help the decision makers to estimate
system performances of existing and not yet implemented systems. When the
complexity increases queuing theory becomes cumbersome, very difficult and
eventually impossible to use. A single simulation presents limited information.
Multiple simulations are necessary to ensure that the best alternative is chosen.
A high number of simulations demand a lot of computer time and resources.
Reduction of runs is desirable even with cheaper computer equipment. Currently,
traditional two-dimensional charts are the only tools to present and analyse
system performances. This article presents a new surrogate model for easier
estimation and presentation of system performances, their internal relations, and
relations to the system parameters. With the new surrogate model, system
performances based on simulations are presented as positions in a three-
dimensional environment. Parametric curves and surfaces of Bezier type are
generated and adapted to these positions. System performances of other system
alternatives can then be estimated without explicit simulation. The number of
simulation calculations can thereby be moderated. The method is illustrated with
a small production line system.

Keywords: production performance; kanban; simulation; surrogate model

1. Introduction

Modern production systems often include multiple processes in tandem. Stochastic process
times lead to blockages and starvations, which reduce the process utilisation, increase
system lead time and decrease throughput. To stay competitive, companies need to
perform trade-offs between performances by adjusting system parameters, like the size and
location of buffers. To do this, companies need knowledge about the relations between
system parameters and system performances in the existing system, and for not yet
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implemented system alternatives. In this article the term input is used for the system
parameters and response for system performances. In some cases the relations between
inputs and responses can be shown and described analytically, but if the system is complex,
as it often is due to multiple tandem stochastic processes, simulation is preferred (Köchel
and Nieländer 2002). To obtain a credible result, multiple random streams have to be
tested. This means that each system configuration has to be analysed by multiple runs.
Runs of one configuration give only information concerning that special configuration.
To find the best configuration, all possible configurations have to be simulated and
compared or a search routine has to be used to find the best or the near best configuration.

If a production system is complex, or if there are several alternatives, the demand of
simulation time and simulation resources becomes high. To reduce the simulation effort
and to perform optimisation, the literature describes the use of surrogate or metamodels.
Yu and Popplewell (1994) and Barton (1998) describe and define metamodels for
simulation. A surrogate, or metamodel, is a deterministic simplified model of the
simulation model that describes the relation between input variables and responses.
Kleijnen and Sargent (2000) determine the goals of metamodels to be: problem entity
understanding, prediction, and optimisation. In Barton (1998), multiple metamodel
methods are described. These are response surfaces, splines, radial basis functions, neural
networks, spatial correlation models, and frequency-domain approximations. In this
article, only the use of splines is described, and then a new alternative spline method is
introduced.

This article presents a new spline based surrogate model of a stochastic kanban
controlled production line. The model is based on, and combined with, a simulation
model. The main purpose of the surrogate model is to show the relation between multiple
inputs and three responses, with easier estimates of system behaviour, based on
interpolation of a few simulations conducted in a larger solution space.

Fu (2002) describes and analyses different search routines and optimisation methods
for simulation, with special focus on how the research in this domain and the development
of commercial software are evolved in different directions. Our method is not an
optimisation or a search routine in itself, but gives a better picture of how the system
would react when adjusting multiple parameters. The method is, as Fu (2002) addresses, a
general method even if it is only exemplified with one example in this article.

The literature describes multiple production system performances (cf. Browne et al.
1996, Silver et al. 1998, Hopp and Spearman 2000, Rolstadås and Andersen 2000, Lee and
Wang 2007). The basis of most of them is work-in-process (WIP), lead time (LT ) and
throughput (TH ). The method described in this article focuses on these three basic
production performances; knowledge about them is necessary before other performances
can be analysed. Therefore, the responsesWIP (items), LT (time units) and TH (items/time
units) are used. The relation between them is described by Little’s formulaWIP ¼ LT � TH
(proved by Little 1961). WIP is measured as the average number of items in the system
during a time period T, LT is measured as the average number of time units the items use
through the system, and TH is measured as the average number of items per time unit
delivered out of the system.

Existing tools for presentation and analysis of the three basic system performances are
traditionally two-dimensional charts, see Muckstadt and Tayur (1995b), Savsar and
Al-Jawini (1995), Gstettner and Kuhn (1996), Herer and Shalom (2000) etc. for examples.
In these charts, performances are analysed two at a time. It is difficult to see the relation
between them and the system parameters. Even in a system as shown in Figure 4, where all
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items follow the same path with only five processes, it is difficult to see how system

performances relate to different system alternatives.
Existing surrogate models are often represented as y ¼ gðxÞ, where x is the input, y is

the output or response and g is the function that represents a simplified relation between

the input and the response (see Figure 1) (Barton 1998).
A function like this can be expanded to y ¼ gðx1, x2Þ, where x1 and x2 are two different

inputs. For example, Kirkavak and Dincer (1999) use this method. Multiple inputs to one

response are included in the response surface method. However, to analyse more than one

response, multiple functions are needed, for instance as y1 ¼ g1ðx1, x2Þ and y2 ¼ g2ðx1, x2Þ
(Barton 2006). With separate explicit functions, visualisation, evaluation, and interpola-

tion of combined responses are difficult. Our model overcomes some of these difficulties

by operating in the parametric domain of the response functions.
For those not familiar with parameterisation and change of variables, a quick review is

given as follows. The function y ¼ gðxÞ can be reformulated to a parametric representation

by a simple change of variables. Introduce u, and write:

f ðuÞ ¼ ðu, gðxÞÞ,
where x ¼ u and y ¼ gðuÞ. x ¼ u can further be replaced by x ¼ g1ðuÞ and together with

y ¼ g2ðuÞ, f ðuÞ becomes:

f ðuÞ ¼ ð g1ðuÞ, g2ðuÞÞ:
x ¼ g1ðuÞ is still the input, y ¼ g2ðuÞ is the response, and u is the parametric value that

some textbooks describe as the elapsed time of our journey along the curve. Note: x is now

not necessarily equal to u.
By further development, u is now the parametric value and set to be the input variable

to the simplified system. Further, x ¼ g1ðuÞ is redefined from being the input variable to be

response #1 and renamed to y1. y is renamed to y2. So, the two responses become response

x [Input] 

y 
[R

es
po

ns
e]

g (x) 

xa

ya

Figure 1. Existing surrogate models.
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#1 ¼ g1ðuÞ ¼ y1 and response #2 ¼ g2ðuÞ ¼ y2 and can be expressed through the

parametric function f ðuÞ ¼ ð g1ðuÞ, g2ðuÞÞ with u as the input variable. By using this

change of variables, one input can be related to two responses. This is graphically

illustrated in Figure 2. In Figure 2, the input value u5, that is also the parameter

value, gives f ðu5Þ ¼ ð g1ðu5Þ, g2ðu5ÞÞ ¼ ð y1a , y2aÞ. ð y1a , y2a Þ is the coordinate of the solution

point (position) connected to the input value u5 and the values of response #1 and

response #2.
This model can, in the same way, be expanded further with one more response and

more inputs:

f ðu, vÞ ¼ ð g1ðu, vÞ, g2ðu, vÞ, g3ðu, vÞÞ:
Then the model handles two inputs and three responses. The relation between all

elements can be illustrated in a three-dimensional environment, as seen in Figure 3.
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y 2 
[R

es
po

ns
e]

 

 f (u)

y
2a

y1a

u = u0

u = u5

u = u6
[Input]

Figure 2. New surrogate model with one input and two responses.
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Point f (u5,v3) on the  
surface 

Figure 3. New surrogate model with two inputs and three responses.
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The model can be expanded further with one more input w, but then it is difficult to
illustrate visually on paper:

f ðu, v,wÞ ¼ ð g1ðu, v,wÞ, g2ðu, v,wÞ, g3ðu, v,wÞÞ:
This article presents decision alternatives in a stochastic kanban controlled production

line, a method to present the three basic production system performances, a surrogate
model with multiple inputs and three responses, and a method to estimate and predict
performances of not yet simulated system alternatives. There is literature that describes
relations between system performances and system parameters in kanban controlled
production systems (cf. Tayur 1993, Muckstadt and Tayur 1995a, b, Gstettner and Kuhn
1996, Pettersen and Segerstedt 2009, etc.); but mostly it can only work as a guideline. Real
performances of a specific production system cannot be told from general rules. Each
system has to be analysed specifically. Our method simplifies this.

2. Decision alternatives in a single-line-single-product-multi-process system

Figure 4 illustrates two control alternatives for a single line production system for a single
product. In the system, there are buffers to reduce the effects of stochastic process times. In
a system like this, there are two main decisions to be made: first, the control policy and
second, the related system parameters. There are multiple control policies available. This
article uses a kanban policy to exemplify the method.

In a kanban controlled system, cards or other signs are used to control the level and the
position of system inventories. Each card is related to at least one buffer and at least one
process. Each card is related to only one item at a time and an item is always connected to
a card as long as it is in the system. The number of cards gives the maximum number of
items inside a given region. An item can leave a current region only if there is a free card
available in the next region. When an item leaves the region, the free card returns to the
beginning of the region and a new item is allowed to enter. A card stays connected to the
same item the whole time that item is in the given region.

The system parameters of a kanban system are the number of cards in each region. It is
important to be aware of two things: (1) the same system maximum inventory can be

Kanban cell control 

Kanban control 

= Flow of empty cards 

= Flow of cards with material 

A B C D E

A B C D E

Figure 4. Two kanban inventory control methods.
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achieved with multiple card allocations among the regions. In this article, a specific card
allocation is referred to as a system configuration; and (2) the system parameter is the
maximum inventory, in the overall system or in part of it, in contrast to the performance
measure average WIP (cf. Pettersen and Segerstedt 2009). A kanban controlled system can
be organised in many ways (cf. Muckstadt and Tayur 1995a, b, Silver et al. 1998, Hopp
and Spearman 2000). This article uses the same kanban cell control structure as in Tayur
(1993), and in Muckstadt and Tayur (1995a, b). It is illustrated in Figure 4. This is the
same as the immediate material transfer (IMT) kanban system described in Gstettner and
Kuhn (1996). (e.g., Pettersen and Segerstedt 2009 cover the topic kanban control where
every buffer before the process is restricted.) The advantage of kanban cell control is that a
card is connected to the part in front of, inside, and after the process. In this way, the card,
which symbolises a buffer space, is moved dynamically and automatically to the place
where it is needed, in front or after the process. If a process stops or incurs a long process
time, its own cards and the upstream process’s cards, fill the buffers in front of the process.
In Figure 4 there are two buffers between two processes. These could be one physical
buffer, where items connected to both cards, from the upstream process and the
downstream process could be stored together. Gstettner and Kuhn (1996) show that IMT
has better performances, throughput versus inventory, than a traditional kanban system.
We assume infinite delivery of raw material and infinite demand. In the same way as
demonstrated in Tayur (1993), Muckstadt and Tayur (1995a), there is no need for raw
material storage and there will never be any need for a buffer after the last process. In
other words, the first and the last kanban cell (A and E in Figure 4) should always have
exactly one card. To exemplify our method, system performances of different card
allocations among cell B, cell C and cell D will, in this article, be simulated, analysed and
estimated.

3. The three-dimensional performance surface method

System performances are generated mainly from production histories of existing systems
or from artificial production histories generated by simulation. In this article, production
histories generated with simulation are used, but the method would work in the same way
with real production histories. In traditional analyses of system configuration, only two
system performances are presented as points in a two-dimensional diagram. For example,
inventory versus throughput, lead time versus inventory, or throughput versus lead time.
One point in the diagram represents a specific system situation, specific control method
and system configuration. Instead of using only two dimensions at a time, this method
presents a performance point of a given configuration, as a position in the three-
dimensional space. The responses are placed in the space as follows: average throughput
(output rate) on the x-axis, average lead time on the y-axis, and average WIP on the z-axis
(Figure 5).

A performance point will always be near the surface, WIP ¼ LT � TH, generated by
Little’s formula (Little 1961), which in this article is referred to as the Little’s surface.
Little’s surface is gridded in Figure 5. To indicate and visualise the variance in the three
responses, a sphere is located at each performance point. The sphere is divided into three
equal parts, one part for each response, with separate grey scaling, as indicated in Figure 5.
White indicates the highest value, black the smallest value. The variance measure can be
the absolute value of the standard deviation, a relative measure relating the standard
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deviation to the mean value of the corresponding response at that position, or a scaled
measure relating to a scale given by the user, or a scale relating to the whole data set. So
the use of the variance sphere is dependent on the analyser’s needs. The range of the
greyscale should be chosen with caution, and in a way that highlights the area of interest.
In this way, it is easier to evaluate and do trade-offs between all the system performances,
including average and variance measures. No other presentation or analysis tool, as far as
we are aware, can present six performance measures in the same picture. On the computer
screen, it is possible to rotate and zoom the three-dimensional model to do visual
investigation of the performances. The benefit of this is difficult to show on paper
(Figure 5), so we can only appeal to the reader’s imagination. But what can be shown is
how it is possible to ‘navigate’ around on the Little’s surface by adjusting the system
variables (inputs) to archive different system performances and even estimate the
performance without new simulation runs. These topics are addressed in the rest of this
article.

4. Estimation of system performances

Until now, in this article, all the presented performance points are generated by
simulation. Each configuration is simulated multiple times to generate credible perfor-
mance data. Depending on system complexity, process performance distributions and
demanded accuracy of results, each simulation demands computer time and resources. One
way to find the best configuration among a set is to simulate all of them, but the number of

Figure 5. Performance point with standard deviation spheres presented in a 3D space.
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configurations becomes large, even for small and simple systems. In the following, a case
of five kanban cells, illustrated in Figure 4, is used to show the need for, and benefit of, a
surrogate model to reduce the simulation time and resources.

In the five kanban cells case the goal is to obtain knowledge about how the system
performs changes when the number of cards in cell B is varied between 1 and 9, in cell C
between 1 and 9, and between 1 and 12 in cell D. There is only one card in cell A and one in
cell D. In this case, 972 configurations have to be evaluated and simulated. In a production
system like this, with stochastic process data, each configuration has to be simulated over a
given period of time, referred to as the run length, and a number of replications have to be
performed. This is to gather sufficient artificial historical material to generate an adequate
statistical measurement. The number of replications and the run length depends on the
system. There are multiple studies in the literature regarding this issue (Banks et al. 2005).
This study does not address this issue, but merely concludes that a simulation of a given
configuration has to be run for a given number of time units, and a number of replications
have to be performed, to reach an acceptable confidence interval. The surrogate model,
described in this article, reduces the number of simulated configurations. The benefits of
this depend on the run length. For systems with long run length, the benefits are larger due
to larger reduction of the total calculations.

For illustration purposes, five replications of each simulation are used. To obtain
knowledge about all the configurations in the five kanban cells case, a total number of
4860 runs then have to be performed. In the following, a method to reduce this number to
720 is presented. It is the writers’ belief, though this has not yet been tested, that the
number could be reduced to 320.

From now on the terms simulated performance point and estimated performance point
will be used, respectively performance points based on information from simulation, and
performance points based on information from the surrogate model. Present literature
describes a number of interpolation methods. Geometrical Bezier interpolation is chosen
as the surrogate model because it is quite easy to implement (Mortenson 1997). Other
interpolation techniques may work even better, so the plan is to address this in future
research. For a detailed description on the interpolation methodology see Farin (1993),
and Mortenson (1997).

A Bezier surface patch is in the form Pðu, vÞ ¼ Pn
i¼0

Pn
j¼0 PijBi,nðuÞBj,nðvÞ, where Pij is

the number of control points for i¼ 0 , . . . , n and Bi,nðuÞ and Bj,nðvÞ are the so called
Bernstein polynomials (here just shown for u):

Bi,nðuÞ ¼
n

i

� �
uið1� uÞn�i

with

n

i

� �
¼

n!

i! ðniÞ! , if 0 � i � n

0, otherwise

8<
: :

It is important to notice that u2 [0, 1] and v2 [0, 1]. In using Bezier interpolation and
the parameter variable as input, as described in the introduction, a second degree curve
representing the change in one input can be generated from only four points. Linear, or
first degree, would not give sufficient accuracy, and third degree has the possibility of
fluctuating (Mortenson 1997). In the same way a surface, representing the change in two
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input variables, can be generated from 16 points, and a cubic geometric object representing
three inputs can be generated from 64 points. Each of the 64 performance points has, in
this case, to be simulated with five replications. Then a total of 320 runs have to be made.
The use of a cubic geometric object has not yet been tested. In this article, only the use of a
surface is described. The reduction of necessary runs is still large. In the five kanban cells
case, there are three inputs; the number of cards in cell B, cell C and cell D. To illustrate
the method, the inputs representing cell B and cell D are used to generate one surface for
each value of input cell C. In this way, the method can handle three inputs by using a
number of surfaces that is not a cubic object. The number of necessary simulated
performance points becomes 16 for each value of input cell C, thereby a total of 144
performance points have to be simulated with a total of 720 runs. For every value of input
cell C the method repeats itself. So in this article, only the performance surface related to
input cell C with value 1 is presented in detail.

For this case, the elements of f ðu, v,wÞ ¼ ð g1ðu, v,wÞ, g2ðu, v,wÞ, g3ðu, v,wÞÞ become:

Inputs: v2 [0, 1] represents the number of cards in cell B (input cell B¼ 1 , . . . , 9);
w2 [0, 1] represents the number of cards in cell C (input cell C¼ 1 , . . . , 9);
u2 [0, 1] represents the number of cards in cell D (input cell D¼ 1 , . . ., 12).

Responses: g1 is the average lead time;
g2 is the average throughput;
g3 is the average WIP.

For illustration purposes, the case is simplified even more by setting the number of
cards in cell C to 1, as already described. The model becomes

f ðu, vÞ ¼ ð g1ðu, vÞ, g2ðu, vÞ, g3ðu, vÞÞ:
The choice of the 16 configurations to be simulated is done by first finding the extreme

values of each input. In this case, cell B equals 1 and 9, and cell D equals 1 and 12. From
these, the four corner points of the surface are generated, see Table 1. Second, choose two
internal values on each input. From experience we choose cell B equals 2 and 7, and cell D
equals 2 and 5. The accuracy of the estimated performance points is dependent on the
choice of these values. Our future research will result in a detailed description of how to
make this choice.

All the 16 simulated configurations are presented in Table 1. It is important to note
that the order of the configurations is important due to the Bezier interpolation
methodology.

Based on these 16 points, in the three-dimensional space, a Bezier surface of the second
degree is established (cf. Farin 1993), see Figure 6. The gridded area of Figure 6 is the
performance surface of the system while the number of cards in kanban cell B and cell D
are varied along the u and v vectors. A surface like this can be described and evaluated
using the parametric values u and v. A point pðui, vj Þ on the surface, also with other values
of u and v than in the simulated configurations, has the coordinates X, Y, Z given by u and
v: X ¼ g1ðui, vj Þ, Y ¼ g2ðui, vj Þ, Z ¼ g3ðui, vj Þ.

From a point on the performance surface given by ui and vj the corresponding
performance average lead time (X ¼ g1ðui, vj Þ), average throughput (Y ¼ g2ðui, vj Þ), and
average WIP (Z ¼ g3ðui, vj Þ) can be estimated by f (u,v).

To test the accuracy of the method, all estimated performance points of one system
performance surface were simulated. Each estimated performance point was compared to
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the related simulated performance point. All the distances, between an estimated and the

corresponding simulated performance point, were inside the 90% confidence interval of
the simulated performance point. The choice of the internal points, to be simulated in
each parameter direction, is critical in order to achieve the best possible accuracy.

Future research on this topic will describe a selection methodology that ensures good
accuracy.

5. Conclusions and extensions

System performances presented in a three-dimensional space give the system developer and

user a more complete insight into the behaviour of their system under different
configuration situations. The inclusion of measures of variation in the evaluation will
secure short term performances, in contrast to only long term steady state average

measures. Previous performance presentation methods do not provide this opportunity.
However, the main advantage of presenting performance points in a three-dimensional
environment is that it provides the opportunity to use geometrical tools to estimate

complementary performance points from a limited set of simulated configurations.
A two-dimensional performance surface in a three-dimensional space was studied in

this article; varying numbers of cards in two kanban cells when the numbers of cards in the

other kanban cells are held constant. In future research, an investigation where cards in
more than two kanban cells are varied at the same time, should be carried out. This will
create a multi-dimensional performance space, a performance space more difficult to

illustrate, but even more useful for testing practical applications. This would probably
reduce the amount of necessary simulations even further. The choice of the internal points
to be simulated in each parameter direction, and a methodology for estimations of the

variance performance at the estimated performance points, will also be addressed in future
research.

Figure 6. Bezier surface based on 16 performance points.
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7 Case Study: Machine Down-Times and Buffer Sizes 
influence on System Performance

Abstract 
This chapter describes a study about how machine downtime and buffer sizes affect 
production performances at a line production facility in the north of Scandinavia. The 
production consists of one product that is mass-produced in a highly automated production 
system consisting of series of chemical and mechanical processes. The study was performed 
before the physical installation and as a part of the design phase of the production system. The 
new production line consisted of both well-known processes and new technology with rather 
unproven processes. From experts’ estimates of the processes artificial production histories 
were generated by simulation for a lot of different configurations. Average and variance of 
input rate (parts, or products, into the system per hour), output rate (products out of the 
system per time unit), Work-in-process (WIP; number of products in the system) and lead 
time (time in time units each product spends in the system) was chosen as performance 
metrics. The sensitivity study by simulation resulted in several different findings. The 
primarily wish of a single paced production line was abandoned for partly parallel production 
lines. The analysis showed that estimating downtime correctly for some processes was 
important due to average performances but downtime related to other processes had effect on 
the variance of the same performances. The analysis also showed that increasing the size of 
some intermediate buffers reduced the variance of some performances but the size of other 
buffers was critical due to average performances. The average of the input- and output rate 
was the same; but the variation of the input- and output rate deviated. Based on the study the 
buffer sizes could be adjusted so both average and variance performances become acceptable. 

Keywords: production performances, simulation, mass production 

The material presented here is rewritten from an article presented in PRE-prints 
from the conference 15th International Working Seminar on Production 
Economics, Innsbruck, Austria 2008: Pettersen, J. A., Segerstedt, A. (2008). 
Production Performances vs Machine Down Times and Buffer Sizes - A Case 
study.

7.1  Introduction 
This chapter describes a study about how machine downtime and buffer sizes 
affect various production performances at a production facility that was 
inaugurated in the north of Scandinavia in autumn 2007. To protect business 
confidentiality the studied company is referred to as the Company and the 
product as the product. The Company had produced the product for a number of 
years with rather constant volume, but due to increased demand they wanted to 
increase their capabilities of deliveries. The production consists of one product 
that is mass-produced in a highly automated production system consisting of 
series of chemical and mechanical processes. Since there was no opportunity to 
increase the production in the existing line the Company had decided to build a 
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new separate production line. This type of industry production technology 
develops fast. Therefore the new line consisted of some well-known processes, 
but also some with new technology and rather unknown performances. The 
overall line configuration had also never been tested before. For a system like 
this, with many unknown factors, some parameters had to be estimated by 
experts. Estimates of experts, even if they are experts, are always related to 
some uncertainty. The Company wanted to see how sensitive the suggested line 
was to this uncertainty. Examples of questions that required answers: Which 
expert’s estimate has to be given with a smaller amount of uncertainty; and 
where is there a need for preventive actions? To obtain knowledge about this 
first a sensitivity analysis of estimated variables was performed. The analysis 
showed that two variables had special impact on the defined production 
performances, but in different ways. In the case study we only looked at these 
two: machine downtime and buffer sizes. 

In the literature a number of production performances are mentioned, described, 
categorized and evaluated (cf. Hopp and Spearman, 2000; Silver et al., 1998; 
Rolstadås and Andersen, 2000; Browne et al., 1996). In cooperation with the 
Company, average and variance of input rate (products into the system per time 
unit), output rate (products out of the system per time unit), Work-in-process
(WIP; number of products in the system) and lead time (time in time units each 
product spends in the system) was chosen as performance measurements. If the 
product stays to long in the system the quality is reduced, if the product gets 
stuck in the middle of the processes it becomes a type of a perishable product, so 
lead time is important. The raw material is expensive and a high number of parts 
in the system increase the probability of breakage, so unnecessary WIP is not 
desired. The Company is assumed to be able to sell all it can produce but the 
production equipment is expensive, so it is important to produce as much as 
possible with the given equipment, therefore throughput is very important. To 
verify the model with Little’s law (Silver et al., 1998; Little, 1961) and because 
the product has a high value, the number of products in the line, work-in-process 
(WIP) was analysed. In the start of this study was detected and discovered that 
the analysed input variables had impact, not only on the average of a production 
performance but also, on the variability of some performances. 

Production performances in systems like this, with series of processes that 
influences each other, are difficult, if not impossible, to calculate analytically. 
Because of this and since the Company was interested in both long term values 
and short term variation the sensitivity analysis was performed in a simulation 
environment for discrete event systems (cf. Banks et al., 2005; Kreutzer, 1986). 
So this case study is based on artificial histories generated with simulation. A 
discrete event simulation was built in AutoMod, and with this sensitivity 
analyses were performed. 
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To protect business secrets a generalised production system based on the same 
principles as the real one is used (Figure 7.2 Material flows in the production 
system) and production capacities are false, but the conclusions are real.  

7.2 System description 
The production line consists of around 50 tasks, both chemical and mechanical. 
All the tasks and the handling equipment are highly automated. Operators 
almost only contribute during maintenance and under emergency (unplanned) 
stops. The system is design based on mass-production philosophies (cf. Browne 
et al., 1996; Womack and Jones, 2003; Liker, 2004). Since this is a new system 
design and some tasks involve new technology the overall production 
performances are not known in advance. 

= Conveyor Belt = Intermediate Buffers = Task Station 

Paced task line Paced task line 

Balanced flow line

Figure 7.1 Single paced line 

Originally the firm wanted one single paced line like Figure 7.1 (cf. Hopp and 
Spearman, 2000), where the product should be produced in a single “row” with 
some necessary intermediate buffers in between the different processes or tasks. 
This idea was abandoned, because if the product is held inside some of the tasks 
longer than the normal process time, the product after a short while will be 
damaged. A paced line with 50 tasks is very vulnerable for downtimes; if one 
task stops all tasks in the same line must also stop. By dividing the paced line, 
with buffers, into line segments with smaller number of tasks, the product can be 
buffered before a line segment with a stop without stopping upstream segments. 
Therefore and due to the different functioning and speeds of the different tasks a 
layout like in Figure 7.2 were chosen. 

Flow direction

D
C1

C2

B1 

B2 
A

F1

F2

E1

E2

G1

G2
H1

F3

F4

E3

E4

G3

G4
H2

I1

I1

J

= Small Buffers (SB)        = Large Buffers (LB)           = Production Process X#

Figure 7.2 Material flows in the production system 
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Figure 7.2 shows the production system layout. A process (Figure 7.2) consists 
of a single-paced line also called a line segment. A line segment contains several 
stations that perform tasks. There are two types of buffers; small and large due 
to the size. Buffer size is defined by maximal number of parts possible stored in 
the actual buffer. If a stop occurs in for example line segments D (Figure 7.2), 
the upstream line segments A, B and C should be emptied before going to a 
complete stop. This is done by stopping input of products to segment A, B and C
at the same moment segment D stops and then draining each segment into their 
downstream buffer. When segment D is ready for start, segment A, B, C and D
starts at the same time. Each segment is then “eating” from the upstream buffer 
until it is empty, and then it is fed by the upstream line segment. The buffer 
capacity or number of storage rooms (SR) for the draining procedure is called 

drainSR . The size of drainSR  depends on the size of upstream line segment and is 
held constant in this analysis. 

The buffer capacity or number of storage rooms for buffering during stops is 
called bufferSR . The size of bufferSR  is estimated by experts and is analysed (with 
different sizes) due to sensitivity in the system. The total number of storage 
rooms, totSR , in each buffer is then:

bufferdraintot SRSRSR ��

Depending on the sizes of the different bufferSR , the upstream segments of a stop 
can run for a period of time, consuming the bufferSR , before the draining 
procedure must start.  

Since the overall line has a balanced flow there is no overcapacity in the last part 
of the line. Therefore the number of products in bufferSR , after a stop in the 
downstream segment, will be constant until a stop occurs in the upstream line 
segment. Then the downstream segment “eats” from the bufferSR  until it is 
empty. 

totSR  for each buffer is limited upwards by available space at the current 
location in the shop floor. 

Each buffer size is therefore designed to meet three requirements: 
1. Under normal operation the number of free spaces must be larger then the 

maximum number of products in the upstream line segment. If a stop 
occurs in the downstream line segment, the upstream line segment can be 
drained into the actual buffer. 
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2. The buffer size is limited by available floor space. 
3. The buffer size must give a time span between a stop in the downstream 

line segment and the start of the drain procedure of the upstream line 
segment.  

Restriction: Number of products in upstream line segment � Free buffer space �
Buffer size 

In figure 7.2 the dark triangles indicate small buffers with size of 45 to 60 
products depending on current configuration. Yellow triangles indicate large 
buffer with size of 200 to 300 products depending on current configuration. 

There are two types of down-time; planned maintenance and unplanned events. 
If one station stops, the entire line segment stops. In a line segment planned 
maintenance is performed on all stations at the same time. Unplanned stops are 
station independent. A station can stop unplanned alone or at the same time as 
other stations. In worst case, all stations in a line segment stops unplanned 
separately. Total down-time for a line segment is then the sum of unplanned 
stops at belonging tasks. 

   Planned down-time 
+ Sum of station unplanned down-time 
= Total line segment down-time 

Max output rate for the line is designed to be 768 items per unit time. One item 
represents a number of products. To meet this requirement there are parallel line 
segments in the system. Process, line segments capacities and the number of 
parallel lines are shown in Table 7.1. 

Table 7.1 Production capacities 
Process Line capacity 

Items/unit time 
Number of 

parallel lines 
Total capacity 
Items/unit time 

A, D and J 768 1 768 
B, C, H and I 384 2 768 
E, F and G 192 4 768 

Depending on current buffer size configuration planned and unplanned down-
times reduce the average output rate. There are breakage of products in all tasks 
and handling activities throughout the system. Based on experience the breakage 
is dependent on number of products in the system and the level of throughput. If 
the throughput is higher all tasks work faster and the breakage increases. 
Breakage also reduces the overall output rate since some capacity is used on 
products that do not reach the finish of the system. These numbers was not a part 
of the sensitivity analysis and are not a part of this performed simulation study. 
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The product quality is also in some sense dependent on number of products in 
the system and level of throughput. But product quality is mainly dependent on 
technical issues in some critical tasks. The sensitivity analysis was concentrating 
on the experts’ estimates, not on tuning technical parameters in each task, so 
these numbers are also excluded from this study. In this study we assume that all 
products that are put in to the start of the system are taken out in the end of the 
system with a perfect quality and product performances.  

7.3 Model description 
The main objective for this model is to generate artificial production histories to 
compare different system configurations. Since all state variables in this system 
change at discrete sets of points in time, the system is a discrete system (Banks 
et al., 2005). When studying the behaviour of a discrete system as it evolves 
over time discrete simulation is useful (Banks et al., 2005). AutoMod was 
chosen as simulation modelling tool, since this software is special design to the 
application area of manufacturing operations problems (cf www.brooks.com) 
and AutoMod was well known by the researchers from previous work. 

Each paced line (line segment), including transfer to downstream buffer, was 
defined as one process with the inputs: maximum number of items inside 
(process capacity), the time one item uses inside (process time) and down-time 
(process down-time). In this way, there are no movement systems in the model. 
A part is either in a buffer or in a process. Buffers are defined by its size; 
maximum number of items inside. Processes and buffers were put in a 
configuration as shown in Figure 7.2. The material goes from A to J. There is 
always available raw material for segment A and segment J can always get rid of 
finished products. A process runs until one of three events occurs: no items to 
produce, only enough free spaces in downstream buffer to drain current items, or 
a down-time occurs. 

Each segment can therefore be in four different situations: working, the segment 
is okay and there are parts to produce and free places to store them; not working
- starving, the segment is okay but no parts to produce; not working - blocked,
the segment is okay but there is no place to store produced parts; and not 
working - inoperative, the segment is not okay it is not working and under 
repair. The first three not-working situations are dependent on upstream and 
downstream segments. 

Process capacities and process times are held constant in all simulated situations. 
Down-time is divided in two: planned and unplanned. Planned down-time is 
accomplished by taking down the whole system at the same time. In this way 
planned down-time will always reduce the long-term average output rate by a 
known and constant percentage. Therefore, there is no point to include this in 
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the model. Unplanned stops at each station are summarized and modelled by one 
variable for time between stops and one variable for time to repair the current 
process.

Since this is new technology and the plant is not yet built there is no previous 
production data available. When data is not available, the uniform, triangular 
and beta distributions are often used (Banks et al., 2005). In accordance with 
experts and the nature of the processes, uniform distribution was used to model 
time between stops and a discrete distribution to model time to repair. The 
experts identified 5 types of possible unplanned stops reasons, with related time
to repair. The time to repair groups are shown in Table 7.2. 

Table 7.2 Time to repair categories, values in time units 

For each process, the time to repair variable was modelled as a discrete 
distribution with separate probability for each time to repair category. When a 
stop occurs, the combination of a random value generator and the probability 
distribution decides the repair time. For example, using data shown in Table 7.2 
Time to repair categories, values in time units, when a stop occurs there is 20 % 
change that the stop will take exactly 2 time units, 10 % change that the stop 
will take exactly 15 time units and so on. The repair time could only be one of 
the integer values 2, 15, 45, 300 or 1200.  

Downtime was originally divided in two: planned and unplanned. Planned 
downtime is accomplished by taking down the whole system at the same time. 
In this way planned downtime will always reduce the long-term average output 
rate by a known and constant percentage. There for, there is no interest to 
include this in the model. For each process, the time between stops variable was 
modelled as a normal distribution with an average value and a variance value. 
The average value was determined based on experts’ estimations on the total 
number of stops during a given time period. The variance of the normal 
distribution was based only on expert estimations.  

To analyze and compare two or more system configurations, system 
performance measures are needed. There are a number of possible performance 
measures depending on the goal of the measurement. For more details on 
performance measures see Silver et al. (1998). In this case, in cooperation with 
the firm input rate (parts into the system per unit time), output rate (parts out of 
the system per unit time), WIP (parts in the system) and lead time (the number 

Very short Short Normal Long Very 
Long 

Time units 2 15 45 300 1200 
Probability 0.2 0.1 0.3 0.3 0.1 
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of time units a part is in the system) were chosen as performance measures. In 
the beginning of the sensitivity analysis only average metrics were used, but by 
incident one of the performers of the analysis discovered that the analysed 
parameters had impact on the variance of some performance measures. So in 
this simulation study we included average and variance measures of each 
performance measure.  

Average output rate is chosen to show how well the system is adapted to long-
term customer demand.  

Output rate variance was also monitored, to see how well each system 
configuration served the customer in short term and the need for finished 
products safety storage. Average output rate and average input rate has to be the 
same as long as the model does not consider rejection of products. Output rate 
variance and input rate variance will not necessarily be the same.  

Input rate variance was measured to analyse short-term raw material demands.  

Average WIP reflects the cost generating parts in process, and by that included 
as a performance measure.    

Lead time was measured for two reasons. First, total time in system is critical to 
quality and second, to use Little’s Law to verify the model (Silver, 2005). 
Variance in WIP and lead time was measured to give a picture of the variability 
of the manufacturing system. 

7.4 Experimental designs description 
Two main experiments have been carried out in this project: Process down-time 
and buffers sizes effects on system performance.  

Process down-time effects on system performance was analysed since this 
system consists on new technology and no previous productions data are 
available. Machine and process performances as well as capacities, lead times 
and maintenance time was provided by the equipment deliverer, but frequency 
and length of unplanned stops was estimated by experts. These estimations are 
given with some uncertainty. The questions are: Is the uncertainty to large? 
Must the experts narrow the estimates or must preventive actions be taken? 
Multiple simulation runs with different down-times were executed to see the 
consequences on system performances.  

Down-times are categorized in 5 categories; very long, long, normal, short and 
very short. Long and very long stops happen rarely, compared to the other 
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categories. The length of long and very long stops is estimated with a low 
uncertainty and the analysed buffer capacities are not designed to handle theses 
stops. Long or very long stops will in relatively short time result in a complete 
system take down. Based on this, only very short, short and normal stops were 
further analysed, see Table 7.2. Shorter down-times than estimated, will give 
better performances, so only longer down-times were analysed.  

The experts stated that very short stops will be around 2 time units, short around 
15, and normal stops around 45 time units. To see if the system was sensitive to 
bad estimates, the lengths in table 2 was simulated.   

Table 7.2 Analyzed down-times, values in time units 
Cases #1 #2 #3 #4 #5 #6 #8 #9 #10 #11 #12 #13 #14 
Very short 2 3 4 5 6 7 2 2 2 2 2 2 2
Short 15 15 15 15 15 15 15 18 21 24 27 33 33 
Normal 45 45 45 45 45 45 45 45 45 45 45 45 45

Cases #15 #16 #17 #18 #19 #20 #21
Very short 2 2 2 2 2 2 2
Short 15 15 15 15 15 15 15
Normal 45 50 55 60 65 70 75

During the down-time analysis, buffer sizes were held constant. The size of the 
small buffers was 45 and size of the large buffers was 210.  

Buffer sizes effects on system performances was analysed to see if output rate 
performance could be increased and if the effects of down-times could be 
reduced. Buffers are placed in the system for two reasons: To make it possible to 
drain each line segment and to reduce the effect of down-times. To drain the 
upstream line segment the minimum size of small buffers is 45 product places 
and for large buffers 210. To analyse the effects of different buffer sizes, 
simulations with buffer sizes as shown in Table 7.3 were executed. 

Table 7.3 Analyzed sizes for small and large buffers  
Cases #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 
Small 45 47 49 51 53 55 57 59 61 63 65 
Large 210 210 220 230 240 250 260 270 280 290 300 
Cases #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22
Small 45 47 49 51 53 55 57 59 61 63 65 
Large 210 210 220 230 240 250 260 270 280 290 300 

During the buffer size analysis the down-times where held constant; Very short 
= 2, Short = 15, and Normal = 45 
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7.5 Simulation Description 
The simulation model was built in AutoMod and the runs were administrated by 
AutoStat. AutoStat makes it easy to define desired experiments and make all the 
necessary runs. Five inputs (factors) and eight outputs (responses) were defined 
and used during the analysis. 

Inputs in AutoStat are named factors. These are variables that AutoStat can 
automatically change values for between different runs. In this way AutoStat can 
perform a sensitivity analysis by it self. There were three inputs for the length of 
down-times Very short, Short and Normal, and there were two inputs for the 
size of the buffer categories Small and Large.

Outputs in AutoStat are named responses. The responses are automatically 
monitored at predefined time intervals or at every change in value. Reports of 
the responses can be written out as text files, in different formats, or as 
spreadsheets. Average output measures are an across-replication metrics, see 
Table 7.4 (Banks et al., 2005). This means that the measures are computed by 
making an average of the output in each replication and then making an average 
from all the replications. The standard deviation output measures are an average 
across-replication of the within-replication standard deviation (Banks et al., 
2005). This means that this measure is an average of the standard deviation from 
each replication. This is a measure that is normally not delivered by the 
simulation language and had to be coded manually.  The eight responses were 
named WIP_Average, WIP_STD, LT_Average, LT_STD, Input_Rate_Average, 
Input_Rate_STD, Output_Rate_Average, Output_Rate_STD. LT is lead time, 
STD is standard deviation.  

Table 7.4 Within- and Across-replication Average and STD (standard deviation) 

       Across-replication 

Collection of an output measure during run # 1 

Collection of an output measure during run # 2 

Collection of an output measure during run # ,,, 

Collection of an output measure during run # n 

  Average      STD       

  Average      STD 

  Average      STD 

  Average      STD 
  Average      Average 
  STD            STD 

Run output
(Within-replication) 

In analyzing the simulation output data, a distinction is made between 
terminating or transient simulations and steady-state simulations (Banks et al., 
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2005). A terminating simulation is one that runs for some duration of time and 
stops at a specified event. These simulations include start up and close down of 
the system. A steady-state simulation is of a non-terminating system like 
assembly lines that shut down infrequently or continuous production systems. 
Current system is a non-terminating system and current simulation is a steady 
state simulation. In this work steady states are analysed, but at the same time 
evaluation of variance, by investigating the standard deviation over a period of 
time, is done.

The accuracy of a steady state output value is affected by three factors (Banks et 
al., 2005): Starting conditions, stopping conditions and the number of 
replications. These factors have to be evaluated together. Accurate estimate of 
long term output is desired, but at the same time, as low as possible use of 
simulation and computer resources. Increased run length (stopping conditions) 
and increased number of replications gives a more accurate estimate, but the 
computer time will increase dramatically (Banks et al., 2005).  
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Figure 7.3 Warm-up Graph 

Based on a warm-up analysis in AutoStat, as shown in Figure 7.3, the warm-up 
time was sat to 400 time units. After 400 time units the responses reached a 
representative level of steady state. This means that all statistical sampling prior 
to 400 time units were deleted and not used to calculate output average or 
standard deviation. It is important and it achieves variance reduction of each 
point estimator to let all the system alternatives handle the same situations 
(Banks et al., 2005). For example, the best way of comparing two queuing 
systems is when both systems face the same customer and work load pattern. 
This is archived by assign common random number streams to the same 
stochastic process in both systems. A consequence of this is that all stochastic 
processes in a system have an individual random stream. We used confidence 
intervals to evaluate the run length and number of replications (Banks et al., 
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2005). Confidence intervals were used to evaluate the run length and number of 
replications (Banks et al., 2005). Confidence interval is a measure of error. A 
confidence interval of 95%, is telling us that the average of the output variable is 
inside the defined interval with certainty of 95%. A combination of replications 
and run length were chosen so that the confidence interval was better than 0.3 % 
around average. For each output measure this gives a distinct graph to evaluate. 
10 replications with individual random number streams and a run length of 2400 
time units were used.  

7.6 Results 
Machine down-time’s effects on system performance are shown in Figure 7.4. 
The values on the horizontal axis for Normal, Short and Very Short Down times 
are given in Table 7.2. From the figure it seen that the down-time categories 
Short and Very short are the two most critical. An increase of time in these 
categories will result in a great decrease of average of Input/Output rate and an 
increase of average Lead time. The category Normal has a great negative affect 
on the standard deviation of all the performance measures.   
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Figure 7.4 The effects of machine down-times on system performance 

Intermediate buffer’s effects on system performances are shown in Figure 7.5. 
The value on the horizontal axis for large and small buffers is presented in Table 
7.3. 

Increased size of the Small Buffers has a better affect on average Input/Output 
Rate then an increase in the Large Buffers, even if the increase of average Lead 
time and average WIP are taken in consideration. Increased size of Large 
Buffers has only a positive affect on the standard deviation of the Input and 
Output rate. 
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Figure 7.5 The effects of intermediate buffers on system performance 
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7.7 Conclusions 
This work has shown that all three down-time categories are critical, but due to 
different performance measures. Short and Very short down-times are critically 
seen from an average value or a long term point of view and Normal downtimes 
are critically seen from a short time point of view. If the company wants to 
increase their system throughput they should increase their Small Buffers but if 
they want to reduce variance of Input or Output rate, due to suppliers or 
customer needs, they should increase the sizes of the Large Buffers. From a 
general point of view, this work shows that different system configurations and 
system decisions should be measured not only due to average output values but 
also by a variation measure. When analysing variation in throughput of a 
system, it is important to look at both input rate variation and output rate 
variation, because these has not the same value and do not react equally to 
changes in the system.  
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8 Summary, Conclusions and Extensions 

8.1 Summary 
This doctoral thesis addresses performances, modelling and analysis of pull 
based production systems. The thesis consists of 8 chapters, but their content is 
collected from four main parts in this study: a literature review, a comparison 
study of Kanban and CONWIP, an industrial practical case study and the 
development of a new tool used for presentation and analysis of simulated 
performance results.  

Through a literature review existing performance measures, modelling 
techniques and analysing approaches have been discovered and discussed. The 
literature review revealed a lack of performance measures regarding the 
variation in system performances. To compensate for this a new variation 
measure to use under analysing pull based production systems have been found. 
Simulation has been chosen as the analysing tool, due to the dynamic nature of 
practical production systems and the desire to analyse complex real systems not 
suitable and possible with other approaches. 

A comparison of Kanban and CONWIP, the two most basic pull based control 
methods, has been conducted through a simulation study. A five machine line 
system for production of a single product was used as a case. The result was 
seven rather general observations. The main findings are that Kanban and 
CONWIP systems need to be analysed due to variation measures and not only 
average measures, Kanban and CONWIP perform equally in terms of 
throughput due to average work in process (WIP), but unequally due to 
maximum storage capacity.  

An industrial practical case of a mass-produced single product was studied and 
analysed with simulation. A new production line consisting of several chemical 
and mechanical processes was to be designed and installed. The design was 
tested for sensitivity to the experts’ estimations of down times and the amount of 
required buffer capacities. The down times were categorized in five groups due 
to length, three of these were analysed further. The system was sensitive to 
changes in all three groups but due to different performance measures and with 
different results of variations. The study also showed that the variations of the 
flow differed in the system from input to output.  

A new tool for presentation and analysis of performance data related to the 
system configurations has been invented. The result is a 3D Performance 
Surface method. Here the performances lead time, WIP and throughput are 
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plotted in a three dimensional geometrical space. In this model the relation 
between different system settings and performances can be analysed. Variations 
measures can also be included and performances of not simulated configurations 
can be estimated with this geometrical tool; thereby reducing the necessary 
numbers of simulation runs.  

8.2 Conclusions 
In this section we recapitulate the research questions presented in the 
introduction chapter and discuss the answers found so far. 

- How will CONWIP perform compared to Kanban? 

Little’s law reigns! The same average throughput is produced from the same 
average work-in-process independent of a Kanban-control or CONWIP-control, 
provided all other circumstances equal. So to increase average throughput, WIP 
has to be increased or lead time has to be decreased on average bases. In a line 
without bottlenecks the possible extra WIP should for Kanban be put in the end 
to achieve the same average throughput as CONWIP. Figure 7 in Chapter 5 
shows that Kanban can achieve the same average throughput as CONWIP, but 
with higher variance. An important finding; when measuring maximum required 
WIP related to desired throughput, Kanban needs more maximum WIP than 
CONWIP. Which mean more area, more inventory and production places and 
equipment; i.e. more costs. On the other hand in a CONWIP system it is difficult 
to know on beforehand where, in what area, the WIP will accumulate.  

This question is answered and discussed through the literature review, literature 
containing comparisons of CONWIP and Kanban and in Chapter 5 (Comparison 
of Kanban and CONWIP). 

- To achieve a special performances using Kanban; where, in which station, to 
increase or decrease the number of kanbans?  

To maximize throughput, if we have a production line without bottlenecks, the 
main answer is to place the number of kanbans as even as possible and any 
surplus at the end of the supply chain, as already told above. If in the production 
line there is a machine, or facility, with a lower capacity or a higher variation in 
its operation times, then it is a bottleneck; the bottleneck should never be 
starving or blocked. The buffers, or number of kanbans, before and after this 
bottleneck should be greater than other buffers. That is what can be answered 
without doubt so far; but with a bottleneck the distribution of kanbans before 
and after non-bottlenecks and near bottlenecks is a tricky problem to answer. A 
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high relative amount of kanbans in the end seems to create a higher variance in 
throughput. If the wanted performance is a low variance in throughput the 
kanbans should be as equal divided as possible along the total chain, but also 
considering the demands of existing bottlenecks.       

This question is answered and discussed in chapter 5 (Comparison of Kanban 
and CONWIP) and also in chapter 7 (the practical case).  

- When comparing pull based control systems, which performance measures are 
to be used? 

The literature review shows example of a lot of different performance measures. 
The most important and relevant measures we argue are the traditional measures 
average lead time, average work-in-process (WIP) and average throughput. Our 
findings point to that also the variance of the same parameters should be 
measured. In an extreme case and a bit exaggerated; the company that owns the 
supply chain, or machines, may go bankrupt before average values are reached 
due to high variance! Companies which own downstream and upstream parts of 
the supply chain will have bad and difficult working conditions if the centre 
company generates a high variance in its throughput (Then it is not only an 
average bullwhip effect, it is even a fluctuating bullwhip effect. 

This question is discussed and answered in the literature review, chapter 5 
(Comparison of Kanban and CONWIP), and chapter 7 (the practical case).

- When modelling pull based production systems, which tool should be used? 

For small systems and average performance measures there are a number of 
modelling techniques, but for large systems and in cases with measures that 
include some kind of variance over time simulation will, due to your findings, 
be the best. Simulation has a great advantage especially when the machines or 
stations can not be modelled with the same distribution. 

This question is mainly discussed and answered in the literature review, chapter 
4 (Modelling of Pull Based Production Systems), chapter 7 (the practical case) 
and chapter 6 (Three dimensional performance surface). 

- When using simulation as modelling tool, can the number of simulation 
computations be decreased? 
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The article Pettersen et al. (2010) strongly indicates that the answer is yes. With 
the described technique the number of computations can be decreased. Since 
simulation in the first place does not give exact answers a small and known error 
will not create significant problems. 

8.3 Claimed contributions 
The main contributions from this work are related to the topics; Literature 
Review, Variance Performance Measures, Input/Output Rate Variation 
Measures, Comparison of Kanban and CONWIP, and a 3D Performance 
Surface.

The Literature Review has been carried out during the whole project period. It 
has been an important bank of knowledge and has given the author self-
confidence in that current work is founded in previous international research. 
The literature review will in future be a tool for research guidelines and contacts 
regarding pull-based production systems. The literature review presents an 
overview of topics, peoples, who works with what, which people are still in 
business, used research methods, research points of interest, and journals for 
publication related to pull-based production systems. As seen from the literature 
review a number of studies have consider the differences, similarities and the 
question of superiority between Kanban and CONWIP. Due to lack of 
standardisation in the analysed production/assembly systems, performance 
measures and analyse methods only three conclusions can be made from the 
literature review. Neither Kanban nor CONWIP can be appointed as the superior 
control system in all situations; there is a lack of comparative studies that 
includes lead time and variability in other performances than throughput. 

Variance Performance Measures; the literature review shows that variance 
measures are rarely used in previous literature. However, some of the literature 
review, our case study and the comparison study show a great need for variance 
measures. It is nice if the production facility can meet long term average 
demands, but if the customers choose other suppliers, because of great variations 
in the availability of products and/or its delivery times, the long term goals can 
not be reached and they have no meaning. 

Variations of Input/Output Rates Measure is a developed result from the more 
common measure throughput or throughput rate variation. The name throughput 
refers to the flow of products through a defined system. For average values this 
is a well proven view. Every thing that goes in must come out, if you just wait 
long enough. In contrast, it is not valid for variation measures. The case study 
shows that variation in the product flow rate can be different in and out of the 
system. The size of the variations in and out will also react differently to 
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changes in the system configuration. This is especially important to be aware of 
during an optimization. 

The Comparison of Kanban and CONWIP shows some important resemblance 
between the two control methods. Increased WIP does not only increase average 
lead time and decrease throughput, but also increase variation of them both. For 
practical applications variation is hard to handle. In general a supply chain or a 
production line should be balanced in term of inventory capacities, but if extra 
capacities should be allocated, put it last in the chain. Extra storage rooms last in 
the chain result in more relative throughput. Due to Little’s Law an increase in 
throughput has to come from a decrease of the lead time or increase of WIP. A 
decrease of lead time comes from changes of equipment or workers’ increased 
efficiency. A reduction of the lead time is harder to achieve than an increase of 
WIP, so in practical applications adjusting of WIP up and down is required due 
to changes in demand variations. This study of Kanban and CONWIP show that 
adjustment of WIP level is easier in CONWIP than Kanban. The same 
throughput is achieved in CONWIP and Kanban systems when average WIP is 
the performance measure, but due to required max WIP Kanban needs higher 
investment in storage capacities and thereby higher sunk costs. This important 
fact, to the best of our knowledge, is not stated before. 

A 3D Performance Surface makes it possible to include both average and 
variation measures in the same presentation, and it opens for use of geometrical 
tools to estimate performances for complementary configurations from a limited 
set of simulated configurations.  

The title of this thesis is Pull Based Production Systems – Performance, 
Modelling and Analysis. Through this thesis different pull based production 
systems have been described and compared, exciting performance measures has 
been discussed and new introduced, existing modelling approaches has been 
reviewed with special focus on simulation and some new simulation detailed 
techniques are described, and finally a totally new analysing tool for 
performance presentation and estimation was presented. 

8.4 Extensions
There has been conducted a huge amount of research in these topics before this 
dissertation and it will be conducted much research in the future. The main
future work based on this thesis will be further comparison on larger and more 
complex Kanban and CONWIP systems, with special focus on variation and 
expansion of the 3D Performance Surface technique from a two-dimensional to 
a multi-dimensional parameter space. This work, even if contributions are 
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claimed has not finished research and stopped future work in any circumstances; 
on the contrary it opens up for many extensions.  

When one machine has less capacity than the others and when one machine has 
significantly higher variation in operation times than the others; we have a 
bottleneck. The bottleneck should never be starved or blocked according to OPT 
theories; but other non-affected inventories may hardly be set to zero. CONWIP-
control solves this type of complication more or less automatically, but it is very 
crucial how the restricted WIP is distributed among the different inventories 
using Kanban. More bottleneck-studies are left for further studies. 

A two-dimensional performance surface in a three-dimensional space was 
studied in Chapter 6; varying numbers of cards in two kanban cells when the 
numbers of cards in the other kanban cells are held constant. In future research, 
an investigation where cards in more than two kanban cells are varied at the 
same time, should be carried out. This will create a multi-dimensional 
performance space, a performance space more difficult to illustrate, but even 
more useful for testing practical applications. This would probably reduce the 
amount of necessary simulations even further. The choice of the internal points 
to be simulated in each parameter direction, and a methodology for estimations 
of the variance performance at the estimated performance points, will also be 
addressed in future research. Left for future studies are also to study how 
simulation can be adapted to the fact that variance in some parameters should be 
monitored and to combine simulation and a multi-dimensional performance 
space in a more automated way.  

In a practical application it is not obvious how to install CONWIP. Which 
maximum WIP should be used? And in what way; item-wise (every route in the 
bill of material) or production facility wise (a part of the production area)? Most 
existing computerised Enterprise Resource Planning (ERP) systems do not 
contain facilities for CONWIP-control. Kanban is more well-known and well 
defined, it is described in most textbooks; it is just to follow the descriptions, 
visit a bench-marking installation, and apply it in parts of the production where 
the company has a high and fairly constant demand. Therefore an important 
extension for further studies is to examine and learn how CONWIP can easily be 
installed in different practical applications. 

Combining the performance measures used in this work throughput, lead time 
and WIP with economic analyses it is also a possible future work. 

Cover-Time Planning (CTP) is an idea for calculation of material requirements 
in a supply chain (cf. Segerstedt (2006)); it works as an alternative to Material 
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Requirements Planning (MRP). CTP has a built-in constrain of work-in-process;
similarities and differences with CONWIP should be investigated further. 

These presented pull based theories and methods are applied and studied on a 
manufactured material flow; but we also see possible applications of to other 
lines of business. Rather close: the construction industry needs a lot of 
simulation as an aid of assistance when the construction project is planned and 
designed; therefore also help to reduce simulation runs without inferior 
information. A bit more far-fetched: e.g. train traffic; how the trains are 
scheduled will also determine the capacity, a bad planning and control creates 
lost capacity. Lost capacity can not be recovered in the future; it is lost because 
the train tracks are bottlenecks. General ”rules” should be possible to find, by 
simulation; rules that restrict the variations in the flow and work as guidelines to 
maximise throughput. Other types of flows may also be possible to improve.  

Finally a great “thank you” to all readers of this thesis.  
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