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Preface 
 

This literature review is written due to the opportunity in further project studies as an 

industrial doctoral student at Arkivator Falköping AB. Aims from commissioner Arkivator 

was that Gary Linnéusson would be the candidate for the doctoral program and perform a 

project that will treat organizational developing matters, and result in findings of a virtual 

method that uses simulation to develop the organization. The doctoral study is part of the 

doctoral program CAPE (Industrial Graduate School in Advanced Production Engineering) 

that will start autumn 2006. The base for the student will be the University of Skövde and 

Chalmers University of Technology is the graduating authority. CAPE will be founded by the 

KK-foundation in Stockholm and the commissioning enterprises. As an introduction to that 
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Abstract 

 

This report is a literature review of System Dynamics (SD) and simulation, with enough 

information so the receiver can form a mental model of his own of what SD is. 

 

It started in the 1950s by Jay W. Forrester at the Massachusetts Institute of Technology, a 

devoted man that through his career always sought for practical applications of theory and 

gained skills. The key in why this new way of approaching problems in complex systems was 

its strength in capturing the dynamics, through the use of a computer to run a modeled system 

for a set of time and experimenting on which variables to modify or rearrange. SD 

methodology uses the theory of information feedbacks (i.e. closed loop structures), and the 

structure is based on the decision making processes or policies that interrelate in ways in the 

system. The model is valid if it shows the same dynamic behavior as the real system. 

 

In the report you will find some history and background to SD and the contents of the 

methodology, some application areas and two models; of which simulation is performed, one 

made by Jay Forrester and one very simple made by Gary Linnéusson. 

 

Main purpose with this review was to find out if SD could serve as a tool for simulating 

organizational development. If it can, further research on how will be part of a doctoral study 

project within CAPE, an Industrial Graduate School in Advanced Production Engineering. 

This due to that Arkivator Falköping AB is interested in to conduct an attendee in that School 

which would research on: “developing a method that would support management in decisions 

to develop their organization”. The result of this review shows that SD can be a tool to treat 

that issue, one of very few tools that consider interrelations and interactions within 

organizational systems.  
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1. Introduction 

 

In today’s modern technology enterprises situation are colored by well developed production 

engineering. Most companies approach improvements with different “lean” tools, but still is 

break through in profitability hard to reach. Perhaps it is due to the difficulties in managing to 

see the enterprise as whole, what the efforts lead to, and how variable parameters interrelate 

with each other. If we could manage to understand the complex interactions inside an 

enterprise it would be possible to make a road map for success. If we knew what to include in 

our strategy of what to do, not only from top management but in enterprise as whole, would 

we for certain reach the wanted break through. To make that happen we need to know what to 

do and while doing it, do it right. Not a very simple task and today no such covering method 

exists and perhaps never will, but we can get closer. 

 

System dynamics is a methodology that investigates how the interactions within a system 

affect the behavior of systems, and it is made through simulation. This report will give a 

general description of the field of system dynamics (SD) and simulation. The purpose of this 

report is to examine if SD could be a virtual simulation tool for development of organizations. 

 

The expected results from this work are answers to the following questions:  

 Can SD be a methodology to use when to develop manufacturing organizations, 

especially when it comes to issues such as training of staff, competence transfers, and 

communication aspects? 

 In which ways can SD support a doctoral project in which the main area is virtual 

development of manufacturing systems including organizational issues?  

 

The aim is to decide if SD can be a tool to use in a research program with the objective:  
 

 The development of a method that can support in decision-making that will lead to a 

more effective and robust organization. 

 

 

1.1 Background 

The commissioner to this master thesis is Arkivator Falköping AB. It is a contract 

manufacturer and is a company in the group Powerwave Technologies based in California 

US. Arkivator Falköping AB is based in Falköping and was founded in the 1960s.  

 

Arkivator is divided into three business areas; Vehicle, Machine System, and Telecom. These 

different areas face different demands from the customers and part of the company strategy is 

to take advantage of this over the different areas. A demand from one customer perhaps affect 

the performance in other areas too, this in terms of positive affects which makes Arkivator 

perform better in general. The three business areas differ in characteristics, it is due to the 

customer demands and multitude of products. Their quality demands, if it is long or short lead 

time, the production technology that is used, simplicity and complexity of products, long or 

short series, man-hour or machine-hour demanding products, good or poor planning from 

customer, little or heavy dependence on subcontractor’s delivery and so on. To withstand the 

numerous ways in shifting conditions the own organization must handle all these factors in 

one way or another. Arkivator do this well, but when thinking of how complex the situation 
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is, there must be ways to make Arkivator even better. Since SD seem to treat interrelations in 

systems, how things affect each other, this review is wanted from Arkivator. 

 

Arkivator’s reason to gain knowledge in SD is to find out if it can be a tool when to build a 

more robust manufacturing organization. And if it can, the intention is to extend the research 

which would aim on developing a method that can support in the decision-making process in 

the construction of a robust Arkivator-manufacturing-organization.  

 

The extended research is possible for Arkivator to participate in through a doctoral post 

within the framework of CAPE, a doctoral program that concentrates on virtual development 

of manufacturing systems. CAPE is a newly started program that is run by four different 

universities in west of Sweden. They are: Chalmers University of Technology which is the 

graduating authority, University of Skövde which will be the home base for Arkivator’s 

doctoral student, University West (Trollhättan/Uddevalla) which is the program coordinator, 

and Jönköping University.  

 

 

1.2 Method 

The approach of the review of the subject will be: 

 a literature review of the SD methodology 

 a literature review of SD applications made and areas of SD applications  

 a literature review of SD simulation, its technology and application areas 

 development of a simple SD model that describes a theoretical system, and simulation 

of the model will be performed 

 

The literature used has been the first book within the subject “Industrial Dynamics” by Jay 

Forrester [Forrester 1961] that revealed the SD methodology. It has been read to find the 

origin of SD. Actually this book was the one that created most understanding of the 

methodology. Another book “The Fifth Discipline” by Peter Senge [Senge 1990] was also 

read since it treated “The Art & Practice of The Learning Organization”. Most of its content is 

attached to system thinking but also to SD (Peter Senge was introduced to system thinking 

through SD and Jay Forrester). System thinking is just like SD but without the simulation 

aspect. Other books by Forrester have also been used but not read from first page to last page. 

They have had much less impact on this review. 

 

Besides books a lot of research papers have been used as sources to this review, the search for 

them have been done on the Internet and on databases provided by the University of Skövde. 

Searching and sorting out good information have been highly time-consuming and most of the 

research papers found did not contain what was wanted. Most papers intend to treat issues on 

a high level of abstraction; small parts at the best of each paper could be used in this review 

which is of a more describing character. 

 

Two good “get to learn” SD Internet pages have also been used to find out what SD is and 

how simulation of it works. The most covering and thoroughly one is the one provided from 

Massachusetts Institute of Technology (MIT) called “Road Maps”. It has been prepared for 

the “MIT System Dynamics in Education Project” under the supervision of Dr. Jay W. 
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Forrester. The other one is an introduction to SD that has been prepared by the US department 

of energy.  

 

Last but not least, the program software that has been used for simulations is called Vensim 

PLE. It is free to use software and can be downloaded from the Vensim homepage. Using the 

program have been of great help and has provided with understanding of great value. 

Hopefully the use of the software also will provide the reader of this report with greater 

understandings in SD. 

 

 

1.3 Delimitations 

The project is limited to twenty weeks and it will be the most delimiting parameter. The 

review will be a general exposition of SD. The direction of the reviewed applications will 

consider the milestones through history of SD and deal with manufacturing organizational 

matters. The review of SD simulation will be delimited to building parts and fundamental 

theories. The model to be made does not include data collection, model validation or analysis 

of the simulation. 
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2. History of System Dynamics  

 

System dynamics was created during the mid-1950s by Professor Jay Wright Forrester of the 

Massachusetts Institute of Technology (MIT). Jay was born the 14th of July in 1918 at Climax 

in Nebraska. He grew up on a cattle ranch together with his 3 year younger sister and his 

parents were some of the pioneer settlers. Jay’s parents were the only people in the 

community with a college education and they also taught at the country school. From school 

Jay became interested in electrics starting with experiments on batteries, doorbells, and 

telegraphs. On the ranch the children had chores to do in the family business and through this 

way Jay’s parents guided learning and developing to his character. It taught him something 

valuable to life, that “one works to get results” [Forrester 1989]. Although the daily work was 

heavy, the opportunity to develop other interests than agricultures existed for Jay. From the 

ranch, which is a cross-road of economic forces such as supply, demand, shifting prices, 

growth and decline of market, Jay got such knowledge with his mother’s milk. In high school, 

Jay built a wind-driven electric plant which provided the first electricity on the ranch. 

Building this electrical system added experience of theory into practice and learning in how to 

succeed in uncharted territory. Despite a scholarship, three weeks before enrolling an 

agricultural college Jay decided it wasn't for him. Caring for cattle in Nebraska had never 

been thrilling; the tractors, machinery, and shop work had always been preferred. Instead he 

enrolled in the Engineering College at the University of Nebraska. According to Jay, this was 

the start toward his work in the behavior of systems. Electrical engineering as it turns out, was 

the only academic field with a solid, central core of theoretical dynamics. [Forrester 2000] 

 

 

2.1 Feedback systems  

In 1940 Jay Forrester began to pioneer "feedback control systems". It was on his first research 

assistantship together with Professor Gordon S, the founder of MIT's Servomechanisms 

Laboratory. This research was carried out during World War II. The goal was very practical 

as previous in Jay’s life, this time using mathematical theory of control and stability to 

strengthen the military operating field. Once, when building on an experimental hydraulic 

control for radar equipment the captain of the aircraft carrier Lexington visited. He wanted the 

equipment immediate and couldn’t wait for the production unit of which production was 

planned a year later. He got it and installed it aboard. Later in 1943, Jay volunteered going to 

Pearl Harbor and repair that experimental unit. [Forrester 2000] [U.S. Dep. 2006] 

 

 

2.2 Pioneering in digital computers 

End of World War II Jay Forrester was offered by his tutorial Gordon to build an aircraft 

flight simulator for the U.S. Navy. It was supposed to be based on an analogue computer and 

able to perform analyses of a model. The needed data would be gained to predict how the full 

scale airplane would behave before construction. After one years work the conclusion was 

that an analogue computer could not deal with the complexity of the simulation was drawn. 

Jay was then suggested to design the aircraft analyzer based on the yet untested concept of a 

digital computer. [Forrester 2000] [U.S. Dep. 2006] 

 

Jay was in 1947 appointed to be the director of the new founded MIT Digital Computer 

Laboratory. The task was to design the Whirlwind I, MIT's first general-purpose digital 
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computer. This was in those days when a computer was totally unreliable and not even 

predicted to be of any use to any one. The progress of work resulted in good inventions 

despite the slow progress of acceptance in new equipment and technology:  

 1949 Jay invented the coincident-current random-access magnetic computer memory. It 

was fast, completely reliable, and became the standard computer memory for about 20 

years until replaced by solid-state micro circuits.  

 The first technology in numerical control in manufacturing, it took seven years to 

convince the industry to use it and then it took seven years in the patent courts to convince 

industry that they did not invent it.  

 Whirlwind I became a laboratory for exploring how digital computers could serve as 

military combat information centers. Military officers, who felt that their training and field 

experience could be the single basis for handling military situations, reacted with disbelief 

and hostility to the use of unreliable computers to analyze and control military operations. 

 

Short after a new research lab was formed at the MIT, Lincoln Laboratory for air defense, and 

Forrester headed Division 6. The aim was to create computers for the North American SAGE 

(Semi-Automatic Ground Environment) air defense system. Results of the research became a 

SAGE system that had about 35 control centers. They were square shaped with each side 4 

meter, they were four stories high and had near 60,000 vacuum tubes inside. One Vacuum 

tube had a life time of about 500 hours; it would result in one broken tube every half second. 

The work was to redesign the tubes to eliminate the cause of failing, and it succeeded in only 

one design step. With completion with a "marginal checking" system that could find any 

deteriorating electronic component before it reached the point of causing an error. The SAGE 

computer centers were installed in the late 1950s and were in service about 25 years. Statistics 

show that individual centers were operational 99.8% of the time, less than 20 hours a year the 

unit was out of operation. Even today, such reliability is a challenging record to match in 

military systems. [Forrester 2000] 

 

 

2.3 Management education 

In 1956 Jay Forrester joined the MIT School of Management and got his first academic 

appointment becoming a full professor in management. The school was founded in 1952 and 

was later renamed to the Sloan School. The school’s purpose was to be a management school 

in a technical environment, rather than ordinary liberal arts environment like Harvard or 

Columbia. Courses within the subject management were previously ordinary management, 

not regarding an engineering environment. Jay’s initial goal was to determine how his 

background in science and engineering could be in use within the field of operations research, 

to examine the core issues that determine the success or failure of corporations. No previous 

research had been done in this area and it seemed that operations research did not take notice 

to the practical importance that had always characterized Jay’s work. [Forrester 2000] 

 

 

2.4 First use of System Dynamics  

SD began with pencil and paper simulation on an inventory control system. Forrester had 

discussions with managers at General Electric who could not understand why their plants in 

Kentucky sometimes worked at full capacity with overtime and then two or three years later, 

half the people would be laid off. Explaining it was due to business cycles that caused 



 11 

fluctuating demand that in turn would affect the employment instability, was not entirely 

convincing to Forrester. By talking to manufacturing people about how hiring and inventory 

decisions were made, analysis based on feedback systems from earlier experience was carried 

out. Calculations that simulated how many people that would be hired in the following week 

could be carried out by using the components: inventory, employees, production rate, 

backlog, and orders. Because of time delays and trends in production a small change in 

demand caused a fluctuating (oscillatory) response. Even with constant incoming orders using 

the common decision making policies resulted in employment instability. Simulation with 

pencil and paper concluded that GE employment instability did not depend on any external 

force such as the business cycle but on the internal decision policies.  

 

Computer modeling and simulation of SD ideas started during the late 1950s and early 1960s. 

In 1958 the first SD computer modeling language was created, by Richard Bennett, called 

SIMPLE (Simulation of Industrial Management Problems with Lots of Equations). In 1959, 

Phyllis Fox and Alexander Pugh wrote the first version of DYNAMO (DYNAmic MOdels), 

an improved version of SIMPLE, and the SD language that became the industry standard for 

over thirty years. [Forrester 2000]   
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3. System Dynamics Methodology 

 

System Dynamics (SD) is the name of a method or tool for studying the behavior of feedback 

system structures over time when ever there is a system represented. It is a method for 

studying models in the world around us [MIT 1]. Since this is made in a computer one can 

perform experimental laboratory studies to find improvements, when modifying or designing 

a robust system. Theory has its origin from feedback control systems from the 1940s. This 

chapter aims to give the reader a broad picture over SD methodology.  

 

A system to study is preferably limited to a problem or a desired issue within a system and 

can be almost of any kind, biological, industrial, social, economical and so on. SD undertakes 

the issue as a whole in its context and do not divide it into smaller pieces as in many other 

sciences and problem solving methods. SD tries to understand how the interactions of all the 

objects in a system are [MIT 1], the mathematical relations that in turn builds up the structure 

[Forrester 1961].  

 

 

3.1 Upspring of Philosophy and Methodology of SD 

In Jay Forrester’s Industrial Dynamics book in 1961 [Forrester 1961] the philosophy and 

methodology of dynamic systems was first presented. Material to the book was partly based 

on Forrester’s experience at Sloan School in teaching managers, of age 30 to 40. Their 

substantial corporate and managerial experience helped to explore many dynamic business 

issues in their master's theses. These experiences covered over commodity markets, evolution 

of nuclear energy, military research and development management, corporate growth, and 

design lead time and market penetration in the automobile industry. In developing SD 

Forrester had a close linkage between practice and analysis. While developing the systems 

concepts they were applied in sponsored corporate research projects creating an arena for 

theory and practice. 

 

When Forrester joined the board of the Digital Equipment Corporation, he modeled a general 

nature of high-technology growth companies. This was made to enable understandings in the 

nature in such companies. It gave a number of insights about why high technology companies 

often grow to a certain level and then stagnate or fail. Modeling this model moved SD out 

from commonly used physical variables like inventory into much more subtle considerations 

like the top-management influence structure, leadership qualities, character of the founders, 

how goals of the organization are created and how the past traditions of an organization 

determine decision making. These subtle considerations represented over 90% of the variables 

in the corporate growth model, common used physical variables were capacity, price, quality, 

and delivery delay. 

 

Forrester found he could go into a troubled company and uncover the reasons for its problems 

by finding how the structure and the policies determine the systemic behavior. The difficulties 

might be falling market shares, or fluctuations in production with employment varying from 

working overtime one year to having half the work force laid off two years later or a lower 

profitability than other companies in the industry. [Forrester 2000] 
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3.2 The Need of SD in Management Science 

In the year of 1961 when the book Industrial Dynamics was printed Forrester stated that, the 

Management science (MS) literature says little of help to corporate managers. Earlier work 

was incomplete descriptions and lacked in precision. The contemporary experiences from 

managers were not as helpful as they could be which believed that their companies and 

industries had unique problems. Forrester instead emphasized the need of a suitable 

fundamental viewpoint to enable the understanding that all MS experience “deal with the 

same material, financial, and human factors - all representing variations on the same 

underlying system” [Forrester 1961, p 2]. The approach to MS education also had to change 

from the commonly used. That fragmentized and separated subjects like manufacturing, 

distribution, advertising, finance, organization and research into separate skills. They were 

presented in unrelated sequences, similar to how it is made in industry where managers 

specialize in their departments which substantiate to this fragmentation. 

 

The general opinion was lack in acceptance of MS and it depended on that MS by this time 

had a tendency to present material that showed perfection not applicable to managers. It 

needed a change, the science field “must accept world as it is” not striving for perfection and 

optimum for an abstract ideal. Just do it, search for improvements using the pertinent 

available information, not measuring everything that “might” be of interest. MS field need to 

be willing to deal with intangibles when needed, making it part of everyday work and to 

“speak in the language of the practicing manager” [Forrester 1961, p 4]. 

 

The lack of long-range planning by managers is mentioned as one challenge to management 

[Forrester 1961, p 7]. Unclear objectives that say goals of greater sales or higher profits are 

not very guiding but diffuse. The need of long-rage planning is essential. When there are clear 

objectives they seldom points more than five years ahead. Yet, in companies and economics 

the momentum to enable changes is at least five years time. Past decisions up to present has 

already decided the coming characteristics for the next five years. The challenge is rather to 

make five to twenty year-span plans. 

 

Times ago the time horizon for actions for managers/entrepreneurs was as the one as for 

personal planning, comparable to the one at the farm with life time investment to secure the 

future. The modern manager is more of a trustee not staying more then a few years in the 

company. That strongly affects the long-range decisions. The emphasis will be in short term 

results since the manager is judged by the results she or he makes. Time horizon has 

shortened from life time to a few years and unavoidably reduces responsibility and morale 

 

 

3.3 Foundations of System Dynamics 

System Dynamics aim to see and understand the dynamic complexity of information feedback 

system structures. The four foundations on which System Dynamics are built on are 

represented in that description and each part is vital to enable the understanding of systems. It 

is what this chapter presents in brief. 

 

3.3.1 Feedback Information Control Theory  

In a system the objects and people interact in feedback loops. The job is to find out which 

objects and people to include and how they interact and how the feedback loops connect 

within the system in the problem/model undertaken. The different variables within the model 



 14 

affect each other through these loops and a change in one variable of the system leads to 

certain behavior in the interacting variables that in turn affect the first changed variable and it 

starts perhaps a long ongoing reaction of feedback as time goes on. In chapter 4.1 Feedback as 

the Theory a more comprehensive declaration of feedback theory in SD is described. 

 

3.3.2 Decision Making Process  

The decision making processes in a system are vital to find and all the governing policies 

controlling the system in order to understand how the decision policies in the system cause the 

behavior. It is also vital to find out all the information about these processes to be able to 

define the time delays and the mathematical equations/relations to enable the model to 

correspond to the real-system. Managerial decision making as in military decisions are set by 

an orderly basis which makes that decisions are not entirely “free will” [Forrester 1961, p 17]. 

How decisions are made are strongly conditioned by the environment. If that can be 

considered true, the policies for such decisions are possible to model and the decision making 

polices determined how they affects the behavior. Auxiliaries are rate equations that are to 

represent separate decision policies in models. 

 

When to find out the decision making processes, at the different individual operating points in 

a system within a company, information have to be collected by extensive and penetrating 

interviews with people there. Rules or “policies” that represent all the reasons for action, not 

just formal written policy, need to be found out. From normal operations to what is done in 

various kinds of crises. To enable policy determination in the decision making processes 

questions are asked to reveal “what is in the self interest of the individual, where are the 

influential power centers in the organization, what would be done in hypothetical situations 

that may have never been experienced, what actions are being taken to help in solving the 

serious problem facing the company” [Forrester 2000]. 

 

When talking to a manager, a clear and comprehensive picture of the rules and conditions, 

which drive decisions at that position in the corporation, can be revealed. And when talking to 

another manager about the first manager, he or she usually carries the same picture. In other 

words, people see themselves very much as others see them. The actual operational policies 

that are guiding decisions are solid throughout the organization. And the policies are usually 

justified in terms of how they are expected to help to overcome the great difficulty that the 

company is experiencing [Forrester 2000]. 

 

3.3.3 Experimental Approach 

Through examination of a system in a computer environment an experimental approach is 

possible. It is a foundation for improvements of the system. All interactions, policy changes 

and time delays can be thoroughly examined, e.g. how they cause amplification, delays in 

action and how and what variables to improve to reach the wanted behavior.  

 

The examination of a system to reveal SD within a company is much alike the case-study 

approach in which the pieces of the picture are described in words [Forrester 2000]. If left at 

this point, the weakness of the case-study method would intrude and dominate the outcome, 

since the human mind is not able to deal with the inherent dynamic complexity of such a 

situation. Therefore the experimental approach is to a large extent decisive when to construct 

a robust social system, translating the policies, information flows and interconnections in the 



 15 

company into a computer simulation model. It allows acting out the roles of each decision 

point in the corporate system and observing the behavioral consequences of the policies.  

 

3.3.4 Digital Computers 

The purpose of SD is to understand the structure and behavior of a system. The structure must 

be known to be understood and can be done without a computer but the behavior can only be 

examined by computer simulation. SD uses computer simulation to enable understanding of 

such complexity of systems by running it for a set of time. Just like when to modify a nuclear 

plant it is easy to understand that the technicians put all variables into a computer simulation 

to test run the modifications.  

 

A computer model of a dynamic system will generate the very difficulties that the company 

has been experiencing [Forrester 2000]. And it will reveal that the policies that are expected 

to solve the problems actually are the cause of the problems. Such a situation creates a serious 

trap and often a downward spiral. If the policies followed are believed to alleviate the 

problem but actually, in hidden ways, cause the problem, the problem gets worse. It will lead 

to that pressure increase to use even more of the same cure, acting on the policies that cause 

the problem. The simulation allows seeing this behavior and serves as the laboratory in which 

policy changes can be tested so the causes to the problem can be removed. 

 

 

3.4 Enterprise Design, the approach of the SD methodology 

Industrial Dynamics studies the feedback of information in industrial activity and its 

characteristics. It also studies the interactions of the different flows that are considered and 

show how that structure influence the success of the enterprise. System Dynamics (SD) 

became the later name to Industrial Dynamics and carries the same methodology but also 

consider applications on any kind of scientific area. Industrial Dynamics “is a quantitative and 

experimental approach for relating organizational structure and corporate policy to industrial 

growth and stability” [Forrester 1961]. As the field of SD has broadened the name Enterprise 

Design can as well have other names like system design. The name Enterprise Design is 

preferred to be used in the report to show the industrial/ economical approach. SD should 

enable design of a more effective industrial systems as well as economical systems. The 

approach of the methodology of enterprise design is described in ten steps, quoted from 

[Forrester 1961, p13]: 

 

1. Identify a problem. 

 

2. Isolate the factors that appear to interact to create the observed symptoms. 

 

3. Trace the cause-and-effect information-feedback loops that link decisions to action to 

resulting information changes and to new decisions. 

 

4. Formulate acceptable formal decision policies that describe how decisions result from 

the available information streams. 

 

5. Construct a mathematical model of the decision policies, information sources, and 

interactions of the system components. 
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6. Generate the behavior through time of the system as described by the model (computer 

simulation). 

 

7. Compare results against all pertinent available knowledge about the actual system. 

 

8. Revise the model until it is acceptable as a representation of the actual system. 

 

9. Redesign, within the model, the organizational relationships and policies which can be 

altered in the actual system to find the changes which improve system behavior. 

 

10. Alter the real system in the directions that model experimentation has shown will lead 

to improved performance. 

 

3.4.1 Extension of the Steps in Enterprise Design  

The Goals: define the significant factors of the problem undertaken, set questions to guide 

future work. “The important problems are often not harder to subdue then the trivial ones but 

the results are more rewarding.” [Forrester 1961, p 44]  

Identify the problem clearly and define questions wanted to be answered. Initially try to 

approach a simple example, asking questions that deal within that part of the enterprise, later 

broaden the range. 

 

Make an unambiguous (clear) verbal description of the Situation. Visualize, interrelate and 

describe the factors in the model and their interrelationships (the questions to be answered by 

using the insights and intuition of those familiar to the system). Describe the actual procedure 

that determines the dynamic behavior, the proper policies, delays and information sources. 

Deal “with the social, psychological, and organizational forces that influence decisions” 

[Forrester 1961, p 21]. 

 

The Mathematical Model is to clarify the verbal description. A clear unambiguous verbal 

description can be translated like any language into mathematical notation that in completion 

will be an even clearer and understandable description. Difficulties that occur in that process 

are due to a lack in the verbal description previously made.  

 

Simulation, the mathematical model is simulated in a computer to enable tracing the real 

system behavior.  

 

Make interpretation of the results from the simulation run. Does the behavior seem like in 

reality, if it does not find the faults and correct. Either it depends on wrongly made translation 

into the mathematical model, or perhaps was the verbal description not entirely correct. Even 

could it been the wrong questions asked in the first step. Perhaps new questions that need to 

be answered will arise. 

 

System Revision can be made after the interpretation when the model is considered adequate 

in representing the system. The redesign system structure and policies phase, a process of trial 

and invention. “The skilled designer will obtain better results than the novice or the 

unimaginative” [Forrester 1961]. 
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Repeated Experimentation, each step in the enterprise design needs to be reviewed and 

revised. Each new simulation result will add more understanding for the system and perhaps 

add additional questions to be answered and go through the steps again. 

 

3.4.2 Developments in the Enterprise Design approach through 40 years 

The enterprise design (ED) approach has evolved over the year, below is an example of a 40 

year newer developed ED approach. The ten steps have gone through some kind of 

transformation since 1961 naturally. The updated approach in this chapter was used in a paper 

presented in 2003. That ED was named “the systematic procedural steps in System Dynamics 

modeling” [Khanna 2003]. The number of steps is also reduced to six and is as follows:  

1. “Define the problems to be solved and goal to be achieved.”  

2. “Describe the system with a casual loop/influence diagram.”  

3. “Formulate the structure of the model, i.e. develop flow diagrams and associated 

mathematical models that represent rates of change through different interactions.” 

4. “Collect the initial data needed for operation of the model either from historical data 

and/or from discussion with the executives/planners having knowledge and experience of 

the system under study. These are the initial values of all the level variables, constants, 

multipliers, etc.” 

5. “Validate the model using appropriate criteria to establish sufficient confidence in the 

model.” 

6. “Use the model to test various actions to find the best way to achieve prescribed goals. 

 

In comparison to the ten step enterprise design (ED) from [Forrester 1961]. 

1. Same as no 1 in the ED.  

2. Much like no 2 and 3 in the ED. But casual loop diagramming (CLD) was not part of 

methodology in 1961 but is in common use in SD today. The factors need to be isolated (ED 

2) and the cause and effect information-feedback loops identified (ED 3)to enable the CLD. In 

chapter 3.4.1 “Extension of the Steps in ED” in the “Description of the Situation” part it say 

visualize, interrelate, and describe… which can be performed with a CLD. 

3. Much like no 5 in the ED. The systematic procedural seem to consider step no 4 (Formulate 

acceptable formal decision policies..) in the ED not to be needed when we can use CLD’s 

now when it’s considered a common tool within SD, written about in chapter 4.2.3.  

4. In the ED the data is not mentioned to be collected but none of the steps accept no 1 can be 

performed without information and needed data. 

5. Same as no 7 and 8 together in the ED, and the systematic procedural seem to assume that 

computer simulation (ED 6) of the model is obvious to be done. 

6. Same as the combination of no 9 in the ED. Note though that the systematic procedural 

mention “to find the best way” which is something we can search for in a very long time. (ED 

9) say “find the changes which improve system behavior”. 

ED step no 10 seem to be left out in this systematic procedural. 

 

The enterprise design steps are chosen to be the basis of this report since its procedure is more 

describing to the author. Though the systematic procedural steps in SD modeling are good 

complement and create perhaps wider knowledge of the latest SD methodology. 
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3.4.3 Enterprise Design; the Vision of SD in Management 

“Organizations built by committee and intuition perform no better than would an airplane 

built by the same methods” [Forrester 1998]. This chapter is to give the reader the vision from 

Forrester of the role that SD should play in management. 

  

Forrester first thought of enterprise design in the 1960s when he was part of the board of a 

high-tech company, mentioned in chapter 3.1 “Upspring of Philosophy and Methodology of 

SD”. The SD model he constructed to guide his recommendations on the board contained 250 

variables, of which 60 of them were stocks. Meaning it was a 60th-order dynamic system, and 

“the variables included physical processes, managerial goals, leadership characteristics, and 

interactions among company, market, and competitors”. The resulting model “exhibited the 

full range of typical new-company behaviors”. The policies could be changed so the model 

would show “either early failure, or limited growth followed by stagnation, or sustained 

growth with repeated major crises, or untroubled growth. The differences in corporate 

evolution shown by the model matched those in companies having the corresponding 

policies.” As to support Forrester on the board this model brought “policies that contributed to 

unusual success”. [Forrester 1998] 

 

Like there is a great difference between the pilot and the airplane designer, it is great 

difference between an enterprise operator (manager) and an enterprise designer. When an 

airplane is poorly designed it is impossible to fly it, but a well designed one can be flown 

successfully by an ordinary pilot. “Is not the usual manager more a pilot than a designer?” 

[Forrester 1998] Saying that the “success of a pilot depends on an aircraft designer who 

created a successful airplane”. The conclusion of this is then, “who designed the corporation 

that a manager runs? Almost never has anyone intentionally and thoughtfully designed an 

organization to achieve planned growth and stability.” [Forrester 1998] “Organizations built 

by committee, by intuition, and by historical happenstance often work no better than would an 

airplane built by the same methods” [Forrester 1991].  
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4. System Dynamics Modeling 

 

This chapter treats the basic theory for SD modeling. It also treats the philosophy behind 

modeling and general model theories that have been formulated in the field of SD. The 

building parts of modeling and the patterns of behavior that can occur in each building part 

are also considered. Thereto the principles when to model and how to judge model validity 

are in the chapter and one example of the approach when to improve model behavior. The last 

part of the chapter studies a model made by Jay W. Forrester. 

 

 

4.1 Feedback as the Theory 

SD is built on the theory of information-feedback systems. The performance of a system is the 

result from its structure, the time delays, and the amplification in different parts of the system. 

“The present available information about the history of an information-feedback system is 

used for deciding its future” [Forrester 1961, p15]. An example of a feedback in its most 

simple form can be described by the “model” of pouring water into a glass. Without feedback 

the eye would not signal to the hand to turn of the water flow when the wanted water level is 

reached. The behavior of a system is more or less due to the different feedback in the structure 

of the system, “Feedback loops are the building blocks of systems” [Road M1. 2002]. A 

feedback system consists of accumulated values and the building blocks are called levels and 

rates or stocks and flows. Structure, time delays, and amplification are components that 

together set the rules of cause and effect relations within a feedback system. 

 

 The Structure is the variable interactions within a system, how they relate to one 

another. Forrester state “that the interactions between system components can be more 

important than the components themselves.” [Forrester 1961] 

 

 Time delays are essential in the matter of information handling; if or when information 

is available, when one can make decisions based on it, or when to take action based on 

it. 

 

 Amplification is the result of the decision policies that create more forceful action than 

needed and is visual in the simulation graphs. 

 

4.1.1 Open Systems and Feedback Systems 

The open system structure has no feedback. The output signals respond to the input signals 

but the output signals do not influence the input signals. It means that an open system is not 

aware of its past and does not react on its own performance [Forrester 1971a]. One example 

of an open system can be an ordinary watch that not by it self observe its inaccuracy and 

therefore adjust itself. 

 

A feedback system (closed system) has a closed loop structure and functions without external 

variables (exogenous). It is influenced by its own past, the output signals influence the input 

signal. A feedback system internally, as a result of the interactions between the variables, 

generates the values in the variables through time. Meaning that it is being self-regulating 

[Forrester 1961]. It is the past results of action that are what controls the future action in the 

feedback system [Forrester 1971a]. 
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4.1.2 Nonlinear Feedback 

The bank saving example of a positive feedback loop in the next chapter is simple and is 

defined as a linear feedback loop. A linear feedback loop is characterized by that the cause-

effect relationship is near in time, the effect directly connected to the cause, easy to spot.  

 

An information-feedback system is a system of nonlinear feedback loops and SD is to explain 

those complex systems. In complex systems the effect of the cause may appear delayed in 

time and hidden from where it is actually caused. “Nonlinear relationships usually define a 

system's limits” [U.S. Dep. 2006], aiming on the relationships in a system that prevent the 

levels in a system to go negative or to grow to infinity.  

The complexity of nonlinear feedback systems and the hard to understand behavior is partially 

depending on that nonlinearity causes shifting in dominance of feedback loops over time. The 

dominant feedback loop of a system determines the behavior of the system. Dominance is 

shifting between reinforcing and stabilizing feedback loops in a nonlinear feedback system. 

The shifting occurs endogenously in a system, and it means that as time passes on the change 

of dominance occur within the system. No effects from the outside trigger the change.  

 

4.1.3 Positive and Negative Feedback 

Feedback systems (closed systems) are controlled by two types of feedback loops: positive 

loops and negative loops.  

 

Positive feedback loops generate exponential growth 

(or rapid decline). The character is destabilizing the 

system, and cause growth or decline of systems; 

occasionally can a positive loop stabilize the system 

[U.S. Dep. 2006]. “It is in the positive feedback form 

of system structure that one finds the forces of 

growth” [Forrester 1971a]. One example of positive 

feedback is bank saving with interest, figure 1. To 

determine an unknown system to be a positive 

feedback loop one can test it by adding value to it. 

For instance in a bank saving adding an amount 

affect in larger interest payment.  

 

Negative feedback loops exhibit goal-seeking 

behavior that generates actions aimed at moving a 

system toward, or keeping a system at, a desired 

state. The character is stabilizing the system and 

occasionally destabilizes the system by causing it to 

oscillate [U.S. Dep. 2006]. “It is in the negative 

feedback, or goal-seeking, structure of systems that 

one finds the causes of fluctuation and instability” 

[Forrester 1971a]. Negative feedback is more 

common than positive feedback in systems. One 

example of negative feedback is letting air out of a 

balloon, figure 2. Deflation happens at a high rate at 

first. As pressure equals the surroundings deflation of air slows down until equilibrium, which 

is zero. Characteristic of a negative feedback is “when change in a system produces less and 

less change in the same direction until a goal is reached” [Zhu 2001].  

Figure 1, to illustrate the simplest form of 

positive feedback. 

(+) 

bank saving

interest

interest

in %

Figure 2, to illustrate the simplest form of 

negative feedback. 
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balloon
deflete

rate

deflete
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4.2 Models 

The simplest model is characterized by one inflow and one stock. The example of pouring up 

water in a glass, your eye sees when the satisfied water level is reached and your hand turn of 

the flow of the water. The flow is represented of the water and the stock is represented of the 

glass. The inflow can vary in rate, between not flowing and to flow at a maximum and the 

satisfied water level can vary. These simple models are represented in almost everything 

around us, building up a kind of mental model library in people’s heads. If you put your hand 

on a hot stove… not wearing raincoat in rain… all these “simple models” are very familiar to 

people, but the more complexity in models the harder it gets.  

 

SD is to shed light on complex models that human mind are not capable to understand. It is 

common for those in decision making positions to apply solutions colored from the thinking 

that works in the simple models. Though in more complex models that represent companies, 

social systems, economical systems it turns out that the use of “simple model” solutions 

instead creates or enlarges the problems it was to solve. [Forrester   

 

4.2.1 Mental Models 

“Mental models” is a name for all intuitive systems built up inside each person and mental 

models are used constantly. According to Senge mental models are of deep nature of men 

learned through time as life proceeds, creating a generalizing pattern from which our acting in 

situations and understandings of things play a matter [Senge 1990]. This results in that we use 

models for decision making in all situations of life instinctively. “The mental images in one’s 

head about one’s surroundings are models” [Forrester 1971b]. People do not contain real 

families, businesses, cities, governments, or countries in their heads. Instead we represent real 

systems with selected concepts and relationships. A mental image is a model. All decisions 

are taken on the basis of models.  

 

In the literature of SD there is no definition for “mental models” The attempts made in 

defining mental models are in contradiction. “For example; are mental models deeply 

ingrained and relatively stable (Senge, 1990) or fleeting and unstable (Forrester, 1971)? Are 

they "extremely simple" (Meadows et al., 1992), "not simple" (Vazquez et al., 1996), or 

"ranging from simple . . . to complex" (Senge, 1990)?” [Doyle & Ford 1998]  

Despite not agreeing upon a “definition” the philosophy of mental models in people’s heads 

are vital in SD. Mental models are seen as the richest source of information when building a 

model in SD, and the far most describing source. The other more “classical” kinds of 

information in case-studies are not as rich. They are the written materials that say how things 

are done and the least important information numerical data that say how the processes have 

performed. Numerical data are though essential when to validate the accuracy of the model. A 

simple test of the importance of mental models in system is for instance to switch all 

employees at a company. Even if the written instructions and the quality system are 

represented the new people would fail running the company. Since most of information of the 

“everyday work” in a company system is in people’s heads.  

 

4.2.2 Model Characteristics  

The complexity of mental models is high and it mostly depend on that the real-world systems 

which are tried to be understood are highly complex. During the evolvement of SD some 

characteristics have been identified that accord to real-world systems behavior. Characteristics 

that are seem to particularly occur in social systems again and again. 
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Characteristics: Problem symptom is often separated in time and space from its origin [U.S. 

Dep. 2006].  

That is one of the reasons why problems in social systems are hard to solve. And it is made by 

the different delays that exist within the system and depend on how the feedback loops are 

interconnected. As mentioned previously it is common to approach problems by reducing its 

system to manageable pieces and analyze that piece, and in that approach ignore the 

interconnections with the other pieces in the system. This is to observe the world as linear 

with a behavior that is showed by the sum of the behaviors of its parts. Nonlinear systems 

though are more than the sum of its components and can only be analyzed with the other 

pieces in the system. Actually is it like previously mentioned “that the interactions between 

system components can be more important than the components themselves [Forrester 

1961]”. It means that not the sum but the interacting results can give the whole picture of 

systems. 

 

Characteristics: The behavior of complex systems is frequently counterintuitive to the 

human intuition [U.S. Dep. 2006]. 

Nonlinear systems behave counterintuitive which mean different to what expected by the 

decision maker. This is probably due to the lacking mental model that suggests how it would 

behave, in particularly when to guess the response of a policy change in a social system. It is 

the negative feedback loops that enable counterintuitive behavior of social systems. High-

influence points exist in social systems through which change in behavior is possible. But 

they seldom exist where most people expect. Even “when a high-influence policy is 

identified, there is a big chance that a person guided by intuition and judgment will alter the 

system in the wrong direction” [Forrester 1971b].  

 

Characteristics: Changing policies in nonlinear systems that lead to short-term successes fall 

into long-term failure, as well can it be the other way around [U.S. Dep. 2006].  

Typical for a policy change that does produce improvement in the short run is that it usually 

degrades the system in the long run. And the same goes for when to change the policies to 

produce long-run improvements, it may initially have the opposite progress on the behavior of 

the system. The later relation is called “worse before better” by [Senge 1990]. 

 

Characteristics: The system will frequently return to its pre-policy-change state after some 

time when a policy change is performed [U.S. Dep. 2006]. 

The counter behavior results in that “social systems are inherently insensitive to most policy 

changes that people choose in an effort to alter the behavior of systems” [Forrester 1971b]. 

The respond of a policy change in a nonlinear feedback system will turn out as desired for a 

short period of time, but due to the system's feedback structure the policy change will be 

defeated. Such system is dominated by its negative feedback processes and the change does 

not alter the needed states to change the negative loops that cause the behavior and that 

phenomenon is called policy resistance.  

 

Characteristics: Better to design a robust system that can withstand external shocks than to 

find ways to predict external shocks [U.S. Dep. 2006]. 

“In using a model, we should look less for prediction of specific actions in the future and 

more for enhancing our understanding of the inherent characteristics of the system.” 

[Forrester 1961, p 54] “Instead a model should be judged by its ability to reproduce or to 

predict the behavior characteristics of the system – stability, oscillation, growth, average 

periods between peaks, general time relationships between changing variables, and tendency 

to amplify or attenuate externally imposed disturbances” [U.S. Dep. 2006]. 
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Figure 3, negative feedback [U.S. Dep. 2006] Figure 4, positive feedback [U.S. Dep. 2006] 

Attempts to predict future state is made by many decision makers, spending enormous time 

and money. It is impossible to precisely predict how a nonlinear system will behave beyond 

the very short term that is possible. Even if we could predict it would be better to spend time 

and money in finding out how a system would respond to a policy change. In terms to 

redesign the system so it behaves well no matter what will happen in future. [Forrester 1961] 

 

Characteristics: Real-world complex systems are in disequilibrium and continually changing 

[U.S. Dep. 2006]. 

Disequilibrium and continuous change characteristics arise due to the nonlinear structures of 

actual social systems. It is because they contain on-going feedback forces that constantly 

changes and the structure also contain delays which together eliminate a state of equilibrium. 

It is the delays of stocks/levels that decouple flows (see chapter 4.3.1) that allow inflow to be 

differed from outflow and carry that kind of delay. The use of equilibrium-based techniques in 

modeling is common in economics and management, and such method will not perceive 

insights in the dynamic behavior of actual social systems. [Forrester 1961] 

 

4.2.3 Causal Loop Diagramming 

Since Industrial Dynamics came 1961 feedback loops have got a language within the field of 

SD. It is to describe how the positive and negative feedback processes affect each other. The 

language is maps of system variables and how they are related in the cause and effect 

relationships, it is called casual loop diagrams (CLD). The only use seem to be when 

presenting a model to show relations in a easy to understand way, as well for some when in 

initial state of modeling brainstorming its contents. It is argued that CLD’s has great 

pedagogical flaws. [Warren 2004] It is due to that CLD’s do not clarify how the flows 

influence the stocks, since CLD structures do not separate which variables that are stocks or 

flows. Also it is lacking in showing how the system will behave. And we can consider that 

one vital purpose with SD is to find out the behavior of systems.  

 

Figure 3 shows a CLD of a negative feedback loop structure. It is the sum of positive and 

negative impact that defines which kind of feedback loop it is. A, B, C, and D are here the 

different variables in the feedback loop. The arrows show how they are related together with 

the + or – marks. Starting with A the CLD show that if A increase B will have a negative 

impact. B will than decrease and that in turn will make C increase (if B increase C will get a 

negative impact). When C increases the response in D will be decrease. Decrease in D will 

make A decrease. This shows that an increase in A will end up in that A will be decreased. 

Figure 4 shows a CLD of a positive feedback loop structure in which an increase in A will 

end up in that A increase even more. 
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Figure 6, structure of Limits to Growth [Senge 1990, p379] 

ConditionGrowing
Action

Slowing

Action

Limiting

Condition

Actual
Conditions

Corrective

Action

Delay - 0

Figure 5, structure of Balancing Process 

with Delay [Senge 1990, p378] 

Delay 

4.2.4 Archetypes, or Generic Structures 

In the book ”The Fifth Discipline: The Art & Practice of The Learning Organization” by Peter 

Senge a number of archetypes were introduced [Senge 1990]. They are to show the generic 

structures that are identified in the field of SD. These archetypes learn and facilitate in the 

process of seeing the underlying structure of problems to be modeled. When they are familiar 

to you it is easier to see that the underlying structure of systems mostly is what makes the 

problem appear, not blaming people for the problems occurred. “But, more often than we 

realize, systems cause their own crises, not external forces or individuals’ mistakes” [Senge 

1990, p40]. 

 

Archetypes are considered qualitative and “capture the essence of “thinking” in systems 

thinking” [Wolstenholme 2004]. Systemic insights have been part of SD from the start to 

describe system structures insights and how the structure affects the behavior of systems 

[Wolstenholme 2003]. The use of generic structures has also gained popularity when it comes 

to models of stocks and flows, but such examples will not be part of this chapter. The 

archetypes in the chapter are those that can be found and further read about in [Senge 1990]. 

[Wolstenholme 2003] has looked on how these archetypes can be reduced to a set of four that 

can be “a core set of archetypal structures in system dynamics”, and those four can in turn be 

varied in different types. 

 

Balancing Process with Delay  

When corrective action toward a goal is made, the 

feedback to new behavior in the actual conditions has 

a delayed response. Lack in awareness of the delay 

lead to more corrective actions than needed, or 

(sometimes) adjustment will be given up on, since 

there is no progress. Examples are: “cycles in 

production rates and in-process inventory due to long 

manufacturing cycle times”. [Senge 1990, p 379] 

 

Early warning symptom: “We thought we were in 

balance, but then we over shot the mark.” [Senge 

1990, p 379] Later, probably overshoot the mark 

again but in the other direction.  

 

Management principle: “In a sluggish system, aggressiveness produces instability. Either be 

patient or make the system more responsive.” [Senge 1990, p 379] 

 

Limits to Growth 

The left reinforcing 

feedback loop amplifies 

growth, the right 

balancing feedback 

loop stabilizes growth 

due to a limiting 

condition. Accelerating 

growth is produced by 

the reinforcing process 

itself, creating a spiral 

of success. Eventually 
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though the success slows down due to inadvertent secondary effects from a limiting condition. 

It can go so bad that the reinforcing process starts to operate in reverse, to start an accelerating 

collapse. Examples are: “a new startup that grows rapidly until it reaches a size that requires 

more professional management skills and formal organization”. [Senge 1990, p 380] 

 

Early warning symptom: “Why should we worry about problems we do not have? We’re 

growing tremendously.” (Then after a while, “Sure there are some problems, but all we have 

to do is go back to what was working before.” Yet some more time, “The harder we run, the 

more we seem to stay in the same place.”) [Senge 1990, p 379-380] 

 

Management principle: “Do not push growth; remove (or weaken) the factors limiting 

growth.” [Senge 1990, p 380] 

 

Shifting the Burden 

The top balancing feedback loop 

represents the quick fix 

(symptomatic solution) that solves 

problem symptom quick but only 

temporary. The lower feedback loop 

represents the fundamental response 

to the problem. The delay is the time 

it takes until effects of the 

fundamental solution become 

evident, and works far more 

effectively; “it may be the only 

enduring way to deal with the 

problem” [Senge 1990, p 381]. The 

two balancing loops are both trying 

to adjust the problem symptom. Most 

common the reinforcing feedback 

from “side effects” complicates 

when to produce the fundamental 

solution. 

 

Repeated use of short-term “solutions” and less use of fundamental long-term corrective 

measures will over time disable the capability to find the fundamental solutions. It will lead to 

a pressure to perform quick fixes which increase. Why people well-intentioned shift the 

burden of problems to other solutions is because of the underlying problem is hard to see. 

Either is it hard to see due to obscurity or else to that it is costly to confront and that it seem 

extremely efficient to use easy fixes. Beware to use quick fixes; the fundamental cause will 

still exist but without problem symptoms (at best) and grow worse unnoticed until the 

problem shows again. An example of shifting the burden is “Selling more to existing 

customers rather than broadening the customer base”. [Senge 1990, p 381] 

 

Early warning symptom: “Look here, this solution has worked so far! What do you mean, 

there’s trouble down the road?” [Senge 1990, p 381] 

 

Management principle: Go for the fundamental solution. If the effect of the quick fix is 

crucial, perform it during the fundamental solution is being implemented in terms to gain 

time. 
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Figure 10, structure of Escalation [Senge 1990, p384] 
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Special Case: Shifting the Burden to the Intervenor 

One of the most common and also most 

damaging areas in which shifting the 

burden structures are represented, “is 

when outside “intervenors” try to help 

solve problems” [Senge 1990, p 382].  

 

The External Intervention (Symptomatic 

Solution) will improve obvious Problem 

Symptoms, this will be done 

successfully. It will lead to that the 

Internal people never learn how to, or 

tries to deal with (Capabilities of Internal 

Actors) the problems themselves 

(Internal Solution). 

 

Management principle: “Teach people to 

fish, rather than giving them fish.” 

[Senge 1990, p 382] Strive to enhance 

Internal capabilities to solve problems. If 

there is a need of outside help, strictly 

limit it to a one-time External 

Intervention and let everyone know this 

in advance, or use it to develop “in 

house” skills, resources, and enhance 

Internal capabilities for the future. 

 

Eroding Goals 

It is a shifting the burden type of structure, but 

without the side effect. The eroding goals structure 

uses the short-term solution “letting the long-term 

goal to decline” (Pressures to Adjust Goal). Instead of 

performing Actions to Improve Conditions so the Gap 

to the original goal can stay zero. One example is 

“Successful people who lower their own expectations 

for themselves and gradually become less successful”. 

[Senge 1990, p 384] 

 

Early warning symptom: “It’s okay if our 

performance standards slide little, just until the crisis 

is over”. [Senge 1990, p 383] 

 

Management principle: “Hold the vision.” 

[Senge 1990, p 383] 

 

Escalation 

Happens when each of two bodies see the 

relative advantage of the other as the 

cause to their own welfare. Feeling more 

threatened whenever the other side gets 

 

Figure 8, structure of Special Case: Shifting the Burden 

to the Intervenor [Senge 1990, p382] 
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Figure 11, structure of Success to the 

Successful [Senge 1990, p385] 
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Figure 12, structure of Tragedy of the Commons [Senge 1990, p387] 

Delay 

ahead, leading to more aggressive activity to gain advantage. And often each side think they 

only response “in defense” to the other sides aggression; but actually perform a build-up of 

something not wanted by either side.  

 

Early warning symptom: “If our opponent would only slow down, then we could stop fighting 

this battle and get some other things done.” [Senge 1990, p 384] 

 

Management principle: Look for the win-win situation, or enable achievement of objectives 

for both bodies. In most cases the only way to stop the escalating spiral is when one side takes 

aggressive “peaceful” actions, so the other body feels less threatened. 

 

Success to the Successful 

The structure describes two activities that are competing 

for support or resources in limit. Increased success of one 

will lead to more support, and by that starving the other 

activity.  

 

Early warning symptom: “One of the two interrelated 

activities, groups, or individuals is beginning to do very 

well and the other is struggling.” [Senge 1990, p 385]   

 

Management principle: “Look for the overreaching goal 

for balanced achievement of both choices. In some cases, 

break or weaken the coupling between the two, so that 

they do not compete for the same limited resource (this is 

desirable in cases where the coupling is inadvertent and 

creates an unhealthy competition for resources).” [Senge 

1990, p 385-386] 

 

Tragedy of the Commons 

The individual need is solely the 

basis for the use of the common 

but limited available resource. 

Firstly rewarded then eventually 

receiving diminishing returns for 

using the resource. That in turn 

causes intensifying efforts for 

more. This will eventually make 

the resource to significantly 

deplete, erode, or entirely be 

used up.  

 

Early warning symptom: “There 

used to be plenty for everyone. 

Now things are getting tough. If 

I’m going to get any profit out of 

this year, I’ll have to work 

harder.” [Senge 1990, p 387] 

Management principle: “Manage 

the commons”, educate everyone 
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Problem Fix

Unintended

Consequences

Delay 9

Figure 13, structure of Fixes that Fail 

[Senge 1990, p388] 

 

 

and create ways to self-regulate to peer pressure, or make an “official regulating mechanism, 

ideally designed by participants.” [Senge 1990, p 387] 

 

Fixes that Fail 

A fix has a short term effectiveness and 

unknown long-life consequences that in turn 

could demand further use of that fix. Typical 

fixes are: Borrow for interest payment, only 

ensure larger interest to pay later. Save costs 

spent on maintenance will eventually end up in 

higher costs due to breakdowns, which lead to 

higher pressures to save more costs. 

 

Early warning symptom: “It always seemed to 

work before; why isn’t it working now?” 

[Senge 1990, p 388] 

 

Management principle: Maintain long term focus. Use short term fixes only when to “buy 

time” when in mean time working on long term improvements, if it is possible do not use 

fixes. 

 

Growth and Underinvestment 

Base structure is 

limits to growth 

with 

performance 

added in terms of 

capacity. If an 

aggressive 

investment in 

more capacity is 

done the limit 

can be 

eliminated, but it 

has to be very 

rapid. Enough to 

increase capacity 

before growth is 

reduced, or else 

will the 

investment never get made. It is not unusual that underinvestment is justified by lowering key 

goals or calculated performance. This will be a self-fulfilling prophecy that lowered goals will 

lower the expectations and the result will be getting poor performance caused by 

underinvestment.  

 

Early warning symptom: “Well, we used to be the best, and we’ll be the best again, but right 

now we have to conserve our resources and not over invest”. [Senge 1990, p 390] 

 

Management principle: “If there is a genuine potential for growth, build capacity in advance 

of demand, as a strategy for creating demand. Hold the vision.” [Senge 1990, p 390] 

Growing

Action 1 Demand

Performance

Capacity

Delay 8
Investment

in Capacity

Percieved need

to Invest

Performance

Standard

Figure 14, structure of Growth and Underinvestment [Senge 1990, p389] 
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Level 1
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Auxiliary 1

Constant 1
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Auxiliary 2

Auxiliary 3

Level 2

Rate 2

Time Delay

Constant 3

Figure 15, an example of a feedback system. 

 

4.3 Building Parts in System Dynamics Modeling 

The example in figure 15 shows the basic parts in SD to build a feedback system, and serves 

only to visualize the building parts of a model of a system. The structure of constants, 

auxiliaries, rates and levels is all mathematical relations. Relations are sets of different 

equations to represent the real-system behavior and decisions making processes. The 

equations can contain logic conditions as well as ordinary mathematics. 

 

Arrows enables the 

structure through the 

interactions that are 

identified.  

 

Auxiliaries, works like 

algebra in the decided 

time sequence being a 

part of the rate equations.  

 

Rates are the flows 

adding or draining the 

levels by its equations, 

being instantaneous, rate 

equations represent the 

decision functions in the 

system. 

 

Levels are accumulators of the rates with units of measure like “items per week”, they shows 

the state of the system, level equations do not dependent of one another.  

 

Constants can be anything that affects a function but not being affected by the system, a fixed 

quantity, a desired state of variable, efficiency, a time delay, can be dimensionless etc.  

 

4.3.1 Stocks and Flows 

That flows accumulate in stocks is the fundamental behavior of all dynamics in the world. 

The flow fills or drains a stock and it is fundamental to be able to identify the flow and stock 

variables in a system to be modeled. Some guidelines in identifying are:   

 Nouns usually are represented by stocks. 

 Verbs usually are represented by flows. 

 Stocks have memory having a state. 

 Flows are instantaneous (would disappear if time hypothetical is stopped). 

 Stocks signalize its state to the rest of the system. 

 

There are four characteristics of how stocks behave in a system. 

1. Stocks have memory, only in- and outflow affects the level. Shutting of an inflow will not 

cure a problem that is due to the level of stock, example keeping budget will not make 

national dept to decrease it will remain until it is getting paid back. 
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Figure 17, a set of stocks and flows that creates a delay [U.S. Dep. 2006] 

2. Stocks time shape change as the time shape of the flows change. There are five categories 

of time paths to represent real system behavior, linear, exponential, goal-seeking, 

oscillation and S-shaped further which are explained in next chapter. 

3. Decouple flows, by separating them from each other. When adding an outflow it allows 

usage of the level/stock that is produced to by the inflow. It enables setting different 

information/variables 

for the flows. 

Compare with stock 

memory (1) allowing 

only positive or 

negative 

accumulation.  

4. Create delays, it is important to identify the delays in a system to make the model 

represent real system behavior. It is the delays in a system that normally makes the cause 

of an effect occur after long time so the decision maker not perceives the connection 

between them. Figure 17 presents one example of a stock-flow structure that specifies the 

significant system delays.  

 

 

 

 

 

 

 

4.4 Patterns of Behavior  

In SD it is of vital importance to find the key patterns of behavior in the system. This key 

pattern tells how the systems behave over time and is therefore important to identify during 

the modeling. This behavior can be mathematically described and are called time paths. Five 

distinct categories with general variants are described below. [U.S. Dep. 2006] 

 

4.4.1 Linear Time Path 

One unfamiliar to SD can believe that a system can be represented by a linear behavior, but 

most system is in fact exponential. The characteristics of a linear time path are growth, 

decline or equilibrium seen in figure 18. Equilibrium (perfect balance without any affect) is 

seldom reached, to reach 

equilibrium it takes that all 

variables have the needed state 

at the same time, a very 

artificial situation. 

 

SD models are though often set 

in equilibrium initially to see 

what happens when a policy 

shock is made on an unaffected 

system. 

Figure 16, a decoupled flow [U.S. Dep. 2006] 
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Figure 18, graph of linear behaviors. 
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4.4.2 Exponential Time Path 

Real systems tend to follow the exponential growth or decay which are the typical behavior of 

positive feedback systems. Decay is more common than growth. Growth is characterized of 

constant doubling time until limit/collapse and decay of a constant halving-time until zero. 

The exponential growth, depending on positive feedback, can not go on forever. Any system 

has limiting factors of growth. For instance food/water in a population system, a rolling 

snowball cannot roll forever. The phenomenon is known as limits to growth and reviewed in 

the archetypes chapter. The limiting factors of growth are present in any positive feedback 

system. [Whelan 1996] 

 

Doubling time  

If money in a bank saving account (interest must be constant) grow from 1000SEK to 

2000SEK in 10 years it means that in another 10 years it would be 4000SEK. We can 

calculate the interest approximately by knowing the doubling time and vice verse. 
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Halving time (half-life)  

Letting air out from a balloon will at first happen at high rate, and then less until air pressure 

are equals outside environment. We can calculate the decay fraction approximately by 

knowing the Halfling time and vice verse, by inverting the function for doubling time. 
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4.4.3 Goal-seeking Time Path 

All living systems tend to exhibit goal-seeking 

behavior. Goal-seeking perform exponential growth 

or decay to a certain value, and is the typical 

behavior of negative feedback systems. The shape 

of the curve goes towards a certain value, up to or 

down to. 

 

Figure 21 shows a generic first order negative 

feedback loop system. It will add 5 units to the 

active goal 10 at the first time step. The result in 

figure 22 shows that the new goal is reached after a 

Exponential growth

1000

1500

2000

1 2 3 4 5 6 7 8 9 10
Figure 19, exponential growth. 

Exponential decay

1000

1500

2000

1 2 3 4 5 6 7 8 9 10
Figure 20, exponential decay. 

Figure 22, [U.S. Dep. 2006] 
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Figure 23, [U.S. Dep. 2006] 

 
 

time delay. It shows the characteristic of goal-seeking behavior: stabilizing a change in a 

system. Figure 22 shows the behavior in an isolated first order system. In a more complex 

context the goal-seeking is not this clear. But still is the stabilizing characteristic there. 

Occasionally it can exhibit a destabilizing behavior that causes oscillation. 

 

 

 

 

 

 

 

 

 

 

 

 

The time delay in reaching the new 

goal is determined by the 

“TimeCoef”, shown in figure 23. 

Same system as above but three 

different values of TimeCoef (1,2,3) 

to reduce goal to 5. The longer time 

the longer adjustment time of system 

to new goal 

 

4.4.4 Oscillation Time Path 

System oscillation appears in negative feedback systems. It is due to the delay on information 

used for taking action towards the desired 

goal. Action on delayed information results in 

action on old information and therefore the 

decision is made on false system status. It is 

likely to cause system to miss goal constantly 

or in a goal-seeking behavior (missing it less 

and less). It is the delay duration and the 

delay order in a system that sets the structural 

characteristics described below i.e. if a 

system reaches a sustained oscillation in 

amplitude and frequency or an increase of the 

amplitude or that the oscillation diminish 

over time.  

The four distinct patterns of oscillations are: 

1. Sustained oscillation is characterized of 1 

period per cycle, the amplitude is constant 

and equilibrium can not be reached. 

2. Chaos oscillation is not following any 

certain pattern. The time path never 

repeats itself and is random. The 

amplitude is irregular and the period is 

Sustained Oscillation
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Figure 24, sustained oscillation. Chaos Oscillation
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Figure 25, chaos oscillation. 

Figure 21, [U.S. Dep. 2006] 
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infinite. You may find these oscillations in natural systems, like weather patterns.  

3. In an exploded oscillation (not common) the amplitude grows from a small oscillation 

either to sustained oscillation or deterioration of the system. 

4. Damped oscillation characterized of goal-seeking behavior, with dissipating amplitude 

over time that reach equilibrium. 

 

It was said about goal-seeking behavior for a first 

order negative feedback loop that there was a time 

delay before the new goal was aimed. It was also 

mentioned that in a more complex context the goal-

seeking behavior was not that clear. In the Oscillation 

Family one of the most common behaviors in the 

world can be represented by a sinusoidal graph that is 

damped (goal-seeking) toward a desired system level, 

figure 26.  

 

4.4.5 S-shaped Time Path 

The S-shaped growth (figure 27) shows the 

characteristic behavior of the switching of dominating 

feedback loop typical for a nonlinear behavior.  

Initially the exponential growth is dominating the 

behavior, which says that a positive feedback loop in 

the system is dominant in that time.  

Somewhere half-way in the graph the system reaches 

its carrying capacity. Then the dominance switch to a 

negative feedback loop in the system and the system 

applies a goal-seeking behavior. 

The S-shape can also start on a certain value and decay to a new one, figure 28. 

 

The description above is the behavior of when the 

carrying capacity is constant, not always is it that. In a 

system there can be an overshoot of the systems limit 

which causes the carrying capacity to change or even 

in some occasion to collapse. For instance take an 

elephant herd, of which the system would contain 

births and deaths. The carrying capacity could be the 

land that provides with food which erodes if there are 

too many elephants in the herd. In this way the 

carrying capacity will change over time depending on 

the population of the herd. 

 

Depending on the system structure the overshoot will result in three different behaviors: 

 Oscillation; it will oscillate about the carrying capacity. 

 Overshoot and collapse that destroys the carrying capacity and crashes the system. 

 Causing the system to approach the carrying capacity in a declining s-shaped fashion 

as showed by figure 28. 

 

Figure 26, [U.S. Dep., 2006] 
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Figure 27, one example of a growing  

S-shaped graph up to a value. 
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Figure 28, one example of a declining 

S-shaped graph down to a value. 
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Figure 29, Linear growth shape of the stock, 

constant inflow 5 units/time [U.S. Dep. 2006] 

 
Figure 30, Exponential growth shape, increasing 

inflow 5 units/time [U.S. Dep. 2006] 

 

 

Figure 33, Decline at an increasing growth shape, 

decreasing inflow 5 units/time [U.S. Dep. 2006] 

Figure 34, Decline at a decreasing shape, closing 

decreasing inflow 5 units/time [U.S. Dep. 2006] 

  

 
Figure 31, Exponential increase in the inflow 

makes the stock grow exponentially [U.S. Dep. 

2006] 

 

Figure 32, Increasing decreasing shape (exponential 

increasing decay), is due to negative increasing 

inflow 5 units/time from 0 to -25 units [U.S. Dep. 

2006] 

4.4.6 Time Shape characteristics 

This chapter presents graphs in order to give an understanding in how the stock varies 

depending on the characteristics of the inflow. 
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Figure 35, The oscillating inflow 

between the values 1 and -1 makes 

the stock fill and drain repeatedly 

and the stock behaves as the inflow. 

Note though the delay in reaching 

max value of stock after max inflow 

[U.S. Dep. 2006] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Principles when to Model 

There is no such thing as the model. No model is general. The factors that answer the 

questions when to model are depending on the problem undertaken and are unique. It is 

important to ask the pertinent questions, since trivial questions will lead to trivial answers 

[Forrester 1961]. A man called Geoff Coyle who has spent more than 30 years of activity in 

the field of SD and has achieved the System Dynamics Society Lifetime Achievement Award 

says that he “would not be so confident as to assert that” his way to model in SD is how it 

should be done. [Coyle 1998] Another thing to remember when it comes to modeling is the 

intervention of our mental models of our surroundings. "No model can claim absolute 

objectivity, for every model carries in it the modeler's worldview" [Barlas & Carpenter 1990]. 

“Principles when to model” will give you the basic principles to enable model building.  

 

4.5.1 Information  

Many believe that a first step of information collection is to gather statistical data. In fact most 

information exists to start constructing a highly useful model; a SD model will rather help in 

determine which formal data to collect. Depending on the objectives of the model the 

acceptance of accuracy for the model can vary. If it is wanted to predict the behavior nothing 

but a fully explaining model is accepted. But wanting to get to now the system better a model 

that explain what we believe is the nature of the system will be satisfying. [Forrester 1961] 

 

The information-feedback aspects of activity in economic and industrial models are that they 

are closed-loop structures. In information-feedback systems, the information is the basis for 

decisions and is converted from the conditions in the real system. Information control action 

in a feedback system, and when a decision is made in the system ultimately affects the 

environment (other information in the system). The environment causes the decision to be 

made. A closed loop is a continuous cycle with no proper beginning or end of the chain. 

 

Information distortion must be considered in a system model. Information is the input to 

decisions and the distortion must be included so the decisions can be properly represented, 

since information in a system contains errors and random noise. Therefore it is vital to 

determine what information in the system that is available and in use at each interconnection. 

Perhaps is there available information that is not in use, the information that is used must not 

be the most effective to use, and of course can there be much information that is not available.  
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4.5.2 Six Interconnected Networks 

In the Industrial Dynamics book [Forrester 1961] flows are divided into six different 

networks, this due to the mathematical relations that build up the model. Generally the 

information network interconnects the different rate-level networks and the interconnection 

between the flow and level is one of the five other networks. It is only through the rates that 

content is transported from one level to another. That is the reason why the levels within one 

network have to contain the same kind of content, to enable transportation of items between 

the level’s inflows and outflows. 

 

The interconnecting networks are in brief: 

 Materials Network, “all rates of flow and stocks of physical goods included”. 

 Orders Network, “orders are the result of decisions that have not been executed into 

flows in one of the other networks”. 

 Money Network, “money flow are the actual transmittal of payments between money 

levels, accounts receivable would not be money, they can be carried in the information 

network, price is also information and not part of the money flow”. 

 Personnel Network, policies and behavior patterns of how people are hired and 

utilized are the cause to many important dynamic effects in a company. “Company 

policies, labor union contracts, and availability of people establish a framework that 

affects the changing of employment levels. The timing of such changes can interact 

with other parts of the company to produce unexpected results.” The dimensional unit 

of people is number of individuals, not labor man-hours. 

 Capital Equipment Network, it “includes factory space, tools, and equipment 

necessary to the production of goods”.  

 Interconnecting Information Network defines the alternating sequence of rates and 

levels and interconnects them with other rates and levels. This raise information 

network to a position superior to the other networks. 

 

One example of how different networks work together: “At the point of filling orders, three 

flows are created. First is the flow of completed orders out of the unfilled-order backlog. 

Second is the flow of physical goods from supplier to customer. Third is the flow of 

information to accounts receivable, which is the product of price multiplied by the goods flow 

rate. The level of accounts payable at the customer, along with invoice payment delay and his 

ability to pay, determine the rate of money flow from the customer’s bank account to the 

supplier. This flow rate increases the supplier’s bank account level, and information about the 

rate decreases the level of accounts receivable.” [Forrester 1961, p 71] 

 

4.5.3 Decision Making Process 

Levels can be divided into two types. One type describes either the present instantaneous 

condition of the system. And the other type is the presumed knowledge about the system.  
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Levels are inputs to decisions. In 

relation to figure 36, the incoming 

arrows can be level inputs that 

describe the apparent actual 

conditions. They in turn are the input 

to the decision point for the 

corrective action. 

Decisions control the flow rates in a 

one way direction. Flow rates are not 

inputs to decisions. This is because 

that flow rates are instantaneous. 

They are generally unknown, not 

measurable, just not affecting when 

it is affected. 

 

Decision functions can be divided into two types. Either “Overt decisions” that is decisions 

that are chosen to be taken by people. Or “Implicit decisions” that are decisions that are not 

possible to choose to take. They are due to the state of system like “present ability to deliver, 

depending on the present status of inventories” [Forrester 1961, p102]. 

Mostly when to make overt decisions the information used for decisions are not identical to 

the primary variables that it represents (therefore figure 36 describe “apparent actual 

conditions”). The information may be late, biased and noisy as described in previous chapter. 

Because of the delay in overt decisions this must be carefully considered when to formulate 

the decision functions (the rate equations). The implicit decisions on the other hand are more 

mechanistic and based on true values of variables. 

 

4.5.4 Formulate Decision Functions 

To generate proper SD behavior the model must contain expressions that say how decisions 

are made. Since the flow of information which is the basis for modeling is continuously 

converted into decisions and actions. Decisions can not be left out, actually estimated decision 

functions appear to be enough useful. “Perceptive observation, searching discussions with 

persons making the decisions, study of already existing data, and the examination of specific 

examples of decisions and actions will all illuminate the principal factors that influence 

decisions” [Forrester 1961, p103].  

 

To formulate the decision functions these steps are progressed through: 

 

 What factors are significant enough to include?  

First thing to do when to formulate a particular decision function (policy) is to list the factors 

whose influence on the decision is important. The factors to list are often hidden. It has turned 

out that a factor that at first seem most significant will not always influence model behavior or 

real system much at all. Exemplified by when an ordinary factor that is overlooked in 

everyday management may be the one that holds the key influence on total model behavior, or 

real system characteristics. “The decisive test of the significance of a factor in a decision 

function in a model is to observe model performance with and without the factor” [Forrester 

1961, p104]. Other influences on decisions is if they depend on how the feedback plays 

difference when it comes to how short in time, and how much a decision will affect, a factor 

again will affect the decision function.  

Apparent

actual

conditions

Desired

conditions

Corrective

action

level

The decision

process

Flow 

Rate 

Figure 36, Description of the Decision Making Process 

[Forrester 1961, p95] 
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And then for each factor: 

 

1. What is the direction of its effect? (short and long term influences) 

Normally is it little doubt in direction of effect on a decision when a factor is changed. But 

short and long term influences on decisions must properly be represented. That is as 

mentioned in chapter 4.2.2. “Changing policies in nonlinear systems that do short-term 

successes fall into long-term failure, as well can it be the other way around”. In one particular 

factor short and long term influences often work in opposite directions. Only include long-

range effects can seriously affect the dynamic behavior of a model.  

 

2. What is the magnitude of its effect?  

Correct modeled models to represent the actual feedback structure will not be affected of 

changes in most parameter values. Since it is carries the same self-correcting adaptability as in 

real-life situations. Therefore more concern should be in “what the models tells about the 

factors that will cause changes in the rates and levels than about the accuracy in determining 

the average magnitudes of the rates and levels” [Forrester 1961, p105]. 

 

3. What nonlinearities should be recognized? 

A look on the figure 36 reveals that the corrective action depends on several inputs from 

apparent actual conditions and desired conditions. These affect nonlinear, in functions with at 

least two variables multiplied or divided with each other. “The nonlinearities will occur in the 

model in the decision functions that determine the rates of flow” [Forrester 1961, p106]. It is 

therefore vital to define those functions to correctly represent the actual system and to find the 

nonlinearities.  

 

4.5.4.1 Noise in Decision Functions 

It is only necessary to use the more important factors that influence the decisions in the 

decision functions of a model. Unavoidably a number of minor influences will be omitted too 

and they are divided into two categories. First category is variables that are part of the system 

but have small influences. They can be reduced or forgotten to be included. Though this 

category has dangers mentioned in “Factors to include in chapter 4.5.4” to consider. If too 

many variables are omitted the model will not behave as real system since a missing variable 

is not possible to substitute for. Second category is variables that are not affected from the 

model system that come from outside the system, such as weather.  

 

4.5.5 Remaining Model Principles and Settings 

The model variables should correspond to the variables in the real system and be measured in 

the same units. Flows of material and goods should have physical units not money units and if 

there is to be a money flow it should be a separate flow. The time sequence relationships that 

exist must be the same in model as in real system variables. A distinction between actual and 

desired values and the true state/value of a variable must be done, and the value available 

information may give.  

 

Dimensional units of measure in equations are vital to be correct, all variables and constants 

need precise statement and each equation written checked for consistency. 
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Supplementary Equations are not part of the model but are to define variables which can be of 

interest. When to print the model behavior, perhaps adding the sum of all inventories in the 

entire system can be interesting, showing information that is not used in any of the decision 

processes of the model. 

 

Initial-Value Equations, “define initial values of all levels (and some rates) that must be given 

before the first cycle of model equation computation can begin” [Forrester 1961]. 

 

Solution Interval is the iteration time, delta time (DT), in the integral equation. The integral 

equation looks like this:  

LevelDTequationRate  .   

DT is the time step the computer runs the model, until amount of time is ran. As a rule of 

thumb should (DT) be less than 1/6 of the total time length of the shortest 3rd-order delay.  

 

Test inputs to a dynamic model are the exogenous inputs, which are independent of what 

happens in the model. Using exogenous inputs to produce greater reality in model behavior 

usually make the reverse occur. The test inputs represent independent external environment 

for testing how system would respond to assumed changes in that environment. 

 

4.5.6 Model Behavior 

Amplification of system behavior is a key component to the characteristics. It is the policies 

that define the decisions made that cause the amplifications. One example is the tendency to 

order more ahead when the company that is ordered from has a trend of being delayed in its 

shipments. It will result in an even larger backlog for the delivering company causing 

increasing difficulties when to deliver orders in-time to the customer. [Forrester 1961] 

 

The time-sequence and the time delay relationships in every step of a system are to be 

reflected over contra the behavior of the system. In the model it is essential to contain all the 

activities that have a time magnitude of importance. For instance accumulation of a variable, 

until it has reached a certain level it creates a time delay. When the outfall from that variable 

happens the consequence is a further change in the system. Time delays can be considered 

like a reservoir. Types of reservoirs can be those of information, order channels and physical 

goods as well as materials, money flow, personnel, and capital equipment reservoirs. Time 

delays are important to include in the model to enable simulation of the real system 

characteristics. All delays are not necessarily bad and reducing delays in a system is not 

always the right measure to do to improve systems. It can be an improvement to a system to 

add a time delay as well. [Forrester 1961] 

 

Common sense is a large part in examination of dynamic problems in the SD modeling 

process. The behaviors of a model that do not make sense usually indicate a flaw in that 

model, which often is a crucial piece of system structure missing in the model. Most common 

is models of which its stocks values can either go negative, or be infinitely large. Common 

sense here is that infinite growth doesn’t exist in real-systems, or real world variables can’t go 

negative neither can their model-based counterparts do so. 

 

“SD modeling involves the identification, mapping-out, and simulation of a system's stocks, 

flows, feedback loops, and nonlinearities” [U.S. Dep. 2006]. Nonlinearity in systems is as 

previously described due to the complexity of systems and cause the switching of dominant 
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feedback loop in a system. Therefore is it vital to find the nonlinearities if there is a switch of 

dominance, and to find that we must have the criteria’s to fulfill the quote above. 

 

When to model negative feedback loops they preferably should contain a desired state so 

elimination of that the loops will run to zero can be done. Goal-seeking behavior towards a 

desired state is explicit, and towards zero is implicit. A simple comparison to a real world 

system can be in the case of a population, a negative feedback loop with implicit goal-seeking 

will eventually die. But adding a depending on for example the carrying capacity of the land 

will show an explicit goal-seeking.  

 

 

4.6 Judging Model Validity 

When a model is built in the software it is possible to determine if the model shows the 

behavior of the real system. It is made by different changes of input signals. First is it good to 

know that it is of little use to put the actual input variable like actual sales or hiring of 

personnel into the model. It is far to complex as a first approach to try building a model that 

treats statistical data as in reality; first we must consider the model as valid. It can be done 

later, studying the response to historical data, or combine some selected pure inputs like 

growth trends, seasonal fluctuations, and noise that can create the statistical characteristics of 

historical sequences. What we are interested in is to test the model if the behavior seems to 

agree in the model as in the real system. [Forrester 1961]  

 

Test sequence to determine if behavior of real-system is represented in model. 

 Step increase 

 Sinusoidal periodic input, example one, two-year periodic input 

 Noise, random fluctuation 

 

By this testing it is possible to do the presumption of model significance. Significance relay 

on two foundations.  

1. How well the actual system is represented in the model in the separate organizational and 

decision-making details. 

2. How well the model represents the behavior the real-system. A well representation of it 

confirms our confidence in model validity. 

 

In figure 37 the comparison 

between the behavior of two 

models and the real-system 

behavior is visualized. Starting 

with “Model 1” we find its value 

never depart more than 1 unit 

from real-system value once, 

being an over all better predictor. 

“Model 2” value actually varies 

almost twice as much at some 

point, but we do find it having 

the same predominant sinusoidal 

behavior pattern. It also has the 

Criteria for model validity

-1

-0,5

0

0,5

1

1 6 11 16 21 26

Real

System

Model 1

Model 2

Figure 37, visualization of comparison of model with real-

system [Forrester 1961, p126] 
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same amplitude and only about 25% shorter period. If we know this validation criteria “model 

2” is possible to be considered being a close representation of the real-system. 

The way to validate a SD model is not a quantitative form. It is due to that the base of model 

formulation is human knowledge. Justification of model validation is made this way. 

 

Something worth to take notice on is that often when working on a decision hypothesis the 

real-system is starting to get immediate affected. “The searching questions that must be asked 

to expose the information flows and the power centers in an organization will cause people to 

re-examine their action patterns” [Forrester 1961, p128]. This means that when the person, 

who develops the model, is searching for the information already is a part of the system under 

study. “The more people know of the objectives and possible outcomes of a system 

investigation, the more they may be affected by the investigation itself” [Forrester 1961, 

p128]. It is vital that the investigator is aware and alert of that fact. 

 

 

4.7 Improvement of Model Behavior 

Important to remember is that the testing stage is not to represent the actual behavior but to 

determine whether the model is showing the characteristics of the real-system or not. After the 

behavior of the model can be determined to accurately represent the behavior of the real-

system, the policy changes in the model can be performed to improve the system design. 

 

Testing of policy changes and testing limits of the new model are made through these steps 

(first three the same as in validation process). 

 

1. Step increase 

2. Sinusoidal periodic input, example any interesting year periodic input 

3. Noise, random fluctuation 

4. Ramp, example 10%, 20% increase during one year, two year 

 

Follows does text and figures that will, in a small extent, give the reader an understanding for 

the different test steps to make when to determine the accuracy of the model and find the 

improvements to do through the experimental approach. The figures are diagrams from the 

book Industrial Dynamics [Forrester 1961]. 

 

1. Step increase is made in the input that is the end of a chain. For instance in a distribution 

system the orders from customer step increase by 10%. The aim is to see what happens when 

doing this step increase on a system in equilibrium (start values not changing). The step 

function increase sale volume 10% and keeps that value (inside the ring in figure 38). The 

reaction will probably be like in the figure 38.  

 

 

 

 

 

 

 

 

 

Figure 38. Example of a Step increase 10%, time scale reach to 340 weeks. [Forrester 1961, p254-255] 
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Figure 39. Example of a Step increase 10%, time scale reach to 230 weeks 

[Forrester 1961, p284-285] 

Want we to see is if the behaviors are damped to equilibrium or not, a good design of a 

system will search for equilibrium quick. Compare with figure 39, that through policy 

changes quickly respond to new changes. These policy changes are of cause not simple just to 

do. A lot of effort needs to be put to it. This is only to show the graphs to give an 

understanding whether system behavior respond good or poor to a step input signal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. One-year periodic input is the next test. To examine the response to a sinusoidal input on 

the same variable as in the step 

increase to a one-year periodic 

input. Perhaps it can represent 

an unexpected annual seasonal 

change. The behavior we want 

to see is if the signals have 

internal tendencies toward 

fluctuation or not, a good 

design of a system will not 

fluctuate much. Figure 40 

shows the behavior of 10% 

fluctuating one-year periodic 

input influence to the same 

model as in figure 38. 

 

Depending on the problem formulation (perhaps there is a culminating of the problem in 2 

year cycles or some else periodicity) is the model to bee examined by a period of the 

sinusoidal input with 2 year periodicity. In this way it is possible to determine if situations 

Figure 41. Example of a Two-year periodic input 10%, time scale reach to 330 weeks [Forrester 1961, p260-261]   

Figure 40. Example of a One-year periodic input 10%, time scale 

reach to 150 weeks [Forrester 1961, p258]  
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Figure 44. Example of ramp input 10% for 2 years [Forrester 1961, p300-301]. 

Figure 43. Example of noise input with ±10% amplitude, time scale reach to 330 weeks [Forrester 1961, p264-265].  

and behavior of real system is to be explained in the SD model. Figure 41 is showing the 

results of a model from a real-system having hiring and lay-off problem with 2-3 year 

periodicity with a 2 year periodic input [Forrester 1961].  

 

Figure 42 show the result when changing polices in the Inventory Ordering, manufacturing 

and labor hiring. I do not refer to which changes only to present the differences shown in the 

graphs between good and poor system behavior. 

3. Next step is to noise the input signal, figure 43. With a random generated noise function on 

the factory incoming orders in the model (marked by a ring). The use of noise functions to 

represent the ordinary noise of for instance incoming orders, will result in a behavior more 

like the real-system behavior. Still the actual behavior is it not needed but the characteristics 

of the behavior.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. Example of a Two-year periodic input 10%, time scale reach to 330 weeks [Forrester 1961, p286-287]   
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Figure 45. Example of ramp input 10% per year for 2 years. 

Figure 46, structure of Limits to Growth [Senge, P. 1990, p379] 

ConditionGrowing
Action

Slowing

Action

Limiting

Condition

4. Further testing to examine behavior in extreme conditions is the ramping, figure 44 show a 

10% increase for two years time. Figure 45 shows 20% per year increase for two years time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.8 Study of a Corporate Growth Model 

This chapter will give you a step by step review to Jay W. Forrester’s Corporate Growth 

Model (CGM). As it is described in “Principles of Systems”, published by Pegasus 

Communications according to [Vensim PLE] and the model is provided through that software. 

The book “Principles of Systems” [Forrester 1971a] has been studied but the model was not 

found there, so it must be described in the later publication in 1990. This chapter will also 

present the archetype of limits to growth again, which is the generic structure of the CGM. 

And a further developed structure, figure 47 from [Senge 1990, p118] but words are changed 

to be same as in the CGM. Chapter ends with a short conclusion on how to extend model to 

reveal the limit to growth.  

 

We will proceed with the 

archetype structure of limits to 

growth as a reminder in figure 

46, and move on to the limits to 

growth structure of CGM, figure 

47. The reinforcing feedback; the 

“Growing Action” is represented 

by the “Sales force” and 

“Revenue to sales”. The 

balancing feedback; the 

“Slowing Action” is represented 

by the “Backlog” that set rules 

for the “Delivery time” and after 

delay the “Limiting Condition” 

represented by “Difficulties to 

sale” (which are due to late 

deliveries).  

The “Condition” between the two 

feedbacks is the number of 

“Orders booked” and will be 

more due to the reinforcing feedback, or less due to the balancing feedback.  

Orders booked

Difficulties to sale

Delivery
time

Revenue to sales

Sales force

Backlog

Delay

Figure 47, Limits to growth structure of CGM [Senge, P. 

1990, p118], [Forrester 1990, Vensim PLE]  
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Figure 48, the Corporate Growth Model (CGM) [Vensim PLE, 2006] 
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Figure 48 is the CGM, and the structure from figure 46 and 47 is further developed to contain 

the steps that are considered to be related in the feedback loops that hold the key behavior of 

corporate growth. Follow will an attempt to explain how the model is constructed, and why. 

This analysis is based only on achieved knowledge in SD and simulation and assumptions 

made have to be validated by the reader.  

 

4.8.1 Model Contents 

Please look on figures in chapter 6.2 “Inside a SD Simulation Software Program” if you want 

to see how the window for writing equations looks like. The following description and 

discussion on model contents will not contain such figures. 

 

1. Sales Force (level),   

=INTEG( net hires), Initial Value = 10,   units = persons 

This level just contains and accumulates the flow of its rate. It shows the state of number of 

sales persons. 

 

2. Net hires (rate),  

= (indicated sales force - Sales Force) / sales force adjustment time       units = person/Month 

Input to rate is division of the “net need of sales force” with a “hiring delay”, and that sum is 

output to level. 

 

3. Sales force adjustment time (constant),  

= 20     units = months 

The time it takes to find and hire sales force. 

 

4. indicated sales force (auxiliary),  

= budget / sales person salary    units = persons 

The auxiliary consider how many sales persons to afford 

 

5. sales person salary (constant), 

= 2000   units = dollars / (person*Month) 

Cost for each sales person. 

 

6. Budget (auxiliary),  

= orders booked * revenue to sales   units = dollars / Month 

Sales budget, the number of “orders booked” will each contribute with “revenue to sales”. 

 

7. revenue to sales (constant),  

= 10    units = dollars / unit 

Each sold unit will provide with 10 dollars to sales. 
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8. orders booked (auxiliary),  

= Sales Force * sales effectiveness   units = unit / Month 

The “orders booked” are depending on state of “Sales Force” and how “effective” they sell. 

 

9. sales effectiveness (auxiliary),  

= normal sales effectiveness * effect of delivery delay recognized    unit/(person*Month) 

How many units sold per sales person and month, is set by normal value times the variable 

“effect of delivery delay recognized” 

 

10. normal sales effectiveness (constant),  

= 350    units = unit / (Month*person) 

Ordinary value, a kind of desired state written about in chapter 3.5.6 “Model Behavior”. 

 

11. effect of delivery delay recognized (auxiliary), 

= effect of delivery delay recognized lookup * (Delivery Delay Recognized / normal delivery 

delay recognized)    units = dmnl (dimensionless) 

This variable value is a mix of three factors seen in the equation, “effect of delivery delay 

recognized lookup” (a graph described later) times the Recognized Delivery Delay weighed to 

the normally recognized delivery delay; it will be an affecting factor. 

 

12. normal delivery delay recognized (constant),  

= 2   units = Month 

The normal time it takes for customer to react on a delivery delay. 

 

13. effect of delivery delay recognized lookup (Lookup),  

= graph  units = dmnl 

Something not mentioned previously in the report is the use of graphs in SD models. This was 

also the first time a 

“graph input” is found 

it is not mentioned in 

the literature. Since no 

“manual” is written to 

the model nor “The 

Principles of Systems”, 

1990 have been read 

this will be a qualified 

guessing of what this 

graph does in the 

model. 

 

To our help we have the 

graph setting window in 

figure 49, and figures 

from three different 

variables in the CGM, Figure 49, the Graph Lookup [Vensim PLE, 2006] 
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figures that will provide with graphs of “with” or “without” the “effect of delivery delay 

recognized lookup”. Firstly on figure 49 we can see that the lookup graph goes from a value 

1.15 down to 0.3 through step 0 to 3 according to the table on left. 

 

Figure 50 and 51 is “orders booked” auxiliary behavior with and without the lookup graph. 

We see a remarkable difference; the growth is greater in figure 50 and after the peak follows a 

damped oscillation to a stable value. In figure 51 the growth is slowing down and growth is 

much smaller than in figure 50.  

It seems that the lookup 

graph in figure 52 has an 

extenuating effect on the 

“sales effectiveness”. 

Therefore we also include the 

graphs of behavior of the 

“with and without” lookup on 

the auxiliary variable “sales 

effectiveness”. We find that 

the lookup affect how 

effective sales will be, and 

that the effectiveness 

stabilizes on the same value, 

about 200 units per sales 

person. This extenuating 

effect, due to the lookup, 

makes the first 60 months 

growth strong.  

 

Figure 53 show that with the 

lookup in the CGM the 

“Delivery Delay Recognized” 

level reach a new state after 

about 50 months to almost 

double value. Without the 

lookup the value goes toward 

half of start value, figure 54. 

This means that the effect of 

using the lookup on the 

“delivery delay recognized” 

is that after 50 months the 

Without the "effect of delivery delay recognized lookup" 

4

2.5

1

0 10 20 30 40 50 60 70 80 90 100

Time (Month)

Delivery Delay Recognized : Current Month

Figure 54, “Delivery Delay Recognized” level behavior, without lookup 

[Vensim PLE, 2006] 

Figure 51, “orders booked” behavior, without 

lookup [Vensim PLE, 2006] 

Without the "effect of delivery delay recognized lookup" 

10,000

5,000

0

0 10 20 30 40 50 60 70 80 90 100

Time (Month)

orders booked : Current unit/Month

With the "effect of delivery delay recognized lookup" 

40,000

20,000

0

0 15 30 45 60 75 90

Time (Month)

orders booked : Current unit/MonthFigure 50, “orders booked” behavior, with lookup 

[Vensim PLE, 2006] 

With the "effect of delivery delay recognized lookup" 

4

2

0

0 10 20 30 40 50 60 70 80 90 100

Time (Month)

Delivery Delay Recognized : Current Month
Figure 53, “Delivery Delay Recognized” level behavior, with lookup 

[Vensim PLE, 2006] 

sales effectiveness

400

200

0 25 50 75 100

Time (Month)

sales effectiveness : Current unit/(Month*person)

sales effectiveness

400

200

0 25 50 75 100

Time (Month)

sales effectiveness : Current unit/(Month*person)

Figure 52, sales effectiveness, , right without lookup [Vensim PLE, 

2006] 
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customer take almost double time to recognize the delay, and without using the lookup the 

customer recognize sooner and sooner the delivery delay. 

 

The lookup seem to have positive effects. The question is rather what the lookup is to 

understand what happens and how the lookup can be part of the actual system. Levels in a 

model holds the state, according to that it can be reasonable that the level of “Delivery Delay 

Recognized” in the CGM holds the state that define the actions from the customer. If we put 

some values in the equations that define “sales effectiveness” we find out that values over 2 

months “Delivery Delay Recognized” according to equations 9 and 11 above and figure 52 

will bring “sales effectiveness” less than 350 units. Meaning that it is harder to sell to the 

customer the longer the “Delivery Delay Recognized” is. And the lookup curve must in 

somehow been defined to be the way it is to describe how willing the customer are to buy 

what the sales persons sell to them.  

 

We take a look on the “Graph Lookup table” in figure 55 again:  

0 month “Delivery Delay Recognized” will according to equations 

9,11,12 and the lookup graph make sales effectiveness increase 

15%,  

1 month (input = 0.5)  make sales effectiveness increase 10% 

2 month (input = 1) make sales effectiveness increase  0% 

3 month (input = 1.5) make sales effectiveness decrease to a 

75% level of normal value. 

4 month (input = 2)  make sales effectiveness decrease to a 50% 

level of normal value. 

5 month (input = 2.5)  make sales effectiveness decrease to a 35% level of normal value. 

6 month (input = 3) make sales effectiveness decrease to a 30% level of normal value. 

By this analysis we can see how the lookup affects sales effectiveness and the purpose of it. 

But we can’t find why the values in the table are as they are; in somehow they must have been 

validated to be what they are. 

 

14. Delivery Delay Recognized (level),  

Initial Value = 2,  units = Month 

INTEG((delivery delay impending - Delivery Delay Recognized) / time for delivery delay 

recognition), 

This level accumulates the difference of the impending and the recognized (the state of the 

level) delivery delay divided with the delay “time for delivery delay recognition” to the initial 

value. This level has no rate.      

Example: Initial Value (2) + (delivery delay Impending (2.3) – Delivery Delay Recognized 

(2)) / time for delivery delay recognition (5) =  

= 06.206.02
5

3.02



 

 

15. time for delivery delay recognition (constant),  

= 5   units = Month 

It takes 5 months until the customer recognize the delivery delay. 

Figure 55, the Graph 

Lookup table 

[Vensim PLE, 2006] 
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16. delivery delay impending (Auxiliary),  

= Backlog / delivery rate   units =Month 

The impending delay depends on how large the backlog are and how much that is delivered. 

 

17. Backlog (level),  

Initial Value = 8000  units = unit 

INTEG(orders entered - orders completed) 

This level have two rates, one filling and one draining, and that is what its equation says, if 

“orders entered” are more than “orders completed” the “backlog” grows, the other way 

around the “backlog” decrease. 

 

18. orders entered (rate),  

= orders booked  units = unit/Month 

The numbers of booked orders is the inflow (rate) to its level. 

 

19. orders completed (rate),  

= delivery rate  units = unit/Month 

The delivery rate is the outflow (rate) to its level. 

 

20. delivery rate (auxiliary),  

= normal delivery rate * effect of backlog on delivery rate  units = unit/Month 

The delivery rate to customer depend on normal delivery rate (normal capacity) times the 

effect of backlog on delivery rate (a dimensionless weight depending on size of backlog). 

 

21. normal delivery rate (constant),  

= 4000   units = unit/Month 

A desired state to make the negative feedback loop goal-seek to normal capacity of 4000 units 

per month. 

 

22. effect of backlog on delivery rate (auxiliary), 

= effect of backlog on delivery rate lookup(Backlog/normal backlog)  units = dmnl 

An equation that again contains a lookup and the input to it is the actual “Backlog” divided 

with the “normal backlog”. 

 

23. normal backlog (constant),  

= 8000  units = unit 

A desired state that give goal-seeking to a 2 month backlog (normal backlog / normal delivery 

rate). 

 

24. effect of backlog on delivery rate lookup (Lookup),  

= Graph  units = dmnl 

This lookup (figure 56) is easier to understand, since we stated previous how lookups work 

and content of lookup is easier to relate to. Looking on the table of the graph one can see that 
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any input value more than 1 

will increase output value. 

Equation 22, compare backlog 

to normal and if it is larger than 

normal the output will be larger 

in steps according to the graph. 

This graph could represent an 

increase in capacity when 

needed to, possibilities to use 

overtime, increase of 

production personnel, but 

eventually there is a limit of 

growth. It is not possible to use 

more than 24 hour a day and 

area of production is also 

absolute. 

 

4.8.2 Model Behavior 

The CGM is now completely described and some understanding is gained by have read about 

how the relations in the model are. Next step will be to examine model behavior, to some 

extent parts of model behavior already have been examined to understand what the lookups 

where. The figures are cuts from the CGM with the behavior graphs in them. They have been 

enlarged so the model may look differently but are the same model contents. 

 

The reinforcing feedback of the model is made by the mechanism of sales force size, figure 

57. More sales persons can sell more. The intersection to the negative feedback loops are in 

the orders booked. From the description we have found that the sales effectiveness controls 

how many sold per sales person. Depending on the sales results budget limit or indicate how 

many more sales persons able to hire. The hiring process has a delay on 20 months to find the 

right persons and to train them to perform at full force. This kind of delay on rates is how to 

apply that kind 

of effects on a 

variable. For 

example delay 

for training, 

abilities to 

assemble or 

other 

competences 

needed to gain 

to perform well.  

 

Net hires are at 

all time positive 

and its graph 

indicates a 

strong hiring 

speed at and 

about 50 months 

Figure 56, the backlog Lookup Graph [Vensim PLE, 2006] 

Sales Force

net hires

indicated sales

force

sales person salary

sales force
adjustment time

budget

revenue to sales

orders booked

Backlog

sales effectiveness

orders entered

( - )
normal sales effectivness

Figure 57, the reinforcing feedback loop with behavior graphs [Vensim PLE] 
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time. This is also seen in sales force level which is most steep before about month 50 and 

levels out as net hires goes near zero. The other three variables in the feedback loop have 

same behavior though values of them differ, it grow until month 50, peaks and is damped in 

an oscillating way.  

 

This loop is somehow stabilized by the negative feedback loop it is connected to which carries 

the limit of growth. 

The stabilizing feedback loop of the model is made by the mechanism of the backlog in the 

corporate, figure 58. Orders booked add to backlog and orders completed are at the same time 

decreasing the backlog.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The state of the backlog defines the capacity need (planning) as discussed in previous chapter. 

(Equation 22, 23, and 24) which decide the delivery rate as a percentage of the normal 

capacity, which result in the number of orders completed. This part of the model is a minor 

negative feedback loop that stabilizes the backlog.  

Feedback that goes further to upper part of feedback loop is the delivery rate subtracted from 

the backlog, which is the impending delivery delay. 

 

Looking on the behaviors of the graphs starting with backlog, the model starts in a state that 

says backlog is twice the size of orders completed. Backlog is affecting through the minor 

negative loop it self, the capacity is increased until about month 50, from there it is constant 

(“effect of backlog on delivery rate” in figure 58). This behavior is the same all way to orders 

completed. Backlog starts to grow rapidly about month 40, at its maximum about month 50 

and peaks at about month 60, a delay in about 8 months compared to orders entered. This 

means that growth of capacity withstand for about 8 months until it peaks and is damped. The 

delivery delay impending behavior is the result of how well orders are taken care of, kind of 

budget
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Figure 58, the lower part of the stabilizing feedback loop [Vensim PLE] 
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performance indicator, its performance seen starting at 2 months going down to about 1 

month until the rapid growth of backlog make it peak and stay on a value about 3.7 months.  

Backlog together with “performance of the capacity increase” are the variables that holds the 

cause to the behavior of the level “delivery delay recognized”, and thereto the delay in 

recognition from the customer(s) on the change in delivery time. 

 

The “effect of the recognized delivery delay” behavior is strongly depending on the “effect of 

delivery delay recognized lookup” previously discussed (equation 11, 12, and 13). Probably 

does the lookup look the way it does depending on recorded behavior in an actual case, in 

which shorter delivery time enable easier sales process, and most obvious when delivery is 

later than said, rumors and “bad will” about the companies delivering capacity make 

customers fail. As seen in graph of “sales effectiveness” behavior are the same but in a 

different quantity (sold units per sales person). The good start is actually higher than normal 

and is peaking about month 37 and dives in about month 50, it levels out on 200 units per 

sales person (start 350). Orders booked due to good effectiveness starts well peak on almost 

30000 units and the dive in effectiveness make it damped to just over 24000 units. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.8.3 Key Performance of Model 

The conclusion of these behaviors through time in the different parts of the model must be 

that key performance to growth in the model is the ability to size up capacity. Capacity size 

up is represented by the auxiliary “effect of backlog on delivery rate” in which the lookup 

graph of steps of increased capacity hold key performance. These steps are the physical ability 

to size up without any certain delay. This made delivery rate to reach 24000 units / month 

instead of normally 4000. If this size up wouldn’t have been, delivery delay would be higher 

earlier and sales effectiveness never gone over 350 units / sales person but reach 200 units 

faster and the limit to growth been reached earlier. Try of hypothesis will be done, in figure 

60 the result of erasing the capability to increase capacity is seen, and some comparing results 

will follow. 
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Figure 59, the upper part of the stabilizing feedback loop [Vensim PLE] 
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Delivery delay impending reach 4 months 

before month 20 compared to near month 60 

with the capacity size up, no level lower than 

2 is reached as otherwise (1). 

Orders booked will stabilize on 4000 instead 

of 24318. 

Sales force will stabilize on 20 instead of 118. 

Backlog stabilizes on 15000 instead of 88705. 

Sales effectiveness do did have values over 

350 but after month 10 it goes down and 

stabilizes on 200 units. 

 

Therefore to support growth, it is vital to find the limiting part of the system and bring 

resources to it, if growth is wanted. Hiring more sales persons is not the answer to sell more 

as one probably thought at first. It is very common with more efforts on marketing, cutting 

prizes to gain customers; instead the limits to growth depend on something else somewhere in 

the system. Several different things can cause the limitation depending on what kind of 

business it is, such as better service and not cheaper tickets, or quality and so on. Making a 

SD model of the relations may find the factor that is limiting total system performance. 

Figure 60, CGM without the ability to size up capacity [Vensim PLE] 
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Figure 61, sales effectiveness without the ability 

to size up capacity [Vensim PLE] 
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5. Applications of System Dynamics  

 

There are a numerous of areas in which SD have been applied. A common pattern though 

noticed for several practitioners in the field is their start point which often is Business 

administration (like Forrester with Industrial Dynamics) and ends up in the highly complex 

issues of predicament of mankind, like “World model”, “Limits to Growth” (in the meaning 

of the exploration of the earth), or search for answers to solve other self-destructing-to-

mankind activities. In a way this points perhaps to the beliefs in the strength of SD as a 

methodology to define solutions to complex problems of today from many academics. 

 

SD holds practitioners in fields as “Business administration, physical and social sciences, 

mathematics, law, medicine, and education” [Alessi 2000]. Applications spread over 

commodity production cycles of hogs, chicken and cattle and the business cycle showing 

“how production scheduling and work force management policies generate the 3-5 year 

business cycle.” And the economic cycles that “in turn, are caused by capital investment 

policies that fail to account for delays in acquiring long-lead time plant and equipment” 

[Sastry & Sterman 1992]. Further applications of SD are in management and the use of 

marketing models with subjects like corporate planning, policy design, strategy support 

models and organizational learning. 

 

Some other examples of SD applications of today are “Climate change” and “Solid waste 

management” studies [Aboyade 2004], and “the mining problem”, and modeling of “defence 

problems”, and “the Angolan catastrophe” a conflict between the Angolan governing party 

and its opponents fighting over control of diamond mines [Coyle 1998].  

Even a subject far from imagination using examination through SD modeling is computer 

music [Whalley 2000]. 

 

 

5.1 Milestone SD Works and Applications 

In this chapter some important work in SD is reviewed and in fact they all are initiated by Jay 

Forrester and some also fulfilled by him. 

 

5.1.1 Urban Dynamics 

From the late 1950s to the late 1960s, SD was applied almost exclusively to corporate/ 

managerial problems. In 1968 Forrester’s work moved from corporate modeling to broader 

social systems. John F. Collins, a former mayor of Boston for eight years was given a 

temporary appointment as Visiting Professor of Urban Affairs at MIT moved into the office 

next to Forrester’s. Discussions with Collins about his many years of coping with Boston 

urban problems felt much similar to when talking to corporate executives. The story sounded 

plausible, but something was wrong or incomplete. The result of the Collins-Forrester 

collaboration was the building of the Urban Dynamics (UD) model and a book titled Urban 

Dynamics [Forrester 2000]. 

 

The UD model was very controversial and produced strong, emotional reactions because it 

illustrates why many well-known urban policies are either ineffective or make urban problems 

worse. The simulations suggested that the major United States policies all lay somewhere 

between neutral and highly detrimental, either from the viewpoint of the city as an institution 
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or from the viewpoint of the low-income, unemployed residents. According to the SD 

methodology it is common that a system inherits counter-intuitive policies, this appears in the 

UD model as well. It presents policies that appear at first being incorrect but often yield 

effective results.  

 

Below a short story from one of the first presentations of the UD model: 

Forrester was asked to present the UD story at the Sloan School for department-head level 

people from larger cities. Forrester was “grilled” by a man from the black community in New 

York and member of the city government, intelligent, articulate, not buying a thing Forrester 

said, was bringing the group with him. When Forrester explained how decay and poverty in 

Harlem in New York or Roxbury in Boston had been worsened by too much low-cost 

housing, the man said, "I come from Harlem and there's certainly not too much housing in 

Harlem." Next morning, the New Yorker's comments began to change character. Instead of 

questioning what was said he began to elicit information. He insisted that to have another 

session and then got the mission to find a time and place in the crowded program. That 

usually ends such an exchange but the man persisted and went to the administration and 

arranged another session. Later the New Yorker made an appointment with Forrester at his 

office to ask him to talk to a group he would invite in New York. He sat relaxed and said, 

"You know, it's not a race problem in New York at all, it's an economic problem." Four days 

earlier he had said that Forrester was not even addressing the urban problem if not dealing 

with the black versus white issue. Two years later a journalist asked Forrester what people 

thought in the aftermath of Urban Dynamics. He was suggested to talk to others, especially 

with the New Yorker whom Forrester had not contacted since two years. The journalist later 

phoned to say he had been told "they do not just have a solution to the urban problem up there 

at MIT, they have the only solution." The lesson about urban behavior had stayed clear and 

alive for two years even back home in his political environment. 

 

Urban Dynamics work led later to the World Dynamics and Limits to Growth projects and to 

the System Dynamics National Model program. 

 

5.1.2 World Dynamics 

The Club of Rome invited Jay Forrester to a meeting in Bern, Switzerland. The Club of Rome 

is an organization who is devoted to solve the "predicament of mankind". Who examines the 

impacts of the increasing demands on the carrying capacity of earth and the global crisis due 

to the over-use of the earth's sources of renewable and non renewable resources by the world's 

exponentially growing population. He was asked if system dynamics could be used to address 

the predicament of mankind, the answer was that it could. Eagerly the first SD model draft of 

the world's socioeconomic system was created on the plane back and was refined before 

showed to members of the Club of Rome that visited MIT. The model called WORLD2 was 

published in 1970 in a book titled World Dynamics [Forrester 2000]. 

  

World Dynamics (WD) drew an enormous amount of attention; the model mapped important 

interrelationships between world population, industrial production, pollution, resources, and 

food. It showed a collapse of the world socioeconomic system sometime during the twenty-

first century, if steps were not taken to lessen the demands on the earth's carrying capacity. 

Forrester had also been able to use the model to identify policy changes capable of moving 

the global system to a fairly high-quality state that is sustainable far into the future.  
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As a result of the attention of WD, an extended study of the predicament of mankind via SD 

was funded by the Club of Rome. Forrester was deeply committed to extend his UD project at 

the time and suggested Dennis Meadows, one of his former Ph.D. students, to conduct the 

study instead. Despite a more elaborate model, called WORLD3, it generated the same 

fundamental behavior modes and conveyed the same fundamental messages as WORLD2. 

The model was published in a book titled The Limits to Growth and received even more 

world-wide attention than WD [Forrester 2000]. 

 

In 1991, three of the original authors of The Limits to Growth redid the study in preparation 

for the twentieth anniversary of the book's publication. The results were published in a book 

titled Beyond the Limits [Forrester 2000]. The revised system dynamics model created for the 

study was named WORLD3-91. Once again, the results presented in Beyond the Limits were 

consistent with the results presented in WD and The Limits to Growth, although Beyond the 

Limits included a significant amount of numerical data that did not exist when the original 

studies were undertaken. Beyond the Limits also contained a careful presentation of 

arguments aimed at counteracting the criticisms that were directed at the earlier world 

modeling books.  

 

5.1.3 K-12 Education  

A project aiming at extending SD into education was named K-12, which name mean from 

kindergarten to twelfth grade, has been one of Forrester's great efforts in the field. K-12 began 

when Forrester's original MIT mentor Gordon Brown many years after retiring from MIT 

introduced system dynamics to teachers in the Tucson school system, during the late 1980s. It 

was a great response, system dynamics spread through the entire school district. Today SD is 

used to learn in subjects like Shakespeare, economics and physics. The Tucson school district 

use SD to be more of a learning organization. [U.S. Dep. 2006] 

 

Using SD in K-12 education seems to have gained land and future appears nevertheless 

promising. Material is wide spread over the Internet and teachers of many geographical areas 

have already started to integrate SD into their classes. This today wide spread use, points on 

the opportunities for the future of the public sector and corporations, when these kids grow 

up; probably viewing on future problems in a more systematic way in the view of SD. 

 

5.1.4 The System Dynamics National Model 

The System Dynamics National Model is a product that has come from the work with The 

Urban Dynamics book. The SD approach to economic systems is very different to previous 

understandings in how economic behavior arises, identifying the internal structure of the 

system. Simulation is used to demonstrate how the interrelations generate the economic 

behavior being observed. It is not like the approach in conventional economics using models 

based on statistical data; that depend on historical exogenous time-series (a macroeconomic 

structure) to show models behavior.  

 

In the spirit of Forrester’s works “emphasis on connecting research to actual practices in the 

operating world” “the National Model contains policies that can be observed in managerial 

practice in corporations, banking, households, and government” [Forrester 2000]. And it has 

shown that the model generate actual major system behaviors in a feedback system which is 

only using endogenous variables. These major parts are; “business cycles, inflation, 

stagflation, growth, and the economic long wave or Kondratieff cycle”. Very interesting is 
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that the model shows the typical business cycles with peaks 3 to 10 years between them and 

the Kondratieff cycle with peaks 45 to 60 years between them. This makes the National 

Model being the first model to supply with a theory “for the economic long wave”, which is 

believed to cause the great depressions to modern economy, around the years of 1830, 1890 

and 1930. It is the major interactions of “capital investment, saving, monetary policy, real 

interest rate, and speculation”, that causes the long wave. 

 

At the MIT they run a research project funded by corporations and private individuals and is 

called “The National Model Project”. It uses Jay Forrester’s model, and aims at giving the 

attendees “a better understanding of how the U.S. economy works” [MIT 2]. The SD National 

Model is used as a tool to find how to build a bridge between microstructure and macro 

behavior with an aim to find the interactions of local structures and decision-making policies.  

 

 

5.2 Organizational Applications 

The general approach of the SD methodology is to improve organizational performance. SD is 

to simulate how improvements can be achieved, and as presented in previous chapters SD can 

be used in several fields. The original field is the organizational one, which started with 

Industrial Dynamics, and it is also the most common application area for SD.  

 

The first step in the enterprise design approach (EDA) is to identify the problem undertaken, 

and it is from that the modeler has to create the structure around the problem definition. The 

result of following the EDA will be that the SD model only contains the affecting variables of 

the very problem. The finesse though is that the interrelations in the structure of the problem 

also are under consideration in the model. SD will facilitate the process of developing the 

organization. Making the model will give knowledge, and testing of improvements on the 

model will give even greater knowledge and will probably lead to findings of possible 

improvements. This process may perhaps seem very simple, but thinking on the task one can 

easily guess that it is hard and time consuming.   

 

It is very much up to the modeler what kind of organizational application that is chosen; 

actually the kind of organizational application depends on the character of the problem. 

Theoretically there are no limitations for how to, or in which area of the organization SD can 

be used. Any problem that in somehow can be transformed into quantitative values and 

validated to carry the characteristic behavior of the actual system through SD simulation can 

be considered to be a possible organizational application.  

 

As stated in chapter 3.1 “Upspring of Philosophy and Methodology of SD” it is not the 

physical variables that affect system behavior most. Forrester found that “more subtle 

considerations like the top-management influence structure, leadership qualities, character of 

the founders, how goals of the organization are created and how the past traditions of an 

organization determine decision making. These subtle considerations represented over 90% of 

the variables in the corporate growth model, common used physical variables were capacity, 

price, quality, and delivery delay.” 
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5.2.1 The Learning Organization 

A well known work of organizational application using methodology of SD is the book of 

Peter Senge, “The Fifth Discipline, The Art & Practice of The Learning Organization” 

[Senge 1990]. The Fifth discipline book aims on that the fifth discipline is systems thinking, 

systems thinking has grown from SD and they are in very close relation. When reading the 

book one can make the conclusion that system thinking is an approach that strives for 

enhancing people’s mental capacity. The platform is how our mental models affects our 

thinking, how structure in systems around us is the source for the occurring problems, that 

people in a way are caught in a behavior that actually depend on the system structure. For 

instance in a distribution system in which people depend on each others actions, all act on 

good intentions but still the structure of the system can hide causes which will have bad 

affects and the good intentions fail. Such phenomena is ordering more ahead to assure getting 

what ordered, but the result will probably be longer delivery time for all customers to the 

manufacturing unit and the spin off goes on in every distribution point. 

 

The key to overcome these problems is to facilitate for organizational learning. And that is 

made through systems thinking and the other core disciplines for building the learning in the 

book organization are:  

 Personal Mastery 

 Mental Models 

 Shared Vision 

 Team Learning 

 Systems thinking (the fifth discipline that close the circle) 

 

Systems thinking and SD are so related that they almost are the same thing, systems thinking 

uses all the truths about systems that have been found through SD. We can for example line 

up the “Laws of the Fifth Discipline” [Senge 1990], they are:  

 Today’s problems come from yesterday’s “solutions.  

 The harder you push, the harder the system pushes back. 

 Behavior grows better before it grows worse. 

 The easy way out usually leads back in. 

 The cure can be worse than the disease. 

 Faster is slower. 

 Cause and effect are not closely related in time and space. 

 Small changes can produce big resultsbut the areas of highest leverage are often the 

least obvious. 

 You can have your cake and eat it toobut not at once. 

 Dividing an elephant in half does not produce two small elephants. 

 There is no blame.  

 

This book is mentioned and referred to in many research papers, and it is one example of an 

application of organizational character. Still this book has in some way made its own career in 

the subject of the learning organization, but it would not be if SD were not.  
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5.2.2 Strategy  

“A system dynamics perspective has a powerful logic that offers substantial improvements in 

dealing with issues in strategic management, whether one-off challenges or the continuous 

direction of enterprise strategy” [Warren 2005]. Kim Warren teaches in Strategic 

Management and won the 2005 year Jay Wright Forrester award. He strives to "promote mass 

dissemination of the dynamic resource based view of strategy" [www.strategydynamics.com]. 

Warren has a background in strategy management and has developed a method called 

Strategy Dynamics which are based on the methodology of SD. Since he has great believes in 

the power of SD his research has resulted in development of this method to spread a way to 

increase usage among management in companies. Warren wants to change that there still is no 

representation of dynamic based tools in the top 50 management tools used by management in 

the 2005 survey of Bain & Co that have asked 960 global executives [www.bain.com/tools]. 

 

Strategy dynamics is represented by its own simulation tool, functioning as SD simulation but 

also presenting all graphs of simulation over time in the diagram of the model. One example 

of a model is seen in figure 62, [Warren 2005].  

5.3 Manufacturing Applications 

This literature review on SD has been undertaken with a manufacturing context in mind. Two 

different applications in this area have been studied, one qualitative and one quantitative. 

These examples serves as examples on SD applied in manufacturing. 

 

Previously SD have been mentioned to be a quantitative method, that when to model all 

relations in a system the variables have to carry a value. The outcome of a qualitative analysis 

is not measurable and can not be validated in the same approach as mentioned in the “Judging 

model Validity” chapter. The validation has to be of a more “approval” character. The 

approach that SD was invented for by Forrester was as the quantitative, to simulate system 

Figure 62, model of Strategy Dynamics [Warren 2005] 
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behaviors. Systems thinking came from the use of SD methodology but without simulation. 

From the beginning Forrester claimed that when making a model perception of the system and 

its behavioral will be gained [Forrester 1961]. As previously mentioned in the review it is 

when it comes to simulation that SD is a method with great capacity. Forrester self say that 

simulation is the only method to find out how systems behave since they are so complex 

[Forrester 1961]. 

 

5.3.1 Qualitative Analyzing Using SD  

The SD approach is in three steps; firstly the connection to some generic structures or 

structural factors that cause the conflict, secondly analysis result in a CLD (Casual Loop 

Diagram) to visualize the relations of the problematic structure found, and thirdly the answers 

to improvement. 

 

A paper “Analyzing the Conflict between Production and Manufacturing Engineering: A 

System Dynamics Model” [Lu & Maani 2005]. This reviews a field study at a company in 

Singapore. The paper describes the background and some key notes: 

 Production (P), utilize the daily work responsible for the throughput. 

 Manufacturing Engineering (ME) is the developing function and is responsible for 

difficult problem solving and the design of new production processes. 

 The two bodies have different aims; P wants a stable process and focus on production 

output, ME wants to improve and focus on changing the production line. Together 

they are responsible for that production work smoothly. 

 

“The structural factors for potential conflicts” are stated through theoretical in-depth case-

study sampling. The responsibilities are overlapping and the asymmetrical relationship 

between the bodies is the underlying structural factors to short-sighted behaviors and may 

result in departmental tensions. The analysis finds three conflict types that cause short-sighted 

behaviors that both bodies are doing: 

 Burden shifting 

 Fighting for resources 

 Corner cutting 

 

The behaviors are described in the paper and rise in some empirical findings quoted here: 

1.1 “Because of imbalance in functional capability, the different and common responsibilities 

and the asymmetrical political power, there is a tendency for P and ME to conduct “burden-

shifting” behaviors for ambiguous tasks and most such behaviors are conducted by P.” 

2.1 “When there is a shortage in resources, because of P’s having more control over resources 

and resource utilization uncertainties, there is a tendency towards P being unwilling to release 

process resources to ME,” 

2.2 “Because of Empirical Finding 2.1 and ME’s control in technical judgment, there is a 

tendency for ME to request more than it needs.” 

3.1 “Under high throughput pressure, there is a tendency for P to cut corners.” 
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Figure 63, The Conflict Model [Lu & Maani 2005] 

 

3.2 “When there is a shortage of resources due to Empirical Finding 1 (burden shifting) and 

Empirical Finding 2 (resources fighting), there is a tendency for ME to cut corners.” 

3.3 “Corner-cutting activities hit ME harder because handling the resulting process problems 

can become ME’s responsibility due to the responsibilities of and asymmetrical relationship 

between ME and P, and Empirical Finding 1 ((burden shifting).” 

 

The dynamics of the P-ME conflict is modeled in a CLD (casual loop diagram) with the aim 

to show the short-sight behavior that has been the findings of the case-study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Loop 1:  

“(B1, a balancing loop, labeled as “P’s Short-term”)”. “The throughput gap and resultant pressure trigger P’s 

short-sighted behaviors which relatively increase the resources allocated to boost the current throughput number 

but reduce the resources allocated to support ME’s necessary development/improvement (or, an increase of the 

ratio). This is a quick and short-term solution to gain more performance credits for P.”  

 

Loop 2:  

“(B2, a balancing loop, labeled as “ME’s Short-term”)”. “The outcome gap of ME and resultant pressure trigger 

ME’s short-sighted behaviors which increase the ratio of the resources allocated to ME’s own tasks to the 

resources allocated to line support to P. This can increase short term performance credits for ME.”  

 

Loop 3:  

“(R1, a reinforcing loop, labeled as “Long-term Side-effect”) has 6 variables and a delay element. The reduced 

allocation of resources of P to support ME harms the “outcome of process development and improvement”, 

which, after a delay, comes back to negatively affect process execution and throughput. This is very likely to 

result in more pressure on P and more P’s short-shorted behaviors.”  

 

Loop 4:  

“(R2, a reinforcing loop, labeled as “Vicious Circle”), including all the variables in the diagram, goes along the 

rim clockwise. The situation becomes worse and worse since ME’s short-sighted behaviors and P’s short-sighted 

behaviors harm the performance of the other party and thus cause more short-sighted behaviors.”  
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“Loops 3 and 4 are reinforcing and “vicious” in nature because they start from the “negative” 

variables (short-sighted behaviors) and then, after a loop back, reinforce the variables. 

Sterman (1989) explains it as such: Qualitative behavior is a function of the feedback 

structure in which it is embedded; people tend to make decisions for local optimization, and a 

delay in the feedback loop may further blind people’s global mind. An interesting note here is 

that, the existence of Loop 4 relies on the existence of both ME’s and P’s short-sighted 

behaviors, but the existence of Loop3 relies only on the existence of P’s short-sighted 

behaviors. That is to say, “P’s short-sighted behavior” is a stronger enabling (or disabling) 

factor”. [Lu & Maani 2005] 

 

The paper refers to [Senge 1990] regarding that it is the systemic structures that cause our 

pattern of behavior and that in turn the influence on the individual level of how we act. The 

authors of the paper therefore make the conclusions: 

 “it is not the individual managers, operators or engineers who cause the conflict, but 

the underlying mix of ambiguous goals and political asymmetry built into the 

structure”  

 “to mitigate short-sighted behaviors and conflicts, management needs to alter the 

systemic structure rather than teach individual people how to get along”  

 

The company has a successful operations strategy; therefore changing the underlying structure 

is unlikely. Instead the authors of the paper show how the company manages to handle this 

conflict without realizing it. It was the meeting structure that were the general method used 

for conflict resolution, but it was the characters of the managers involved that made the 

meeting structure to succeed the way it did. That their characters were the key was unknown 

and the cause to the success of the company despite the constant conflicts. These insights are 

added in the new model including three new variables (figure 64):  

Figure 64, “The Conflict Model: Cause and Resolution” [Lu & Maani 2005] 
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 “management intervention (arbitration),” (a quicker and short-term solution) 

 “ME’s capability (quality and time improvement in process development, and ME’s 

technological advancement) and” (a fundamental long-term solution)  

 “P’s capability (quality and time improvement in process execution, and P’s 

technological advancement).” (a fundamental long-term solution) 

In the model they are placed so the effect will be increasing capability when facing 

performance shortfall (P) and increasing pressure for improvement (ME), and that short sight-

behavior is controlled by management intervention. 

 

Sum up of the answers to the conflict and improvements from paper say that: 

 Tensions between P and ME were increased due to the operations strategy to meet 

both cost and flexibility. Reinforcement was through the structural factors causing the 

short-sighted behaviour.  

 And when now being aware of the underlying structure we can act on the strategy to 

hold the conflict on a reasonable level. The conflict “should be regarded as a necessary 

“evil” for the plant to sustain competitiveness”. This is made through investments in 

increased capability and technology and management intervention. In turn the conflict 

will not grow larger and cause low throughput. 

 “Conflict resolution would be easier if long-term solutions (process development) 

were considered equivalent to short-term solutions (increasing throughput)”…”a need 

to recognize ME as a primary function equivalent to P, and treat it accordingly when 

requesting resources.”…“might encourage the ME function to produce better long-

term solutions that would provide success for the entire product realization process.” 

 

5.3.2 Quantitative Analyzing Using SD  

In a paper presented by Andreas Gröβler, “An Exploratory System Dynamics Model of 

Strategic Manufacturing Capabilities” [Gröβler 2005], the strategic capabilities in 

manufacturing that was identified, such as cost, quality, delivery and flexibility. The paper 

tries to demonstrate how these capabilities relate to each other and to the performance of a 

company, since it is a debated question on how they relate and what the consequences from 

their relations are. 

 

The supportive development efforts that are put in the capabilities by management are the 

increasing flow to the different levels (see figure65 on next page). The effectiveness on the 

outcome from that effort is depending on the other capability levels. That in turn translates the 

effort from management to a supporting or an inhibiting factor. One example of how it works 

for delivery and cost: “delivery supports the development of cost, meaning that whenever 

delivery is greater than cost, any effort put on cost is effective and amplified by the favourite 

relationship between the two. However, if cost is greater than delivery, the basis for further 

improvements in cost is missing, meaning that any effort put into this capability is dampened 

and not effective. Delivery is affected by cost only, when the level of the cost capability is 

greater than that of delivery: with many cost capability measures in place, delivery can hardly 

be improved effectively. Between cost and flexibility only a trade-off or inhibiting relationship 

exists: improvements in one of the two, inhibits further improvements in the other.“ [Gröβler 

2005] 
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Figure 65, Exploratory SD model of strategic capability hierarchy [Gröβler 2005] 

 

The quantification of these relations is made with help from an International Manufacturing 

Survey, a study of 465 manufacturing plants from 14 countries. This study defined the 

structure that was modelled. Another theme on data that the paper reasoned about was: “when 

to map and when to model”. It aims on if SD is to be used for qualitative or quantitative 

models, and refers to different points of views. That a complex model (based on human 

cognitive skills alone) is impossible to simulate is not denied by most qualitative model 

modelers, but they claim that just mapping a system structure has value. And that a 

quantitative model due to lacking empirical data can lead to misleading results and 

conclusions. The other group, the quantitative model modelers believe mapping is useful, but 

also that using simulation of a quantitative model adds further knowledge about the system. It 

is true though “that validation exploratory simulation models is a crucial but difficult 

endeavour”. Especially in models when no historical data exists to compare with. Further is 

the advantages presented when simulation of systems use an exploratory approach, not 

intending to directly compare with the real-world system but to explore it. The advantages are 

as follows: 

 “More than causal-loop diagrams and other tools from qualitative modelling, a fully 

quantified simulation model demands that underlying assumptions about relations 

between variables are made explicit, i.e. simulation improves the clarity and the depth of a 

model.”  

 “Possible behaviour modes of the model can be generated by simulation which helps to 

gain insights into the dynamic consequences of the assumed (cause-effect) relationships 

(Lane [2000, 17] names this a paradox: “the results of a quantitative system dynamics 

study are qualitative insights”).”  
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 “Analyses of simulation results offer an additional way to detect inconsistencies in the 

model.”  

 “By use of techniques such as optimization, units check, sensitivity analysis, etc. further 

confidence in the validity of the model can be gained and critical parameter settings can 

be identified, thus allowing for additional empirical research or refined estimation.”  

Gröβler argue that these advantages are enough to justify using an exploratory approach on 

modelling; at the same time also declaring that “the possible dangers of exploratory models of 

theories should have been made clear as well. First, validation is more difficult and second, 

the transfer to the behaviour of real-world systems can only be made in principle: the 

behaviour of any specific, real system will most probably deviate from the behaviour of an 

exploratory simulation model.” [Gröβler 2005] 

 

The simulations of the 

model test which of the 

four capabilities that are 

best to put effort in 

developing. It is effort in 

“Quality” that clearly is 

most supporting on total 

performance. A test that 

mixed the efforts in 

different time sequences 

(figure 66) was made and 

showed the best result. At 

first it put most effort in 

Quality then at 40 months 

attention was shifted to 

delivery and then at 70 

months to cost (flexibility 

would have the same 

effect).  

 

The conclusion from the author included “the exploratory SD model was able to support the 

investigation of the ‘law of cumulative capabilities’”. That experiments on model enabled 

examination on the dynamic implications of the manufacturing capabilities theory. And its 

short-comings could be identified and the different policies’ consequences tested. 

Figure 66, Development of performance under different effort 

policies [Gröβler 2005, p 13] 
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6. System Dynamics Computer Simulation 

 

To enable SD computer simulation of course all four foundations of SD previously mentioned 

are vital. Feedback control theory aspects and the decision making processes have strong 

bounds with the methodology of SD, without those two parts computer simulation would not 

be possible. Each part of a complete model build up feedback loops as described in SD 

methodology chapter. And we now know that our feedback structure is built up by the 

decision making processes of the system and that it is the structure together with delays that 

determine the behavior (amplification) of the system. The “Experimental Approach” is 

possible to enable through “Digital Computer” simulation, and it is those two foundations of 

SD that will be treated in this part of the report.  

Despite the first paper and pen usage of SD by Forrester in 1950s the complexity of models 

forces to use computers to act out the change through time (dynamics). “Even quite small 

models contain thousands of loops” for example the world model mentioned in chapter 5.1.2 

contains nearly 2000 loops [Coyle 1998].  

 

 

6.1 Simulation Technology 

In the days when industrial dynamics was written, much expensive computer time was spent 

on simulation of the dynamics of a system model. Besides that, there were not many available 

hours of computer capacity [Forrester 1961]. Today one can download computer programs to 

simulate SD from the Internet. And computer-hours are no longer a merchandize; instead 

computers are almost in every ones possessions.  

 

It was mentioned previously in the history chapter that the first simulation started with pen 

and paper, and that the two first SD simulation programs were developed in the late 1950s and 

early 1960s. The first simulation software was SIMPLE (Simulation of Industrial 

Management Problems with Lots of Equations), and soon after came its improved version 

DYNAMO (DYNAmic MOdels) which has been the industry standard for over thirty years.  

 

When SD was introduced to K-12 in the 1980s the education software STELLA was used. 

Today there are four great software used, STELLA II, iThink, Powersim, and Vensim [Road 

M0]. Simulation examples and figures in this report are performed by a free version called 

Vensim PLE and can be downloaded from (www.vensim.com). It is a version for academic 

use and do not have all the functions of the full software. A good free start to SD simulation is 

provided, containing famous models and other models together with a complete instruction 

manual.  

 

In terms of which computer program to use in which context [Alessi 2000] points it out like 

this: In teaching environments for younger students use STELLA, due to the friendly user 

interface and the more experience from others that have used STELLA with school age 

students, to as low as grade 5. In business environments on the other hand Powersim or 

Vensim are preferably recommended. 
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6.2 Inside a SD Simulation Software Program 

Reading the “System Dynamics Methodology” chapter you will run into almost all basic parts 

that together make computer simulation possible. In this chapter those basic parts will be 

summered up, and related to the simulation technology used for simulations of SD models. 

 

Feedback Information Control Theory: Sets up the rules for how SD methodology works and 

in simulation of course those rules have to be followed. For example when built a model it is 

not possible to run a simulation if it is incomplete, it is an automatic test if the feedback 

interconnections are possible to simulate. The model has to be a closed loop and all 

interconnections defined with mathematical relations. All these “obligations” are built into the 

program software so failures due to breaking the SD methodology will not happen. But that 

does not help the modeler in terms to contain the right stuff in the model, which still is open 

for failures. Perhaps can the model be simulated but not with satisfying results. 

 

Decision Making Process: Defines the mathematical relations due to how the interrelations 

are in the actual system. The modeler transforms them into the basic building parts described 

in chapter 4.3 “Building parts of SD Modeling”, and selection of what to include can be read 

about in chapter 4.5.3 “Decision Making Process”. It is what to include that is the hardest 

part, and how “what to include” is interrelated with each other. 

 

Below a step by step story of a small cut of a model and how that part of model is built up in 

the software. Very small but still enough to give a picture.  

 

Figure 67 display the section of a model 

called Employment Instability Model, 

[Chung 1994]. It contains one level, one rate, 

two constants and arrows that connect to 

other parts of the model not seen here. When 

the different building parts are constructed in 

the program, the type of building block is 

chosen in the toolbar. “Box variable – Level” 

to place a level, 

“Rate” to place a 

rate, “Variable – 

Auxiliary/Constant” 

to place either of the 

two, which one it 

becomes depends 

on whether you 

connect them in the 

feedback loop 

(Auxiliary) or not 

(Constant).  

 

Figure 69 show the 

window for setting 

the level equation. 

The “Production 

Less Sales” (PLS) 

can be chosen from 

Inventory

Production Less

Sales
Sales

Initial Inventory

Figure 67, basic parts of model [Chung 1994] 

Figure 68, a frame of editing equation for the level “Inventory” [Vensim PLE] 



 69 

a list and that thanks to the connecting arrows. PLS is the variable of the rate and is chosen to 

be integrated ( “=INTEG (“ ). The variable “Inventory” can be chosen as well if the level of 

inventory in some way would be needed in the equation, for instance a simple model of a 

bank account uses the level-variable (Money in “Bank account” + “Interest”).  

 

The “Initial Value” can be written with a number, or be a constant that is connected to the 

level in the model, like in this example. When putting the marker in the field the possible 

variables to choose appear in the “Choose Initial Variable”-window.  

The “Type” is pre set as level since you choose to build a level with this part when 

constructing the model. “Units” must be printed but can be named anything. “Comment” 

when modeling it can be good to know 

what the equation stands for to enhance 

understanding for any who might study it. 

 

Figure 69 show the window for setting the 

rate equation. Here no initial value can be 

set, but in the window where “Normal” is 

printed you can choose “with initial”. The 

procedure is the same, choose the 

variables to contain the rate equation and 

in the relation they are to be affecting in 

the equation. In this very equation we 

want to find out “Production Less Sales” 

and therefore choose the variable 

“Employment” times “Productivity” to 

calculate total production and from that 

we minus “Sales”. Now the rate equation 

will be the inflow to “Inventory” or use of 

“Inventory”. 

Auxiliary is the pre chosen “Type” for a 

rate equation. “Units” is printed and space 

for “Comment” is left out from the frame. 

 

Figure 70 show the window for setting one 

of the constants. Here no Initial Variable 

can be chosen since the constant has no 

connecting arrows to it; if that would be 

the case it would not be a constant but an 

auxiliary. Instead just print constant value.  

“Type” pre chosen as constant, and print 

“Units”, and space for “Comment” is left 

out from the frame. 

 

In these equations it is also possible to 

include “Functions” as seen in figure 71 if 

needed. Figure 72 show some more logical 

conditions to choose between when to edit 

the equations. 

 

 

Figure 69, a frame of editing equation for the rate 

“Production Less Sales” [Vensim PLE] 

Figure 70, a frame of editing equation for the constant 

“Sales” [Vensim PLE] 

Figure 71, a frame that show some Functions possible to 

include in equation [Vensim PLE] 
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When rest of the equations of the model 

have been set there are only one thing 

left until simulation can be done, the 

Model Settings as seen in figure 73. 

Initial time and final time sets the 

interval for the run of the simulation. 

Time step is the solution interval DT and 

is set short enough (<1/6th of the shortest 

3rd order delay), if it is set shorter, no 

problem. Last set is units for time and 

depending on what to model 

the correct time unit is 

chosen. 

 

Now simulation can be 

performed and if all rules are 

fulfilled the run will succeed 

and it is possible to set a 

graph that can show the 

information you want to 

monitor. In figure 74 the total 

window frame shows the 

model which the example 

above is described from and the graph shows how the behavior are, in this case the 

levels/stocks in the model. 

 

 

Figure 72, a frame that shows some More logical relations 

[Vensim PLE] 

Figure 73, a frame that shows Model Settings [Vensim PLE] 

Figure 74, a window frame in the free version for academic use of Vensim, [Vensim PLE], [Chung 1994] 
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This is the basics in the simulation software of SD modeling, and there are several more 

functions of course but it will not be brought up in this report. But this very model is further 

explained in chapter 6.4 “Example of a Generic Structure”. 

 

Experimental Approach, it is the process of which a model can be assumed to be accurate 

enough to contain what needed to be a close representation to the actual system. It also 

includes the process after that, to find the improvements of such system (or solution to the 

problem undertaken). The model above can serve as an example. An improvement would 

certainly be to change the model in ways to get rid of the oscillating behavior showed in the 

graph. Simulation makes it possible to find the improvements of the model through testing of 

either changes of structure, which on actual system can be a changed information flow or 

something affecting a decision making process. The modeling phase will in many ways 

enhance the modelers understanding of the system/problem undertaken [Forrester 1961]. And 

the experimental phase will do so for certain. 

 

Digital Computers, without the computer the experimental phase would take ages, even the 

construction of the model would. It is not hard to understand the importance of the fourth 

foundation in SD. 

 

Fortunately this chapter enlightened how vital the role of simulation is in SD. It has also 

provided the basics in how simulation in an actual software environment works. And we also 

can summarize that: the better one has defined the decision making processes of a system, the 

greater possibility that the simulation will succeed. And that simulation gives “data” to 

validate on if model can be determined to be accurate enough for approval, see chapter 4.6 

“Judging Model Validity”. 

 

 

6.3 Simulation do not Limit the Areas of Applications  

When the previous chapter is read one can understand that the computer simulation software 

to simulate SD models itself do not limit which systems to simulate. It is the ability to make 

quantitative measures of systems that limit. The question of what can be considered 

quantitative, limits simulation more than the simulation software limit what can simulated. 

These questions where brought up in the first SD book, Industrial Dynamics [Forrester 1961] 

and have ever since. Forrester points on the vital role mental models play in systems, and 

mental models are also treated in psychology to explain why people behave the way they do. 

This is in brief mentioned in the chapter of “Mental Models” previously and neither will be 

developed here further.  

It is also vital to understand that SD does not aim on telling the absolute truth of systems. 

Meaning that the mental models of people that have contributed to a model construction of a 

system neither can be stated telling the absolute truth. This is quite complex but one can also 

forestall it the other way round: The mental models in peoples heads with their background 

make them act the way they do, all work together in an organization, creating the common 

mental models of how they and information interrelates in the organization. This common 

mental model is the one revealed to the investigator aiming on making a SD model of the 

system undertaken. A model of such system will probably be set together as the people in it 

understand how things are interrelated. Whether it is the truth or not, it is the way it is 

mentally understood by system itself. What SD aims on is to understand how the structure 

causes the behavior. 
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Returning to the issue of quantitative measures Forrester writes “Decisions are not entirely 

“free will” but are strongly conditioned be the environment” [Forrester 1961]. All decisions 

people take are somehow due to the circumstances, this mean that for a certain structure the 

conditions rule the actions. Decisions as mentioned in chapter 4.5.3 “Decision Making 

Process” can be either overt (chosen decisions) or implicit (forcing decisions). The implicit 

decisions seem to be of quantitative character, and the overt of the character related to the 

quote from Forrester above.  

 

The conclusion of this could be that SD is not limited to areas of applications but to how large 

extent we can come along with the presumptions that the modeler has to make, to formulate 

the quantitative measures within the model. This judgment must also be in relation to how the 

real system behaves.  

 

 

6.4. Two Examples of one Generic Structure 

The generic structures in oscillating 

systems have an underlying two-level 

structure seen in figure 75. The 

stocks/levels are the two states of the 

system that shows the behavior.  

 

The two examples in this chapter are 

both consisting of this generic 

structure with two levels, they show 

the same phenomenon but are from 

two different fields, physics and 

management. The models are built up 

in a shareware program called Vensim 

PLE, and the model structures are from 

[Chung 1994].  

 

The pendulum oscillation has the generic structure of sustained oscillation. This model 

contain some simplifications, firstly no friction is affecting the pendulum and secondly the 

movement of the pendulum is assumed being horizontal 

not swinging in a bow (possible due to a long rod and 

short “gap”). 

 

Figure 76. The first level represents the position, the 

distance (X1). The second level represents the velocity, 

the varying speed which is zero in the position seen in 

figure 76. Velocity increase until the vertical mode is 

passed and slows down to zero again. Normally this 

eventually slows down to equilibrium but that is left 

outside this example. 

 

 

 

 

 

Figure 75, Generic Structure for Sustained 

Oscillation [Chung 1994] 

Stock 1

Stock 2

Net Flow 2

Net Flow 1
Factors

affecting

flow 1

Factors

affecting

flow 2

Figure 76, to describe the 

pendulum move [Chung 1994] 
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Figure 77 show how the model is built up, 

and compared to the generic structure we 

see that the model do not have “Factors 

affecting flow 1”, but the connection from 

“Stock 1” to “Flow 2” is containing an 

auxiliary equation that compare the 

“position” to “desired position” to correct 

the “gap”. “Gravity” and “length of 

pendulum rod” are factors that together with 

“gap” transform the physical equation to 

”change in velocity” which actually is 

acceleration.  

 

velocityonaccelerati  DT  

and position"in  change"velocity   

and distancevelocity  DT  

and distance is represented by state of position. 

 

The behavior of this model is 

seen in figure 78, typical for 

the generic structures in 

oscillating systems behavior, 

the maximums and 

minimums of the graphs are 

at the point on the other 

graph’s steepest change.  

With other words the 

pendulum passes the vertical 

position at the point when 

velocity is the highest and 

when the pendulum is most 

far away from the vertical 

position (maximum value of 

position) the velocity is zero. 

 

The employment instability model, [Chung 1994] also has the generic structure of sustained 

oscillation. This means that in this model the two driving factors that sets the behavior is 

having a lot to do, hiring people, and not much later having less to do and therefore are forced 

to start firing people, which in turn leads to less will be produced to inventory and we need 

more people to manage to produce enough and so on. Even if the desired level of inventory 

stays constant and productivity per employee stays constant and having constant sales this is a 

fact.  

 

In the model example in figure 79 (next page) the two driving forces are inventory and 

employment. The model describes how they can relate to each other. In the model we have 

the two stocks and rates, and three auxiliaries, and five constants, and two explaining initial 

value constants (they can be part of level equation as well).  

 

 

 

Position

Velocity

Change in

velocity

Change in

position

Gap

gravity

Length of

pendulum rod
Desired

position

Figure 77, Pendulum Oscillation model 

[Chung 1994] 
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Figure 78, Graf of Position and Velocity [Chung 1994] 
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Compared to the generic 

structure we see that the model 

has “Factors affecting flow 1” 

including the employment level. 

The connection from “Stock 1” 

to “Flow 2” contains of three 

auxiliary equations that first 

compare the “Inventory” to 

“desired inventory” to correct 

the “gap”, and secondly a delay 

that sets rules for “Production 

needed to close Gap”, and 

thirdly an equation that due to 

“Productivity” and the needed 

production tell the “Number of 

people needed for Hire”. “Flow 

2” act on that last variable and 

again a delay, a “Hiring Delay” 

affect how “Net change in 

employment” will change. “Flow 

2” build up “Stock 2” which is “Employment” that in turn is one of the “Factors” that affect 

“Flow 1”. “Production Less Sales” depend on production (“Employment” * Productivity”) 

compare to the “Sales”, the rest ends up in the “Inventory”. 

 

The behavior of this 

model is seen in figure 80 

and looks very much like 

the pendulum oscillation, 

typical for the generic 

structures in oscillating 

systems. For the time 

when number of 

employees is at its lowest 

point Inventory is at its 

steepest decreasing point. 

Right there employment 

needs to increase and by 

its steepest increase point 

inventory has its turning 

point from too little 

towards a maximum 

level. This pattern goes on and on, but different from the pendulum the time axel is years 

instead of seconds. Therefore the immediate identification of a sustained oscillation fails to 

come, but aware of SD generic types help to identify these underlying structures. 

 

This example is to show that oscillating behavior is a generic structure that is shared by 

systems that firstly are not thought being related at all. This is one thing that makes SD so 

interesting, that the generic structures of systems are shared even if one doesn’t think so at 

first. It also means that one can get to learn how to find these generic structures in other 

Figure 79, Employment Instability model [Chung 1994] 

Inventory

Employment

Net change in

employment
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Sales
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inventory

Production

needed to
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Delay
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Time to close

Inventory Gap
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Initial Employment

Graph of Inventory and Employment 
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Figure 80, Graph of Inventory and Employment [Chung 1994] 



 75 

systems. That is when you have learned which the generic structures are and how they work, 

thereto be open enough to find them in varieties of systems. 

 

These two level feedback loops, simple as they are, show the complex nonlinear behavior of 

shifting dominating feedback loop. One of explanations is that delays have the effect of 

creating instability in dynamic systems, especially when time delays exists in a negative 

feedback loop, then oscillation of a system tend to increase [Sterman 1994]. 

 

 

6.5 Applied Model on Assembly Capacity Planning 

This last chapter of the report is to describe a model that tries to describe a system at 

Arkivator, capacity planning of labor in the assembly area for a certain machine type. The 

purpose of including this model in the report is due to that, in the specification of this masters’ 

thesis, it was mentioned that if SD could take part in a future research project within CAPE 

(Industrial Graduate School in Advanced Production Engineering) a simple model would be 

developed. The purpose of model is mainly to be an example of a simple SD model rather 

than a model that is to undertake a problem and solve it according to SD methodology. 

 

The problem in capacity planning is the great changes of incoming orders. A good solution 

would of course be to help customer to regulate its market, but it is a major task and probably 

not applicable. Instead this model contains a two year period of “orders booked” that follow 

in somehow the past appeared curves of incoming orders.  

Model task is to take care of the incoming orders and simulate if performance due to the 

parameters are close to reality or not. To deal with the great changes of incoming orders we 

need fast adjustment to the changes, model contain some of those adjustment parameters and 

give proposals to other parameters that could be included. The model is quite simple and 

contain only two levels/stocks and a supplementary equation containing another level/stock.  

 

 

The enterprise design methodology approach, mentioned in chapter 3.4 have been used. 

 

1. Identify a problem. 

The problem that is identified and to be modeled is as mentioned above; control of work force 

due to the variation in incoming orders. 

 

2. Isolate the factors that appear to interact to create the observed symptoms. 

Orders entered, order backlog, work force, and produced orders seems to be major contributes 

to problem situation. 

 

3. Trace the cause-and-effect information-feedback loops that link decisions to action to 

resulting information changes and to new decisions. 

Delivery time and lead time define how alert we need to be on changes, increase or decrease 

of work force is due to orders entered and possibilities to hire define time to change work 

force, which in turn define capacity to produce and possibility to deliver on time. 

 

4. Formulate acceptable formal decision policies that describe how decisions result from 

the available information streams. 

Order backlog define planning of work force, not orders booked (this to achieve feedback if it 

is needed to hire more ore less persons). Planning is in machines and indicated hires depend 
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on orders and mean assembly time per order. It is a delay to hire people and it is an average 

time delay. 

 

5. Construct a mathematical model of the decision policies, information sources, and 

interactions of the system components. 

Relations between model parameter were made to enable model simulation, follow will the 

description of model contents. But it will contain revised model contents (step 8). 
 

(01) orders booked =  

= 3  + STEP(2,8) + STEP(-1,11)  

 + STEP(-2,20) + STEP(2, 32)  

 + STEP(-1,40) + STEP(2,48)  

 + STEP(-3,50) + STEP(2,60)  

 + STEP(-1,68) + STEP(-1,73)  

 + STEP(2,81) + STEP(-2,92)  

 + STEP(1,99)  + STEP(-1,100) 

Units: unit/Week 

This variable is fixed and is customer 

orders input to model, value on 

graph in figure 81 is when order is 

booked, another variable (02) is the 

actual delivery time for orders. 

 

(02) Should be Delivered = DELAY FIXED(orders booked, Delivery Time, 3) 

Units: unit 

The same graph as in figure 81, but delayed with the delivery time, using the same initial 

value 3 (unit), it is a supplementary equation to show performance of model not part of model 

behavior. 

 

(03) Delivery Time = 4  

Units: Week 

Is input to equation above (02) and to variable “time until start of order” (20) but arrow is 

hidden. 

 

(04) orders entered = orders booked  

Units: unit/Week 

Is the inflow to order backlog level and equals the customer orders (01). 

 

(05) Order Backlog = INTEG (orders entered-produced orders,12) 

Units: unit 

The level show inflow minus outflow and initial value is 12 units (3 units times 4 week 

delivery time = 12). 

 

 

orders booked

6

4.5

3

1.5

0
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Time (Week)

orders booked : Current unit/Week

Figure 81, graph of steps in orders booked (01). 
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(06) produced orders = Produced units  

Units: unit/Week 

Produced orders are what make order backlog decrease and is delivery to customer (same as 

(07)). 

 

(07) Produced units = DELAY FIXED(Work in Progress, Lead Time, Work in 

Progress) 

Units: unit/Week  

This variable is when units are assembled, with a delay (lead time) on work in progress, initial 

value is 3 same as initial value of WIP (as in (02)). 

 

(08) Lead Time = 1  

Units: Week 

Production lead time in the assembly area for the certain machine type is about 1 week. 

 

(09) Work in Progress = 

= WITH LOOKUP (capacity of Work Force, ([(0,0)-(10,10)],(0,0),(0.999,0),(1,1),(1.999,1), 

(2,2),(2.999,2),(3,3),(3.999,3),(4,4),(4.999,4),(5,5),(5.999,5),(6,6),(6.999,6),(7,7),(7.999,7),(8,

8),(8.999,8),(9,9),(9.999,9) )) 

Units: unit/Week 

The use of lookups was learned 

in previous chapters and was 

found suitable to be included in 

this model. This variable take 

(10) variable and transform it to 

integers from 0 to 10 units, graph 

is represented in figure 82. This 

was made because it felt not 

correct to deliver parts of 

machines to customer, this 

lookup enable only complete 

units. 

 

(10) capacity of Work Force = Work Force*"capacity / person" 

Units: unit/Week  

The variable is transformed from work force to unit/Week by multiplication with capacity per 

person. 

 

(11) "capacity / person" = 0.3  

Units: unit/Week/person 

This constant is to transform variables units, the value is from calculation of assembly time 

per unit to unit/Week/person: (133,33 hours per unit (mean latest 18 units), lead time 1 week 

(40 hours), lead to 133,33/40=3,33 persons/unit/Week, lead to 0.3 unit/Week/person). This is 

represented by a certain machine type, and changes on this variable could represent 

improvements on assembly time to find what consequences will be. 

Figure 82, lookup graph in equation (09). 
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(12) Work Force = INTEG (net hires,10) 

Units: person  

Level work force is the state of number of assembly operators and is due to net hires with 

initial value 10. 

 

(13) net hires =  

= IF THEN ELSE((indicated hires+Work Force)<7, (7-Work Force ), IF THEN 

ELSE((indicated hires+Work Force)<10, indicated hires/WF adjustment time over capacity, 

IF THEN ELSE((indicated hires+Work Force)<13, (indicated hires)/WF adjustment time 2w 

in house capacity, IF THEN ELSE((indicated hires+Work Force)<15, (indicated hires)/WF 

adjustment time 4w in house capacity, (indicated hires)/New WF adjustment time 6w)))) 

Units: person/Week 

This rate equation contains extensive logic conditions and it is because the model assumed 

that we do not just have one delay on capacity adjustments but we have several. The first 

assumption is that if the change (indicated hires) and the state (work force) together is lower 

than 7 the iteration to the level is (7-Work Force ) which means that the state will never be 

lower than 7.  

This assumption can be made due to 

knowing how the production works 

in actual system and due to tests of 

model, for example in figure 83 it 

can be seen that value of work force 

do not get below 8 weeks when only 

containing one adjustment time to 

net hires.  

The rest of the equation says that the 

next step is 10 persons, and it is as in 

actual system 3 persons over 

capacity with maximum of 1 week 

delay to be part of production. Next 

step is 3 persons that can be 

transmitted from other part of factory that have assembly experience, the delay is 2 weeks that 

represent 2 weeks to get them and 0 weeks to learn. Next step is 2 persons that can be 

transmitted from other parts of the factory that have assembly experience, but with longer 

delay that represent 4 weeks to get them and 0 weeks to learn. Next step is as many it takes to 

get capacity and assumed having no assembly experience, delay represent 4 weeks to get them 

and 2 weeks to learn. (The assembly is divided into two levels of complexity as it is today; 

new staff is placed in the less complex one and are due to facilitating work instructions 

assumed to take 2 weeks until average capacity is reached). The different adjustment 

constants are below. 

 

(14) WF adjustment time 2w in house capacity = 2 Units: Week 

 

(15) WF adjustment time 4w in house capacity = 4  Units: Week 

 

(16) WF adjustment time over capacity = 1  Units: Week 

 

(17) New WF adjustment time 6w = 6 Units: Week 

Work Force

20

17

14

11

8

0 8 16 24 32 40 48 56 64 72 80 88 96 104

Time (Week)

Work Force : Current person
Figure 83, graph of work force with only one adjustment time 

to net hires. 
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(18) indicated hires = (Planned capacity need of Work Force-capacity of Work 

Force)/"capacity / person" 

Units: person  

Difference between planned and present capacity indicates hires and is transformed from units 

/ week to persons. 

 

(19) Planned capacity need of Work Force = Order Backlog/time until start of order 

Units: unit/Week  

This variable defines how backlog affect work force and delay allow using the “time until 

start of order. 

 

(20) time until start of order = Delivery Time - Lead Time 

Units: Week  

This variable is the time to manage the orders (planning and purchase).  

 

(21) Delivery result = INTEG (Produced units-Should be Delivered,0) 

Units: unit  

This is a supplementary equation to summarize and visualize delivery performance. 

 

(22) Further model settings: 

FINAL TIME  = 104 Units: Week The final time for the simulation. 

INITIAL TIME  = 0  Units: Week The initial time for the simulation. 

SAVEPER = TIME STEP Units: Week The frequency with which output is stored. 

TIME STEP  = 0.25  Units: Week The time step iteration for the simulation. 

 

The model finally became like in figure 84 (next page), and its equations are described in text 

above. The model contains only three loops and they are all negative, we do not have any 

reinforcing feedback in the model since incoming orders (orders booked) are fixed and not 

made so feedback can affect the variable. 

 

6. Generate the behavior through time of the system as described by the model 

(computer simulation). 

Behavior will be described below step 7 together with comparison to how things are in actual 

system. 

 

7. Compare results against all pertinent available knowledge about the actual system. 

Starting with the fixed customer orders, it is good to know that it is not exactly like in reality 

(figure 81, in equation (01)) but it follows a common pattern. In spring and after summer 

vacation it normally is high levels of orders and just before summer is the greatest down 

period together with winter. The average are seldom lower than 2 per week or higher than 5. 

The variation often come as a surprise but follows the common pattern described.  
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Figure 84, model of Assembly Capacity Planning at Arkivator. 

W
o

rk
 F

o
rc

e

ne
t 

hi
re

s

W
F

a
d

ju
s
tm

e
n

t

ti
m

e
 o

v
e
r

c
a
p

a
c
it

y

o
rd

e
rs

 b
o

o
k

e
d

O
rd

e
r 

B
a

ck
lo

g

o
rd

er
s 

en
te

re
d

( 
- 

)

( 
- 

)

ca
p

ac
ity

 /
p

er
so

n ca
p

ac
ity

 o
f

W
o

rk
 F

o
rc

e

P
la

nn
ed

ca
p

ac
ity

 n
ee

d
 o

f

W
o

rk
 F

o
rc

e

D
el

iv
er

y

T
im

e
in

d
ic

at
ed

hi
re

s

W
o

rk
 in

P
ro

gr
es

s

p
ro

d
uc

ed
 o

rd
er

s

W
F

a
d

ju
s
tm

e
n

t
ti

m
e
 2

w
 i
n

h
o

u
s
e

c
a
p

a
c
it

y

W
F

a
d

ju
s
tm

e
n

t

ti
m

e
 4

w
 i
n

h
o

u
s
e

c
a
p

a
c
it

y
N

e
w

 W
F

a
d

ju
s
tm

e
n

t

ti
m

e
 6

w

D
el

iv
er

y

re
su

lt

S
ho

ul
d

 b
e

D
el

iv
er

ed

P
ro

d
uc

ed

un
its

L
ea

d
 T

im
e

tim
e 

un
til

 s
ta

rt
 o

f 
o

rd
er



 81 

  
 

Figure 85 show model 

performance, it shows that 

produced orders keep well up with 

customer demand. Figure 86 is to 

clarify which of graphs that are 

produced orders. Figure 87 on next 

page is a sum up of those two 

variables and it shows clearly when 

we have over production (values 

over 0) and when customer need is 

not fulfilled (values below 0).  

 

In comparison with actual system it 

is common that when orders are 

full in production, new customer 

orders will have longer delivery 

time. There is a ramp up agreement 

that say more than a certain orders 

per week ramp up takes 8 weeks to 

fulfill instead of ordinary 5. This is 

not considered in the model. But 

we can see that if this ramp up 

situation would be part of model 

even better delivery result would 

be shown in the figures. As well 

would we have a feedback loop 

affecting the incoming orders that 

would smoothen it a little bit (a 

longer delivery time). 

 

Another aspect on the model behavior is that within Arkivator personnel are rather easy 

moved. Despite that it is not uncommon with confusion when orders size up, considering the 

Figure 85, comparison of production performance vs customer demand, also see figure 86. 

Performance of produced orders vs customer demand

6 units

6 units

3 units

3 units

0 units

0 units

0 8 16 24 32 40 48 56 64 72 80 88 96 104

Time (Week)

Should be Delivered : Current units

produced orders : Current units

produced orders

6

4.5

3

1.5

0

0 8 16 24 32 40 48 56 64 72 80 88 96 104

Time (Week)

produced orders : Current unit/WeekFigure 86, graph of produced orders only to clarify figure 85. 

Delivery result

6

3

0

-3

-6

0 8 16 24 32 40 48 56 64 72 80 88 96 104

Time (Week)

Delivery result : Current unitFigure 87, summarize of produced orders vs. customer 

demand. 
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work force increase. Often it is difficult to meet customer needs and delivery time is set 

longer than normal, despite ramp up agreements mentioned earlier. 

 

In the model though, delivery time is instead lowered from present 5 weeks to 4. But it is only 

possible due to that model only manages one of the machine types (of three) and assembly 

time is most stable on that type and also the lowest (the other machine types differ about 50 

and 80 man hours to the one in the model). In the model four types of work force adjustments 

are mentioned, first model contained only one. Using four different is a kind of way to define 

procedures of today and the shape up change is assumed not very hard to achieve. This 

definitely make model more alert to incoming orders and is partly in action today. We have 

for example two persons that have wider work obligations than assembly and are also 

considered helping when needed. How the work adjustment parameters work in the model is 

described in equation (13). 

 

8. Revise the model until it is acceptable as a representation of the actual system. 

The revise step was performed during modeling and included:  

 adding four adjustment delays policies for work force instead of one 

 the accurate setting of the value of capacity per person 

 dividing the delivery time (four weeks) on two separate ones, manufacturing lead time 

(one week) and “time until start of order” (three weeks) 

 adding a supplementary equation that compare the “supposed” delivery time 

(incoming orders and a added four week delay) with the delivery performance  

 

All together these revised material made the model more acceptable as a representation of the 

actual system. 

 

9. Redesign, within the model, the organizational relationships and policies which can be 

altered in the actual system to find the changes which improve system behavior. 

The purpose of the model was only to build a model that in somehow would describe a system 

somewhere at Arkivator; there were no obligations to redesign the assignment. But we can 

add some comments on things to include in the model to widen the perspective of 

performance of the assembly production unit. For example could a feedback loop that treats 

productivity issues be added, and it would affect equation (11) that in this model only is a 

constant. By that it could be seen how efforts in increasing productivity would affect the 

hiring staff issue. Also lead time (equation (08)) could be expanded with a feedback loop to 

reveal efforts in lead time reductions. For instance it was noticed from model that lowering 

lead time made variation in work force becoming less (that could be guessed) but the model 

also shows that it will affect delivery performance with more delays. With this parameter we 

could search for a level of lead time that could even out our over production but not be over 

acted so we suffer with delivery delays. 

 

The model proposes as it is made a redesign from start. The planning of work force is defined 

by the size of the backlog in the model and not on incoming orders. Planning that is defined 

on the backlog will facilitate in a better way to avoid too much over time. Otherwise, we will 

continuing having the situation of that we never catch up on delayed orders, always stressing 

in the end of each order (assembly of machine). The use of four adjustment parameters could 

also be defined in real system as it is today. A pre time defined set of rules “how to act” when 

orders size up from customer and “how to act” when to size down. This situation is faced 

twice a year and a set of rules would for sure facilitate next time changes.  
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10. Alter the real system in the directions that model experimentation has shown will 

lead to improved performance. 

This is left out of assignment since it was not part of task to fulfill. But it is read below step 9 

what things to start on to perform. The model could be analyzed and revised even more but it 

is also left out of the report. 
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7. Conclusion 

 

This literature review has given basic competence in SD, about its methodology, the purpose 

of the method, and area of usage. SD is a competent tool to use when it comes to development 

of the organization, but it is hard to understand and learn how to master. This is due to the 

amount of varieties in combinations to build and construct models, but training gives skills. 

To succeed one also need to have good perception about the factors that integrates in an 

enterprise that together sets the rules for the productivity. That is the hardest part to solve, 

which factors to include. 

 

SD is one of few methods that can simulate the soft variables of an enterprise system. There 

are methods that are far better in simulating the manufacturing processes but they are not very 

capable to involve the decision making processes of an organization. SD simulation uses 

stocks that are filled and drained. Those stocks represent states of the system in different 

variables and are memories that affect what we do and when we do it. And it is the structure 

of the interacting stocks and their flows that tell why we do it. 

 

The largest strength of the SD methodology is the possibility to design a model that manages 

the variables that are essential to system performance and the ones that really matter. This can 

be done without the need of an essential amount of statistical data; the result of the model will 

instead provide data close to the statistical data. The simulation serves to visualize and find 

out the gains that can be reached from the chosen “experimental improvement inputs”. It 

could be possible to make a model that can simulate different scenarios, such as efforts put on 

training, competence and experience transference, or on better communication. It could 

consider productivity, cash flow or what ever wanted. Though every added way to visualize 

the results adds complexity to the model and model complexity is not what is being searched 

for. It is the essential and critical variables that hold key performance to our system 

(Arkivator) that is sought for. It is those variables and parameters that is wanted and needed to 

be found and improved, to get better in an efficient way to reach Arkivator aims; world class.  
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8. Discussion 

 

When have reviewed the field of SD one need to figure out what can be done to take 

advantage of the possibilities with the methodology. It is not so simple that it is possible just 

to model; aims and system contents must be carefully thought out. There are no handbooks on 

how to model well or to reach success. It takes skills and profession to make good models and 

to find the essentials of systems, separating what to include what matters from what does not 

in a system. One tip-off is mentioned in the methodology, variables included in the model can 

be taken out in turn and the simulation runs will reveal which variables that the model can not 

manage without. It will “separate the chaff from the grain”.  

 

The opportunities to simulate are tremendous, but each relation in the system has to be 

transformed in somehow into mathematical relations. Quantitative measures, all interrelations 

and soft variables (which are hard to measure) that affect system performance have to be 

validated and included in the model. This takes skills and profession in SD and lots of 

practice. It is in the validation process of models that are not possible to validate on historical 

data but on empirical surveys or perceptions it really becomes tricky (5.3.2 Quantitative 

Analyzing Using SD). It has to be done very carefully and has to be supported by previous 

scientific knowledge. But the reward can be finding secrets in systems and new possibilities to 

reach higher efficiency. We know that a model that would perform exactly as the real system 

never will exist. But if we can validate the model to be a model of the same character as the 

real system we can perceive knowledge about the system that we perhaps otherwise would 

not. Probably will the use of SD also facilitate in clear and unambiguous presentation of root 

causes and explain the only possible solutions to the problems that last.  

 

Training, competence and experience transference between people and departments can be 

part of a model structure as organizational developing components. Examples of the use of 

such variables exist in the work force planning model. In the model the work force adjustment 

delays represents kind of learning periods. It is complex to involve a training variable so the 

feedback considers the effects of efforts put in training. Communication seems even more 

complex to involve in model structures being more abstract than the other variables 

mentioned. Literature about it could facilitate in setting the decision policies in a model. 

Perhaps a kind of Look up on communication can be altered in a model; the difficulty is 

though as said to define the model and to validate the outcome of it. Despite the obstacles on 

the road it seems likely that SD can be the method to consider in a future doctoral study 

project at Arkivator. Others active within the field of SD have succeeded so why shouldn’t it 

be likely? SD is one of very few simulation methods that can consider the development of the 

manufacturing organization that includes all actual variables. With actual variables it is meant 

the variables that through selection with help of literature and SD simulation are considered to 

underlie and define the system performance of the organization. 

 

SD is able to serve as the cement compounding the organizational productivity factors into a 

model. Previous manufacturing tools have lacked in presenting a holistic view of how the 

efforts that is made affect the system (enterprise) as a whole. SD facilitate through simulation 

to choose the right long term actions to carry out. Findings on future company strategies that 

we “know” have performance increasing results are for sure a key in the battle to get 

customers in today’s global market. 
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