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SYSTEM DYNAMICS

A PRACTICAL APPROACH FOR MANAGERIAL PROBLEMS

Arup Roy*

change. Managers find it difficult to cope with this complexity with traditional management

approach based on mental models, intuition, experience and judgments. There is a pressing
need to substantiate the manager’s knowledge with tools of selecting and structuring information
avatlable with the manager, and to generate consequences with the help of formal models, so that
working of the system can be better understood and policies can be improved. System Dynamics (SD)
is a methodology that judiciously combines the traditional management with cybernetics and computer
simulation so as to carry out sound policy analysis. System dynamics can usually be properly applied
whenever problems can be expressed as variable behaviors through time. Therefore, system dynamics
has been applied in many fields, among them medicine, law, urban studies, global studies, environmental
studies, information science, literature, history, economics, finance, chemistry, physics, etc. This
paper is an attempt to find out the specific areas in Business Management where SD can be applied
effectively. Firstly; an attempt is made here to understand the methodology of SD. Secondly, a review
of earlier research work is conducted to find out the various applications of system dynamics in the
field of Business Management. The purpose of the review is to understand the needs to unravel the
applications of SD in management, to identify the current research frontier and to study the future
trend in this field. Finally, the paper highlights the problems in the various fields of Business
Management, where SD can be applied effectively. It is hoped that this study is valuable and beneficial
both to new researchers entering the field, in order to gain their interest, references and focus, and to
experienced researchers, in order, perhaps, to identify new research opportunities and /or issues that
intersect these researchers’ past and current interests.

MANAGERIAL problems are becoming complex with the impending techno-socio-economic

Introduction: System Dynamics

Managerial problems are becoming complex with the impending techno-socio-economic change. Managers
find it difficult to cope with this complexity with traditional management approach based on mental
models, intuition, experience and judgments. There is a pressing need to substantiate the manager’s
knowledge with tools of selecting and structuring information available with the manager, and to
generate consequences with the help of formal models, so that working of the system can be better
understood and policies can be improved. System Dynamics (SD) is a methodology that judiciously
combines the traditional management with cybernetics and computer simulation so as to carry out
sound policy analysis. A SD model organizes the structure, information flows and policies of a system
in a computer model based on the cybernetic structure i.e., the cause-effect feedbacks in the system.
System dynamics can usually be properly applied whenever problems can be expressed as variable
behaviors through time. Therefore, system dynamics has been applied in many fields, among them
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medicine, law, urban studies, global studies, environmental studies, information science, literature,
history, economics, finance, chemistry, physics, etc. This paper is designed to give a brief overview of
the SD methodology in terms of its foundations, philosophy and conceptual framework and it also tries
to demonstrate the areas where the system dynamics methodology can be applied effectively to solve
the different managerial problems in the various fields and levels of Business Management.

Underlying Philosophy

In order to appreciate the actual methodology and its operational detail, it is good to understand the
underlying philosophy on which the methodology is based. There are basically, two governing
philosophies of life, viz. (i) Causal philosophy and (i1) Chance philosophy. According to the causal
philosophy, there is always a cause behind an effect seen. The Indian philosophy is essential causal,
which is deterministic in nature. The philosophy of Karma, which governs the life, is causal in
nature according to which the fruits or effects obtained are an outcome of the Karma caused by an
individual. Thus every event happening in the life can be tracked back in the causal chain and, in
principle, some cause can be assigned for the happening of any event in the world.

On the other hand, the chance philosophy treats the events to be as chance happenings. The
outcome of an event is not certain or deterministic rather probabilistic. Some action might result
into many possible happenings according to some probability distribution. Thus any event in life
can be assessed by the probability of its happening.

System Dynamics finds its roots essentially in the causal philosophy, though in a pragmatic manner
it may be treated as a system of chance and cause. That is, define the model boundary upto a
particular limit endogenizing the causal framework and treat the rest as exogenous inbuilding the
chance phenomenon to a limited extent.

Why System Dynamics?
The justification for using SD for managerial problem solving and policy making can be provided
by examining various requirements and matching the strengths of SD with them.

e SD is able to cater to the requirement of managerial systems and problems of providing a
modeling framework that is causal, captures nonlinearity and dynamics, and generates
endogenous behaviour.

e SD inbuilds the strengths of both the traditional management and management science in
terms of information richness and scientific approach, and overcome their weakness effectively.

e SD uses the strengths of human mind and mental models and overcome their weakness by
making a division of labour between manager and technology. It generates the structure with
managerial inputs and simulates the consequences by using computer.

e SD uses multiple sources of information, i.e., mental, written and numerical in different phases
of modeling so that the models are more contentful and representative.

e SD portrays bounded rationality by mapping the decisions functions and policy structures
generated through mental models making effective use of information feedback theory and
behavioural decision theory.

e SD provides microworlds for policy makers, enriches the policy debate by interplay of know-
ledge, information and maps generated using information feedback theory and behavioural
decision theory. These provide a learning environment through which experimentation and
classification of policy considerations can be facilitated and managerial policy making skills
are enhanced.
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SD models provide intermediate feedback to policy makers about the possible impact of a particular
set of policies by simulating them, and analyzing behaviour of the system under different sets of
assumptions. This results in the formulation of an improved policy profile for the organization.
This provides an efficient and effective way of policy formulation and implementation. Figure 7 in
Appendix-VII also shows the justification of using SD for managerial problems.

Why System Dynamic Modeling is Effective?

System dynamics modeling can be effective because it builds on the reliable part of our understanding
of systems while compensating for the unreliable part. The system dynamics procedure untangles
several threads that cause confusion in ordinary debate. The modeling process separates
consideration of underlying assumptions (structure, policies, and parameters) from the implied
behavior. By considering assumptions independently from resulting behavior, there is less inclination
for people to differ on assumptions, with which they actually can agree, merely because they initially
disagree with the dynamic conclusions that might follow. Figure 1, divides knowledge of systems
into three categories to illustrate wherein lie the strengths and weaknesses of mental models and
simulation models.
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Figure 1: Three Categories of Information in the Mental Database

The top of the figure represents knowledge about structure and policies, that is, about the elementary
parts of a system. This is local non-dynamic knowledge. It describes information available at each
decision-making point. It identifies who controls each part of a system. It reveals how pressures
and crises influence decisions. In general, information about structure and policies is far more
reliable, and is more often seen in the same way by different people, than is generally assumed. It
is only necessary to dig out the information, guided by knowing how structure is related to dynamics,
that is, by using system dynamics insights about how to organize structural information to address
a particular set of dynamic issues.

The middle of the figure represents assumptions about how the system will behave, based on the
observed structure and policies in the top section. This middle body of beliefs is, in effect, the
assumed intuitive solutions to the dynamic equations described by the structure and policies in the
top section of the diagram. The center section of the diagram represents the solutions, arrived at by
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introspection and debate and compromise, to the high-order nonlinear system described in the top
part of the figure. In the middle lie the presumptions that lead managers to change policies or lead
governments to change laws. Based on assumptions about how behavior is expected to change,
policies and laws in the top section are altered in an effort to achieve assumed improved behavior in
the middle section.

The bottom of the figure represents the actual system behavior as it is observed in real life. Very
often, actual behavior differs substantially from expected behavior. Discrepancies exist across the
boundary b-b. The surprise, arising from the fact that observed structure and policies do not lead to
the expected behavior, is usually explained by assuming that information about structure and
policies must have been incorrect. Unjustifiably blaming inadequate knowledge about parts of the
system has resulted in devoting uncounted millions of man-hours to data gathering, questionnaires,
and interviews that have failed to significantly improve the understanding of systems.

A system dynamics investigation usually shows that the important discrepancy is not across the
boundary b-b, but across the boundary a-a. When a model is built from the observed and agreed
upon structure and policies, the model usually exhibits the actual behavior of the real system. The
existing knowledge about the parts of the system 1s shown to explain the actual behavior. The
dissidence in the diagram arises because the intuitively expected behavior in the middle section is
inconsistent with the known structure and policies in the top section.

Which Managerial Problems should Use System Dynamics?

The application of System Dynamics (SD) methodology to the real life problem situations, particularly
the managerial problems is the concern of this section. A brief review of the past applications of
System Dynamics is reported in the next section. The various view points and features of SD are
related to different problem solving stepsi.e., (a) Defining the Problem,(b) System Conceptualisation,
(c) Building the Model, (d) Simulation and Validation, (e) Policy Analysis and Policy Evaluation
and (f) Policy Implementation In view of the successful applications made in the problem contexts
in past and the features and philosophy of the SD methodology, an attempt is made to portray the
basic characteristics of the managerial problems that justify the use of SD for their analysis. This
leads to the identification of problem contexts at various managerial levels in the conventional
management pyramid, both vertically and horizontally in various functional areas that might be
successfully addressed by the SD modeling as shown in Figure 2.
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Figure 2: The System Dynamics “Language”
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Figure 3: Managerial Problems for System Dynamics Application

Developments In India

The development of SD in India started in early eighties with mainly the work of Mohapatra at IIT,
Kharagpur. The software package DYMOSIM was developed in 1985, and the “System Dynamic
Society of India” was formed with its official journal “System Dynamic: An International Journal of
Policy Modeling”. The society organizes a National Conference every two years. SD has been
approached from an integrative view point to interface it with other modeling methodologies, such
as Physical System Theory. By Sushil at IIT Delhi and a software package named DYSBASE was
developed to facilitate such interfacing. A succinct review of SD developmentsin India can be seen
in Mohapatra (1991).

With the basic SD methodology attaining maturity it has now entered into its second phase of
growth to enbroaden the paradigm by suitably interfacing it with other modeling methodologies so
as to provide a pragmatic and practical approach for management support.

System Dynamic Paradigm

The problem situation for SD modeling can be identified by formal perpetual review; group discussion/
brainstorming; idea engineering; regular policy planning; policy reviews; and/or new policy formation.
The next step is to carry out situation analysis. A background note about the problem situation is to be
prepared and dynamic behaviour of interest is to be identified. The key variables are identified and
their reference modes are developed to define the dynamic hypothesis. The modeling approach is
determined by the combination of diagramming aids used in developing the model. The SD offers a
flexible modeling methodology, which depends upon the problem situation; modeler and the software
package used for modeling and analysis.
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System Dynamics Language

System dynamics is a method of solving problems by computer simulation. Like many simulation
methods, it offers the promise of less expensive learning. It is cheaper and faster to experiment
with the effect of new policies on a computer model than on a real system with real people, equipment,
and processes.

System dynamics incorporates features that make it especially useful for certain problems. System
dynamics can model the effect of information feedback on the future direction of the model. For
example, if the cycle time in a production process becomes excessive, management would typically
intervene to make changes, while many process simulations would simply report that cycle time
was continuing to grow. System dynamics handles this easily. To facilitate the use of information
feedback, system dynamics carefully separates information accumulated about the state of the
system and information fed back from that state to control the evolution of future states. These two
key features enable a system dynamics model to address situations that evolve over time. Research
indicates that people are often poor at solving such problems mentally. The language of system
dynamics is simple (Figure 2). Levels (also called stocks) contain quantities describing the state of
the system. If the model (or system) were stopped, each of these would continue to hold its quantity
for observation. For example, the amounts of money in various financial accounts are typically
levels in a financial system. In a typical system dynamics diagram, these appear as labeled rectangles.
If the value of a particular stock is of no concern to the problem at hand, then the stock is shown as
a cloud to indicate that it’s outside the boundary of the model.

Rates (also called flows) are the inflows to and outflows from the various levels. These appear as
labeled valves on pipes connecting levels. If the system were stopped, rates also stop. For example,
the paying of interest into an account is a rate. If the system were frozen in time, there would be no
flow of interest into accounts. Connectors and converters (also called auxiliaries) measure the
quantities in levels and, through various calculations, control the rates. These appear as as lines
with arrows and as circles. Management policies (the rules by which managers make decisions)
are modeled by these calculations.

System Dynamics Modeling

System-dynamics modeling combines both quantitative and qualitative research techniques to
provide a new framework for applied research. Building the Causal-loop diagram is only the first
step in SD modeling. The next step is to validate the actual data over time that captures the effect
evidenced by each attribute in the model to determine if the attribute behaves consistently as modeled.
This validation ensures that the data and observations captured by the original model are not an
aberration in the process. Once the model has been validated with historical data, it will be much
more useful in identifying critical attributes and predicting the effect of changes in model attributes.

Systems Thinking
Systems Thinking is the mind-set that allows (and ultimately obliges) us to examine the world by
consciously recognizing and formally exploring the systems of which it is made.

1. Systems are fundamentally dynamic in time. A static “snapshot” of a system reveals the size of
the Stocks at that instant, but discerning the role of the Flows, or of the feedback loops that control
them, requires a period of time during which they will exhibit their influence. It is this evolution of
the system in time that is its primary characteristic, not its state at any instant.

2. The behavior of a system is ultimately controlled by its structure, thatis by the combination of
Stocks and Flows of which it is composed and by the positive and negative feedback loops that
control the Flows.
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3. Systems are defined by their Stocks and Flows (or by their Accumulations and Rates). Your
personal financial system, for example, is defined by a variety of Stocks of money (what’s in your
wallet, in your checking account, in the National Treasury, etc.) and the Flows that transport
money between those Stocks (interest payments into your savings account, tax payments to the
IRS, your paycheck moving money from your employer to you, etc.).

4. Controls of systems are circular feedback relationships, not linear chains of cause and effect.
Looking at systems means abandoning those simplistic, linear, one-way chains of cause and effect
that lead to a final answer, such as:

A==>B==>C==—=>D

Systems Thinking teaches that the most interesting causal relationships are, in fact, circular, in
that A influences B which influences C which in turn influences the original A again which ...

5. These causal loops (or feedback loops) come in two basic “flavors.” Positive feedback loops
(perhaps better called “reinforcing” loops) are those where, if you “push” factor A in one direction, it
leads to a cycle (causal loop) of subsequent activity that eventually results in A being pushed
further in the original direction. A common example is a biological population: A population of
organisms grows as new individuals are born into it; with more individuals now in the population,
even more are born into it; which further increases the size of the population; which increases the
flow of new individuals; etc.

Negative (or “stabilizing”) feedback loops are quite different. Push A in one direction and you set in
motion a sequence of events that ultimately leads to A being pulled back toward the position where
it started. A simple example: As you fast after your last meal or snack, your hunger increases. This
eventually sets in motion events that result in your eating, which reduces your hunger. Hunger
began by increasing, but the course of events ended by your hunger being reduced back to its
original low level.

Dynamic Modeling

Dynamic Modeling provides a means to rationally, objectively, and precisely wrap our minds around
systems. Even “simple” systems with relatively few seemingly straightforward components can
present complexities, as they evolve in time, that are beyond our brains’ abilities to decipher.
Modeling — and here we mean not just computer simulation modeling but a variety of very
powerful and useful mental and graphical modeling approaches that provides a means to define the
structure and behavior of a given system and to project that structure and behavior into the future.
Such modeling can serve a number of purposes. Our focus with a given type of model depends on
the specific scenario and our particular needs:

1. Models provide a common and objective language for diverse individuals to discuss a particular
issue. “Raising taxes is stupid!” may be a genuine and heart-felt belief, but it is very hard to come
to grips with a statement like that. Oblige that discussion to be framed within the context of a
stock/flow diagram, causal loop diagram, or computer model, however, and you are quickly forced
to recognize that taxes represent a Flow of money from one Stock to another Stock, and that as
those Stocks rise and fall as a result, there are implications on other components of the system.
Whether those implications represent improvements or worsenings in your situation or that of
your town, state, or nation now can be more objectively discussed.

2. Construction of a model obliges us to be very clear and precise in defining which component
influences which and in what manner that influence is wielded. Does an increase in government
revenue alter the way in which government spends that money? Is it likely to spend its “windfall”
foolishly or inefficiently, or will it spend it in a manner that will increase the common good? We
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probably have a “mental model” of that; building and communicating that model forces us to
explicitly and clearly define that mental model.

3. Construction and communication of a model provides a powerful framework for collaboration
between diverse stakeholders in the system in question. Can we identify areas of agreement? Can
we clarify and better understand areas of disagreement? Can we resolve the latter?

4. Construction of a model often reveals areas of ignorance where new information must be gathered
or discovered through original research. From a previous point: If there is a disagreement on the
likely effect of new revenues on government spending, can or should we explore what has historically
been the effect of such changes in other similar instances?

5. Precise computer models allow you to play “what if?” games and explore the implications of
specific courses of action,i.e., “policies.” Does a tiny change in one component lead to massive
changes in the system’s behavior? Does a huge change in another component have negligible effect?
This “sensitivity analysis” provides a powerful means to determine where we might get the “most
bang for the buck” by identifying the high leverage points where a small manipulation leads to
large improvements.

Similarly, a model allows us to test the result of a policy decision before implementing it. By
compressing time, we might simulate 100 years of environmental dynamics in seconds. Better to
have the computer suggest the danger of continued ozone release than to perform the global experiment
and suffer the consequences for several generations!

Modeling Tools

1. Knowledge: Knowing (or perhaps agreeing on) the behavior of the system is the first, and often
quite challenging, step in our analytical process. Here a particularly useful visual modeling tool is
construction of a “Behavior Over Time Graph” (or “Reference Mode”) that plots the dynamic changes
of the system over time. As well, what is the likely, or desired, or feared behavior of the system as
we project it into the future? Hand in hand with use of Behavior Over Time Graphs, on this rung
of the Ladder we frequently begin to develop a basic definition of the dynamics that lead to such
behavior. A simple “Stock-Flow Map” can be developed to define the stock of interest and identify
the flows that contribute to or drain from that stock.

2. Understanding: Given a dynamic behavior, what in the system controls it? A basic tenet of SD
is that feedback loops are fundamentally important in understanding why a system does what it
does. Identifying and understanding those feedbacks is necessary before effective intervention in
the system will be possible. Two tools useful for that purpose are “Causal-Loop Diagrams” and
“Stock-Flow Maps.”

3. Influence: Here, the objectivity of “Computer Simulation Models” becomes critical. Being able to
intuit the interaction of multiple, often non-linear feedback relationships is simply beyond our
unaided mental ability. Are our mental models complete? Accurate? Do they result in unanticipated
consequences? Undesired consequences? These are the pitfalls that computer modeling can help to
avoid.

Creating a System Dynamics Model

System dynamics adheres to viewpoints and practices that set it apart from other fields dealing
with the behavior of systems (Randers, 1980). System dynamics is distinguished not only by the
particular cluster of beliefs that guide the work but also by the degree to which those characteristics
are indeed practiced. The model boundary is to be established so that the causal mechanisms lie
inside the boundary. This expectation of finding endogenous causes of behavior is in sharp contrast
to the view often found elsewhere (Richardson, 1991). People are far more comfortable blaming
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their troubles on uncontrollable external causes rather than looking to their own policies as the
central cause. Business managers attribute product and corporate failures to competitors, bankers,
and government rather than to their own handling of resource allocations, pricing, and interpretation
of customer needs. Governments blame balance of trade difficulties on other countries rather than
recognizing the cause in domestic deficits, tax policies, and monetary actions.

The system dynamics emphasizes on endogenous behavior. System dynamics models build from
the inside to determine and to modify the processes that cause desirable and undesirable behavior.

Effectiveness of a model depends on how it uses the wide range of information arising from the
system being represented (Forrester, 1980). In creating a system dynamics model, information is
used in a substantially different way from that in other branches of the social sciences. The differences
arise from the system dynamics focus on policy statements as the basic building blocks of a model
and from a broader range of information sources used for creating a model.

Information is available from many sources. Figure 5, suggests three classifications of information
— the mental database, the written database, and the numerical database. Although “data” is a
term that is often used to mean only numerical information, the dictionary meaning is far broader.
Data is “something that is given from being experientially encountered” and “material serving as a
basis for discussion, inference, or determination of policy” and “detailed information of any kind”
(Webster’s Third, Unabridged).

Decreasing Information Content

Mental Database

Written
Natahase

Numerical Database

Figure 5: Decreasing Information Content

The mental database contains vastly more information than the written database, which, in turn,
contains far more information than the numerical database. Furthermore, the character of the
information differs in the three categories. As one moves down the diagram, each category of
information contains a smaller fraction devoted to structure and to description of policies. Thatis,
the written and numerical databases contain not only less information but also progressively smaller
proportions of the information needed for constructing a dynamic model.

If the mental database is so important to the conduct of human systems, then a model of such a
system should include relevant knowledge from all available sources, including that which resides
only in the mental database. The mental data base is rich in structural detail; in it is knowledge of
what information is available at various decision-making points, where people and goods move, and
what decisions are made. The mental data base is especially concerned with policy, that is, why
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people respond as they do, what each decision-making center is trying to accomplish, what are the
perceived penalties and rewards, and where self-interest clashes with institutional objectives.

With regard to the use of data, system dynamics operates more like the engineering and medical
professions, and less like practices in economics. All information is admissible to the process of
model building. Information from the mental database is recognized as a rich source of knowledge
about structure and the policies governing decisions. Parameter values are drawn from all available
sources, not merely from statistical analysis of time series. The mental and written databases are
the only sources of information about limiting conditions that have not occurred in practice but
which are important in determining the nonlinear relationships that govern even normal behavior.

An Example

Like any other model, a SD model is also a representation of the real life system which can be used
to study the system behaviour under different test conditions. It utilises all the three modes of
communication in preparing the representation of the system, i.e., words, graphics and mathematics.
It follows the logical sequence of the use of these three models as the clerity about the system
structure in developing in different stages which is shown in Figure 4.

Modes of Communication and Representation of Real Life

Eeal Life Problem Situation Eepresentation
Ambiguous Werds Imprecize
Clarity Graphics Precision
Clear Mathematics Precize

Figure 4: Modes of Communication and Representation of Real Life

Such a representation of the system can be simulated on a computer to study its behaviour and can
be manipulated by changing the policies to give the desired or improved behaviour.

In tune with the defination of the SD model given in the first section, an example model of a
practical situation is presented here, which follows the same logic sequence, i.e., words, graphics
and mathematics in the following three stages: (i) Problem situation; (i1) Diagrametic representation;
(11i1) Equations.

After the presentation of the model, its simulated behaviour under test conditions is discussed. The
model presented here deals with describing conditions in a Standardisation, Testing and Quality
Control Programme to suggest improvement in policies for its better performance.

Problem Situation

Suppose the Standardisation, Testing and Quality Control (STQC) Programme was set up by the
Department of Electronics to provide standerdisation and certification support at National and
International level as well as to render testing, calibration, consultancy and related services to the
electronic industry.
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The STQC services are rendered through a national network of 21 laboratories established in a two
tier formation at the industrial centres.

The number of services of the STQC are effected by the customer satisfaction and the quality
awareness. It is also observed that the quality of the service can be improved by increasing the
competence of engineers. The engineers competence can be increased by training.

The number of engineers/technicians determine the amount of work, i.e., number of jobs that could
be performed. Therefore, hiring of the personnel is related to the number of people associated for
accomplishment of average type of job. The newly joined people cannot start work at their full
efficiency that certainly takes some time to adjust. The hiring of the people is also dependent
symultaneously on the average number of people leave STQC or the average duration of their stay

at STQC.

For the purpose of modeling only the simple relationas are considered. Initially there are 10 engineers/
technicians. It is also considered that the newly joined people take approximately 12 months to
settle down and start work at the capabilities required. One engineer, on an average, can perform
two jobs. It is also recorded that an engineer stays with the STQC for near 10 years of his/her
career. At the time STQC performs 1000 jobs per year with the manpower capability of marketing
of the job of the order of 2 units per year per person. However, there is a regular increase in the
service request for service at the rate of 10% per year. At present the finances available with the
company are Rs. 10lakhs, whereas the average test charges for a single unit is Rs. 9000. The total
outlay for the expenditure towards salary of the people and other contingencies is Rs. 50,000 per
person.

Diagrametic Representation

Causal Loop Diagram: The causal loop diagram portray the cause and effect relationships between
various variables in the problem situation. These relationships which are portrayed in the form of
causal links can be identified and justified in many ways. Coyle (1977), Richardson and Pugh
(1981) and Kim (1992) had given some guidelines to prepare a causal loop diagram. The important
variables and linkages in the problem situation are identified and the causal loop diagram is developed
as shown in Figure 6. This dipicts two positive feedback loops and two negative feedback loops.

Flow Diagram: The flow diagram is usally treated as the ultimate diagrammatic representation
that aids the writing of equations. The flow diagrams are to be either developed from the causal
loop diagram or the policy structure diagram, or both, or directly from the policy statement. The
first step in developing the flow diagram should be to define the levels. Once the levels are defined,
then we can draw them one-by-one using the box symbol.

Equations

The causal loop diagram is converted into the flow diagram by defining the level and rate variables.
For our example, three important levels could be defined as manpower, services and finance. The
equations for the flow diagram can be written in a DYNAMO framwork. DYNAMO is a software
package for solving the SD model.

Some of the other currently available software packages to support the SD modeling are DYSMAP
(Dynamic System Modeling And Analysis Package, developed by Ratnatunga, 1975), STELLA
(Systems Thinking Experimental Learning Laboratory with Animationdeveloped by Richmond,
B.Peterson, S. and Vescuso, P., 1987), DYBASE (Dynamic Simulation with Data Base, Narayana
and Sushil, 1991), DYMOSIM ( developed by Bora and Mohapatra, 1985) and DYNER (developed by

69



Arup Roy

Avzilzble Ordered Avzilasble
+ a + 1
Im mE- -
Fate
+
Fevenns ETQC +
Eamed Service Nenpaormver
T Fequiremernt
Tach Charges , o -
Levied
‘ =+
/ - Averags
Govt. Guidelines Employment Draration
Om Test Charges

Figure 6: Causal Loop Diagram of the STQC Model

Systems Research Institute, Pune). The equations are written in the same order as that of the flow
diagram, i.e., first a level equation, then the equation of associated rate followed by its policy
structure, and then next rate and its policy structure

The field of System Dynamics (SD) was founded by Dr. Jay Forrester at MIT in the 1950’s. Historically
based on feedback systems in mechanical and electrical engineering systems, SD builds on several
realities that are generic to all dynamic systems. These can, in broad terms, be divided into three
broad and interrelated categories: Systems Thinking (ST), Dynamic Modeling (DM) and Modeling
Tools:

Brief Review of Past Applications in Corporate Managerial Applications
The very first application by Forrester (1958) in the area of advetising in a production distribution
system and subsequently the work “Industrial Dynamics” (Forrester, 1961) is the successful example
of SD modeling at the corporate level. These deal with the advertising policy, distribution policy, inventory
policy and the ordering policy at various levels.
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Justification of Using SD for Managerial Problems
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Figure 7: Justification of Using SD for Managerial Problems

Some sample studies covering applications in different areas mentioned above are succinctly reviewed
here in a chronological order.

e Griffin (1977) demonstrate causal modeling for the study of psychological success in work
organizations.

e Thietart (1977) tried to understand human behaviour and more precisely human performance in
an organization using SD methodology.

e Shehata (1977) tried to explore the applicability of the SD methodology to the formulation of long
range cash flow policies.

e Roberts (1978) reported managerial applications of SD
e Lynesis (1980) provides an extensive application of SD to corporate planning and policy design.

e Fischer and Mclanghlin (1980) examine a SD simulation of management by objectives (MBO) in a
research and development setting.
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e Craig (1980) describes a methodology for constructing financial planning models using computer
package developed by the author, 1.e., GENSIM (an acronym for Generalised Simulation System).
The GENSIM package is based on the concept of both SD and input analysis, and is designed to
provide general management with a flexible and easy to use modeling facility capable of supporting
the development of dynamic simulation models of both financial and non financial systems.

e Kleiner and Kumar (1982) demonstrated the application of SD for corporate planning.
e Kumar (1984) developed a modular approach for production systems based on the SD methodology.

e Sohn and Surkis (1985) have presented the use of SD as a methodology for modeling and testing
dynamic behavioural hypothesis in organisational behavioural studies.

o Moffatt (1986) reported a dynamic model of environmental conflict and structural change.

e Narchal (1988) reported a simulation model for corporate planning for a steel plant on SD principles
which is being used by the management for simulating the impact of their strategic policy decisions
on corporate objectives, and also assists the management in designing their long range investment
policies related to expansion, modernization and the smooth flow of production.

e Keatsand Hilt (1988) demonstrated a causal model of linkages among environmental dimensions,
micro organisational characteristics and performance.

e Pankaj, Sushil and Seth (1990) and Pankaj, Sushil and Seth (1992) demonstrated the use of SD for
designing Expert Support Systems along with Fuzzy Set Theory.

e A SD model to study group dynamics is developed by John and Sushil (1991)

e John D Starman (1992) reported the use of System Dynamics for effective Project Management. He
described the use of System Dynamics modeling for management of large-scale projects including
large scale engineering and construction projects.

e Nanda, S.K.; George, M.; Rodrigues, A. and Bowers, J. (1996) highlighted the distinctive contribution
that system dynamics can make to project management, while emphasising that the more traditional
techniques still have a vital role.

e Bunn. D; Dyner. I.; van Weele. A.J., and Rozemeijer. F.A. (1996) described the changing business
context with which companies are currently confronted and also the overview of the purchasing
and supply practices of leading-edge companies. We conclude with a model for future purchasing
organizations to make simultaneous improvements both in increasing functional expertise and in
horizontal synergy by applying system dynamics.

e Larsen. E.R.; van Ackere. A., and Warren, K. (1997) discussed how system dynamics can help
understand a service company’s growth potential as well as its limitations and overcomes the .
problem of maintaining and improving service quality against the pressure of performance
expectations set by shareholders or corporate owners. They also explained the benefit of using such
models for executive training.

o Rodrigues. A.G., and Williams. T.M. (1998) developed a conceptual framework for project
management in which System Dynamics models are combined with traditional tools providing
complementary support, and validated it in a large software project. This paper describes the use of
this framework to assess and quantify the impacts of client behaviour

e John. F. Affeldt (1999) demonstrated the application of System Dynamics simulation to Enterprise
Management.

o Morecroft. J.D.W., and Correspondence (1999) presents a system dynamics model to examine an
enduring puzzle of corporate strategy.
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Richardson, G.P; Correspondence (1999) reviewed the foundations of and recent trends in system
dynamics and reported that new software tools provide increased power and flexibility for quantitative
modelling, enabling the ‘flight simulator’ concept to be applied to a wide range of business
environments, but more research on interface design is required.

Affeldt, J.F., Booz, Allen & Hamilton, McLean, V.A. (1999) presented the background and some of
the lessons learned from a project in which system dynamics (SD) simulation was applied in the
enterprise environment. SD simulation was used to examine business practices, validate corporate
performance measures, train senior leaders in systems thinking, and to produce a forecast of long
term profits and loss.

Bernhard. J. Angerhofer. and Marios. C. Angelides (2000) gave an overview of System Dynamics
Modelling in general and its application to Supply Chain and also presented a taxonomy of research
and development on System Dynamics Modelling in Supply Chain Management, classifying recent
research work within 3 groups: (1) Modelling for Theory-Building; (2) Modelling for Problem-Solving;
(3) Improving the Modelling Approach.

RIddalls, C.E., Bennett, S., and Tipi, N.S. (2000) reported the important issues arising in supply
chain management by reviewing the various mathematical methods used to model and analyse
supply chains management from a system dynamics perspective.

Li, H., Love, P.E.D., and Drew, D.S. (2000) demonstrated the effects of overtime work and additional
resources on project cost and quality by using System Dynamics Modelling.

Gloria, A. Grizzle, and Carole, D. Pettijohn (2000) proposed a model for evaluating budget reforms
that combines insights from budgeting, policy implementation, and system-dynamics literatures.
The model also identified critical legislative behaviors that influence executive implementation:
how the legislature in the long-run uses performance information to inform resource allocation and
how it applies incentives or sanctions to programs that achieve or fail to achieve their performance
standards.

Bhushi, U.M., and Javalagi, C.M. (2000) explained the application of System Dynamics to various
facets of Supply Chain Management such as Inventory management, International Supply chain
management (ISCM), Demand amplification, Supply Chain design, Participative Business Modelling
(PBM) and finally information visibility in Supply Chain Management.

Bill, Harris (2000) developed a model to shed insight into a common management problem of
expense control. He found that the type of information given to managers for decision making has
far greater impact on expense control than does management pressure or vendor lead time.

Bernadette, O’'Regan and Richard, Moles (2001) described a detailed computer model developed
using the Powersim simulation program in the System Dynamics tradition. The model comprises
over 180 interrelated variables, providing a means of examining the effects of varied environmental,
fiscal and corporate policies on the flow of investment funds and mineral resources between a
number of simulated mining firms and competing countries.

Quaddus, M. and Intrapairot, A. (2001) developed a system dynamics (SD)-based decision support
system (DSS) and analysed the impact of management policies on the diffusion of data warehouse
(DW) in a large commercial bank in Thailand.

Spector, J.M., Christensen, D.L., Sioutine, A.V., and McCormack, D. (2001) described issues related
to interactivity and access to underlying models and representations in learning environments for
complex domains using system dynamics.

Schwaninger, M., Powell, S.G., and Trimble, C. (2002) studied how a variety of control mechanisms
performs in managing a business process and designed a generic system dynamics model of a
business process.
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e Santos. S.P.. Belton. V., and Howick, S. (2002) illustrate that the use of system dynamics and
multicriteria decision analysis, as part of a broader framework for performance measurement, can
address some of the issues in adequate performance measurement and management frameworks.

e Khanna, V.K., Vat, Prem, Shankar, Ravi, Sahay, B.S., and Gautam, Ashwini (2003) identified
various dynamic interactions among the sub systems of TQM and also the implications of these
interactions have been captured using system dynamics modeling, which is based on causal
relationship among different variables that constitute enablers and results.

e MacDonald, B., Potter, J.M.M., and Jensen, K.O. (2003) presented an overview of the methodology
used to model the resource allocation strategies for senior management using system dynamics.
The resulting model combined the concept of ‘aging chains’ and ‘co-flows’ of System Dynamics with
conventional spreadsheet analysis, and included representations of staff development and turnover;
patent development and licensing revenue; and revenue from other sources.

e Y. Ge, Yang, J.B., Proudlove, N., and Spring, M. (2004) presents a system dynamics (SD) approach
for the analysis of the demand amplification problem, also known as the bullwhip effect which
studied the impact of information delays, demand forecasting and information sharing on the
performance of the multi-echelon supply chain.

e Crespo, Marquez A. and Blanchar, C. (2004) presented a simulation study to extend current methods
for real options strategies in the management of strategic commodity-type parts using System
Dynamics methodology.

e Langley. P.A.. and Morecroft, J.D.W. (2004) examined ways to improve performance through online
information feedback that clarifies for subjects the task structure of their decisions including cause
and effect through an assignment for business school students using a microworld simulator
representing the global oil industry.

e Zhang, Yong and Dilts, David (2004) studied supply chain network organization structures
categorized by the organic and mechanistic management control structures applying System
Dynamics methodology. The structural impacts on cost and fill rate performance are also studied
in two-echelon and two-supply-chain network organization models under different market coordination
conditions using system dynamic simulations.

e Olson, David L., Dimitrova-Davidova, Paraskeva, and Stoykov, Ivan (2005) used System dynamics
modeling as a tool to provide better understanding of management issues like reporting profit
ability, risk, and market share measures. Three multiple criteria techniques are demonstrated,
and their value in the system dynamics simulation modeling process is discussed.

o Akkermans, H.A. and Van Oorschot, K.E. (2005) described a case study in which system dynamics
(SD) modelling and simulation was used to overcome the doubts regarding the quality of the balanced
scorecard (BSC, which has become a popular concept for performance measurement) developed as
well as the quality of the process in which this development takes place.

e Alfredo, Moscardini, Mohamed, Loutfi, and Raed, Al-Qirem (2005) described the construction of a
flight simulator which uses the ideas of System Dynamics and the Viable Systems Methodology to
measure a firm’s credit worthiness and to provide a risk assessment in the sense of evaluating
performance under different (what- if) scenarios based only on financial ratios.

e Sousa, George W.L., Carpinetti, Luiz Cesar Ribeiro, Groesbeck, Richard, L., and Van Aken, Eileen
(2005) provided a structured engineering approach for conceptual design of enterprise performance
measurement and management systems based on combining an enterprise engineering process
with a system dynamics (SD) modeling methodology.

e Jensen, K.O., Barnsley, P.E., Tortolero, J., and Baxter, N. (2006) constructed a model of the
operations of a telecommunications company using the system dynamics approach and also explained
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how System Dynamics has been used to guide decision making on resource requirements and the
optimum mix between proactive and reactive approaches to service assurance.

Swart, J. and Powell, J.H. (2006) demonstrated how the particular practical difficulty within
Knowledge Management of mapping knowledge in a managed system can be solved by applying a
Systems Based Knowledge Management (SBKM) methodology based on a non-positivist qualitative
method deriving from System Dynamics and it is presented through the medium of a case study of
a professional firm.

Schwaninger, Markus, Vrhovec, Peter (2006) concentrated on control under the title supply systems,
1.e., the regulation and steering of supply systems from production to customer and vice versa,
with the help of system dynamics modeling and simulation. They concluded that substantial
improvements in both efficiency and effectiveness can be achieved, and ultimately organizational
viability can be enhanced with the help of system dynamics modeling and simulation.

Lu, Dawei, Tennant, Charles, Curtis, Alan, and Croom, Simon (2006) offered insights into service
supply chain management applying the system dynamics approach to analyse the impact of supply
chain structure changes on the overall business performance From this study the research findings
suggest that there are industry-specific factors that make the service supply chain unique and to
manage the service value streams effectively calls for more sophisticated systems view, which
often defies many conventional rules.

Ricardo, Matos Chaim (2006) applied System Dynamics principles to Asset Liability Management
models in the specific case of pension funds.

Markus, Schwaninger and Peter, Vrhovec (2006) contributed to a more effective management for
supply chains and networks by the design, control, and development of logistics along the value
chain or in value networks. They concentrated on control, i.e., the regulation and steering of
supply systems from production to customer and vice versa, with the help of System Dynamics
modeling and simulation.

Villegas, F. A. and Smith, N.R. (2006) presented an analysis of how safety stock policies, as modelled
in many Advanced Planning Systems (APS) can induce variation in production and distribution
order quantities along the supply chain. The effect is illustrated using a system dynamics model of
the supply chain of a Mexican branch of a multinational food and beverage company.

Ping-Teng, Chang, Ping-Feng, Pai, Kuo-Ping, Lin, and Ming-Shiu, Wu (2006) demonstrated a
System Dynamics analysis based on the application of fuzzy arithmetic and observe that some
variables/parameters may belong to the uncertain factors which is necessary to extend the System
Dynamics to treat the vague variables/parameters.

System Dynamics in Business Management

The range of managerial problems in any organization is very vast, ranging from simple to complex;
from well structured to unstructured; from hard to soft; from quantitative to qualitative; from short
time horizon to long time horizon; from operational to strategic; from single person to whole organization;
etc. SD being a simulation methodology can be used to model a wide range of managerial problems.
However, the use of SD is more effective in some cases than others, and the effectiveness of application
depends largely upon matching the problem characteristics with the characteristics or feature of the
methodology.

Forrester (1998) mentions four business areas in which system dynamics can address business problems:

Several powerful examples of generic models already exist:
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Stability and fluctuation in distribution systems,
Pricing and capital investment as they determine growth,

Promotion chains showing evolution into a top-heavy distribution of management personnel when
growth slows,

Imbalances between design, production, marketing, and service as they influence market share.

Each such model manifests many modes of behavior ranging from troublesome to successful depending
on the policies employed within it. These models can be modified and adapted to address specific
company problems in these areas.

According to John Sterman, system dynamics may be an appropriate methodology for addressing various
business problems in any of the following listed areas:

Evaluating response to industry or competitor innovations

Improving large project management

Understanding the complex relationship between equipment maintenance and business results
Innovation diffusion, including the spread of of new ideas and market growth of new products.

The development of positive feedbacks that can cause a firm or industry to grow or decline, including,
product awareness, unit development costs, price and production cost, network and complementary
good effects, product differentiation, new product development, market power, mergers and
acquisitions, workforce quality and loyalty, cost of capital, organization size and success, and ambition
and aspirations.

Achieving desired demographics in organizations, such as number of people in various job categories,
skills, age, race, gender, etc.

Price setting in commodity industries and stock markets
Optimizing the mix of inputs to a production process

Handling increasing backlogs of work with existing capacity, in both manufacturing and service
industries

Improving product development performance - reducing time to market
Improving ability to grow market share
Improving forecasts while reducing forecasting costs

Improving management of inventories and supply chains, not only in manufacturing industries,
but also in industries such as real estate.

Reducing inventory/workforce oscillations

Better understanding your industry’s business cycle, thus improving your organization’s ability to
deal with the cycle.

Understand, and thereby design policies to enable your organization to better deal with your
industry’s supply, demand, inventory, and price cycles.

Top Management Problems/ Issues for SD Applications
The top managers are primarily responsible for policy making and strategic planning. The SD
methodology is helpful in different phases of strategic planning and it can be effectively used for
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developing corporate planes and can aid in examining the issues like modernization, diversification,
acquisitions/mergers, sickness, etc. A representative list of top management problems that can be
aided by SD modeling is given below:

Sl. No. Top Managerial Problems

—

Goal Setting

Strategy Formulation

Policy Planning

Corporate Planning

Modernisation

Investment Policy

Diversification

Acquisition / Mergers

ol ISl Il RN AN Bl Il I

Corporate Sickness

10. Portfolio Planning

11. Impact of Government policies

12. Scenario Building

13. Managing Competitive Environment
14. Management by Objectives (MBO)
15. SWOT Analysis

Middle Management Problems/Issues for SD Applications

The role of middle management is more of control and coordination of organisational activities. As
the middle manager has to deal both with the top and the first line managers, they have to be
conversant with the strategic as well as operational planning. The SD model acts as a vehicle of
integration in the organization by making the managers to learn and appreciate the problems of
other functional areas through a formal approach. A selective list of the middle management problems
that can be aided by SD modeling is given below:

Sl. No. Managerial Problems/Issues

1. Marketing Policy

Advetising Policy

Distribution Policy

Financing/Borrowing Policies

Medium Term Investment Policy

Manufacturing Policy

Inventory Policy

Productivity Planning

o IS I ISR IRl Il I

Human Resource Policy

,_.
IS

Recruitment Policy
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11. Training Policy

12. Employee Promotion Policy

13. Employment Instbility

14. Production Fluctuations

15. Declining Profitability

16. Control of Delays

17. Organisational Analysis and Design
18. Analysis and Design of MIS/DSS

Operational Management Problems/Issues for SD Applications

As the first line or operational managers are more involved with the implementation of policies, the
relevance of SD applications is reduced. The SD methodology can be used more to provide microworlds
and learning environment to the operational level managers so that their understanding about the
system functioning improves. This can be utilized both for better implementation of policies and for
more realistic use of other normative models for decision-making. A short list of important operational
management problems, which can find SD methodology applicable, is given below:

Sl. No. Managerial Problems/Issues
1. Demand Estimation
2. Production Planning
3. Loading and Scheduling
4, Materials Planning
5. Quality Planning and Control
6. Orders Clearing
7. Order Placement

Functional Management Problems

The SD methodology has found application in all the functional areas of management. The functional
management policies are integrated by the SD methodology by the corporate models. The problems
in different functional areas, amenable to the SD modeling, are summarised in Table 1.

What We Can Learn?

The SD methodology has been applied in past at macro-economic level; Sectoral level, e.g., energy,
transport, minerals, oil, power, environment, forecast, agriculture etc; generic industry level, e.g.,
steel, aluminum, tea, paper, etc; and at the corporate firm level. The SD applications are more suitable
to managerial problems, which are at the policy level, loosely structured, qualitative and complex. The
applications of SD are very much suitable to top management problems, such as strategy formulation,
policy planning, corporate planning, modernization, diversification, portfolio planning, competitive
environment, etc.

The SD methodology has also found wide application at the middle management level. Various problem
areas that can be addressed to SD applications are marketing, distribution and advertising policy;

financial policy; manufacturing and inventory policy; human resource policy; employment instability,
design of MIS/DSS etc.
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Table 1: Functional Management Problems for SD Applications

Functiomal Area Managerial Problems
M=riesing Ahnagament ¢ Haw Product Diffusion
\ Pricing

~ Diztribution

Financial Managemant ¢ Pinancng
Invectmant

.::

Drividend
Capacity
Operation: Mansgumant Froduct Flanning

Procact Flanmning

Froductvity Flanming

uality Flanning

ApETegata Froduction Flanmning
Matariale Flanning

HEumen Faroarcs Flanning r Recruitmant

Salection

Treining

‘{ Devalopment

Appracgal

Greup Dhymamice

Orpemizohcnc] Babhavicus

At the operational level, though the application of SD can be made successfully in areas such as production
and materials planning, order placement and clearing, etc., it is not much advisable to use SD in many
operational level problems as there are more structured techniques that can cater to the operational
level problems more successfully.

SD is applicable to managerial problems in all functional areas such as human resource management,
marketing management, financial management, operations management, strategic management,
systems management and operations management.
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There is a growing trend to use SD models for organization design, MIS, DSS, Expert Support System,
uncertainty management or risk management, supply chain management, asset liability management,
total quality management and knowledge management.

Thus we have seen a large number of studies have been reported on SD applications at the corporate
level, and in different functional areas. Here, it may be noted that the SD application in a functional
area means that managerial problem to be modeled primarily lies in that functional area. But the SD
structure model to represent this, usually, cut across the boundaries of the functional areas. For
example, an inventory problem in the operations management might involve manpower policy and
financial implications. The SD philosophy is based on representing the structure in terms of underlying
flows cutting across the barriers of different functional areas.

The major strength of SD isits flexibility to meet different requirements of various problem situations.
It’s starting point is manager’s experience and thus the approach is more practical and can be easily
adopted by the managers in a participative manner. The major limitation of SD is, that if the managers
are having strong biases, the models may be biased. The flexibility of the approach requires more skills
on the part of the managers to effectively use this methodology.
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