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CHAPTER 1

INTRODUCTION

Background

Military Logistics can be defined in a variety of
ways. From a systems standpoint, it may be seen as trans-
forming the output of the nation's defense industry into the
nation's defense capability. More specifically, Air Force
logistics may be conceptualized as a system that has as its
goals the determination of requirements for, and the acquisi-
tion, distribution, and conservation of the material and
facilities necessary to support the Air Force mission. These
goals are achieved through the activities of four major func-
tions: procurement, supply, transportation, and maintenance.
Each of these functions is involved to varying degrees in a
large number of logistics processes. The reparable asset
management process is one of these processes; it is also a
key process in the overall system (2:16).

| The Air Force manages about 500,000 reparable assets
that are components of major systems or subsystems. These
assets are dispersed to, and move between, 136 geographically
separate operating locations and six central repair and
supply facilities. Managing these reparable assets is a

challenging and extremely complex task.
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The Air Force reparable asset system is an example
of a multi-item, multi-echelon inventory system where the
base level and depot level constitute the major echelons. As
in-use assets become unserviceable, a proportion are repaired
at base level. The remainder are returned to a central depot
facility where they are repaired and returned to serviceable
condition. They are held at depot level until shipped to base
level to satisfy a requirement. Day-to-day decisions by key
managers in this system impact the requirements and inventory
level determination process, the life cycle cost of systems

and, ultimately, the operational readiness of weapons systems.

Problem Analysis

There are a number of key issues facing the managers
of the reparable asset system. Clark has highlighted a num-
ber of these issues and the policy questions they raise (2:
16-27). These issues and questions are shown in Table 1-1.

Analysis of these questions reveals an important fact:
few, if any, of these policy questions can be resolved totally
within the domain of any one logistics function. For example,
the solutions to questions about requirements determination
primarily involve supply and inventory policy. These solu-
tions, however, carry implications for the other logistics
functions. This is a fairly straightforward example. In the
majority of cases these interrelationships are less clear.

Given the size and complexity of the reparable asset

processing system, the management problems alluded to by Clark

2
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TABLE 1-1

Reparable Asset System Issues
and Policy Questions [2:22]

Key Issues

Policy Questions

Process
Visibility

In Process
Inventory Levels

Item
Essentiality (MRI)

Reliability
Measurement

WRM
Requirements

Mission
Requirements

Operating §
Maintenance
Concept

Nonavailability

Natural Resource
Base

Information Structure for Management
Information Management Responsibility

Nonavailability Cost

_Resource Allocations

MRI Information Structure
Requirements Determination

Engineering Information Structure
Life Cycle Asset Management
Life Cycle Cost

Estimating System (Requirements)
Peacetime Operating Policy
Requirements Management Structure

Determination System

Mission Visibility

Contract Lead Time Management
Management Structure

- Geographical
~ Process

Backorder Cost Policy
Inventory Management Policy

Stockage/Transportation Inventory Goals

Resupply Base Management
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are not unexpected. They are characterisic of complex and
| dynamic systems in which management has difficulty in deter-
mining the real problems that exist or the overall impact of

proposed solutions to these problems. Policy decisions often

lead to unexpected results. Managers work with a mental

picture of the system that focuses on the processes that most

RE=e

affect their area of responsibility. This can lead to incor-

ek

-, e~
——— it

rect decisions regarding complex systems (13:3-36; 7:117).
Clark has pointed out (2:16-27), and interviews with

involved managers at Headquarters Air Force Logistics Command

JUSY SR

(AFLC) (10; 12) have supported, the fact that it is difficult

to predict the impact of policy on the performance of the

TTllE

reparable asset system. Tightened budgets and increasing em-
phasis on weapons system readiness make it imperative that

; methods be developed to assess this impact.

Problem Statement

policy changes on the total performance of the Air Force

j There is a need for a means to analyze the impact of

reparable system,

it

Justification for Research

A number of models are being used to develop Air :

| .

Force logistics policy. For example, the Optimum Repair Level

Analysis (ORLA) Model and Maintenance Manpower Prediction

Model are used to make repair level and maintenance manning

A SRR i

decisions (4:57-59). However, the majority of research effort

4
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to date has concentrated on developing models of optimum
inventory stockage policies as a means of forecasting repér-
able asset requirements.

The Recoverable Consumption Item Computational System
(DO41) currently used by AFLC uses simple moving averages of
past usage data to compute requirements for reparable assets
(16). The D041, taking replacements and repairs into account,
determines the quantity and cost of the reparable items which
will be required to support the USAF. .

Muckstadt and others (7; 17; 26) have approached the
analysis of multi-item, multi-level inventory systems from a
sophisticated mathematical standpoint. Specifically, the
optimum stockage of individual reparable items at different
levels within the system are computed by means of an algcrithm
that minimizes overall expected system backorders. One of
these approaches, MOD-METRIC, was used to compute spares
stock levels for the F-15 (5:58).

While all of these models are capable of developing
quantitatively accurate predictions of optimum spares levels,
they share certain limitations. First, they are all based
largely on static tools of inventory theory and reliability
theory, and deal with the steady-state situation. Thus they
neglect real-time response, a crucial dimension in the des-
cription of system behavior. Second, tecause these models
have been developed with the objective of developing optimal
inventory policy, they have tended to makg'simplifying assump-
tions about the other components of the’reparable asset

5

&

-



to date has concentrated on developing models of optimum

- inventory stockage policies as a means of forecasting repar-

oAb

able asset requirements.

The Recoverable Consumption Item Computational System

(DO41) currently used by AFLC uses simple moving averages of

past usage data to compute requirements for reparable assets

(16). The D041, taking replacements and repairs into account,

determines the quantity and cost of the reparable items which

will be required to support the USAF.

Muckstadt and others (7; 17; 26) have approached the

analysis of multi-item, multi-level inventory systems from a

sophisticated mathematical standpoint. Specifically, the

et st b i Ambans o

optimum stockage of individual reparable items at different

levels within the system are computed by means of an algorithm

that minimizes overall expected system backorders. One of

these approaches, MOD-METRIC, was used to compute spares

stock levels for the F-15 (5:58).

While all of these models are capable of developing

quantitatively accurate predictions of optimum spares levels,

First, they are all based

they share certain limitations.

largely on static tools of inventory theory and reliability

theory, and deal with the steady-state situation. Thus they

neglect real-time response, a crucial dimension in the des-

criptior of system behavior. Second, because these models

have been developed with the objective of developing optimal

inventory policy, they have tended to make simplifying assump-

tions about the other components of the reparable asset

5



s D B, WD AR It b Il N RSN o it < gyl e et i St et -«

“_ ki

A
v B e e e

4
prS N—

e

i

management system such as maintenance and transportation (11:
169).

Logisticians and researchers have not provided an
evaluation device that explicitly views the reparable asset
system in terms of the interaction of system elements. In
this light, Graves and Keilson (11:170-174) have pointed out
the value of multi-item, multi-echelon dynamic models of ex-
tended logistics systems, and the need for additional research
towards developing the tools necessary to study and understand
complex system behavior. They go on to define four charac-
teristics that an adequate system model should possess:

1. It should be active (allow for repair and re-
placement of assets) and dynamic (concerned with the time
dependent behavior of the system).

2. It should be sufficiently flexible to accommo-
date the complexity of multi-item, multi-echelon systems.

3. The model should describe the distribution of
persistence times in acceptable and unacceptable system states,
that is, the time the system remains in either of these states.

4. Expected system failure times should be available
explicitly in terms of underlying parameters.

Clark has expanded on the need for a dynamic model
of the reparable asset system and pointed out the value of a
policy model to help logistics managers analyze resource
system goals (2:59-62). The use of dynamic models to analy:ze

the control and behavior of complex systems is called system

dynamics (6:2). Roberts aptly summarizes the basis and

6
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applicability of system dynamics to the analysis of complex

systems.

The system dynamics philosophy rests on a belief
that the behavior (or-time history) of an organization
is principally caused by the organization's structure.
The structure includes not only the physical aspects of
plant and production process but, more importantly, the
policies and traditions, both tangible and intangible,
that dominate decision-making in the organization. Such
a structural framework contains sources of amplification,
time lags, and information feedback similar to those
found in complex engineering systems. Engineering and
management systems containing these characteristics dis-
play complicated response patterns to relatively simple
system or input changes. The analysis of large non-
linear systems of this sort is a major challenge to
even the most experienced control systems engineer;
effective and reliable redesign of such a system is
still more difficult. The subtleties and complexities
in the management area make these problems even more
severe. Here the structural orientation of system dyna-
mics provides a beginning for replacing confusion with
order [23:4].

Scope

The objective of this research is to develop a policy
analysis model for the Air Force reparable asset system. To
achieve this objective, the system dynamics analysis techniques
developed by Forrester (8) will be used. However, this
approach, powerful as it is, cannot produce the ultimate model
of a system. For any system, many adequate models are possible,
and the choice of one over another depends on the inquiry being
pursued (6:19). This is not due to any weakness in the system
dynamics approach, but is simply a reflection of the complex-
ity of large systems. Therefore, in order to produce a useful

model, a more specific purpose that simply to model the system

is required.
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In this research, the purpose of the model is to dem-
onstrate the effects of policy and changes within the system
on the achievement of the primary goal of the system. Unfor-
tunately the primary goal of the reparable assets system is
difficult to ascertain. In general terms the goal of the
system is to maintain and sustain a specified level of force
readiness commensurate with the available resources of mater-
ial and manpower. But, what is readiness? How long is implied
by sustain? What level of readiness is appropriate? The
answers to these questions are determined by operational con-
siderations which themselves are contingent on the circum-
stances at any time. Furthermore, the answers will not be
the same for all the weapons systems supported by the repar-
able asset system. Consequently, sustaining a given level of
readiness is not an appropriate purpose with which to guide
the development of our model. That is not to say that readi-
ness is not the goal of the system, just that one cannot develop
a useful model around such a variable concept.

On the other hand, from the point of view of system
function, it probably does not matter how readiness is defined.
The function of the reparable asset system is to process un-
serviceable assets into serviceable assets and make them
available at base level. Therefore, no matter how one defines
readiness, a major factor will be the availability of service-
able assets for use at base level. Thus, base level avail-
ability will be used as the guiding purpose in developing the

initial model in this research.

8
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So far the scope of this research has been narrowed
to the development of a model of the Air Force reparable
assets system which exhibits total system behavior in response
to policy changes or other system disturbances, but in parti-
cular, the effect of these disturbances on base level avail-
ability of serviceable assets. One further delimitation is
necessary. The Air Force reparable asset system supports a
number of major defense systems; i.e., aircraft, air defense
radars, communication networks, and intercontinental ballistic
missiles. Although these systems are comprised of essentially
the same technology, their requirements in terms of the res-
ponse of the reparable asset system are different. To attempt
to accommodate these different requirements in an initial
model would complicate the model-building task and may mask
the impact of significant requirements or implications for a
particular system. On this basis it is reasonable to base
the initial model on one type of major system. Accordingly,
this research will be based on aircraft reparable assets.

Aircraft reparable assets are by far the largest
group, and also place the heaviest demands on the reparable
asset system in terms of dynamic response. Therefore, by
choosing this group as the basis of the model, all the signi-
ficant variables in the system should be addressed. Hence,
the resulting model should be representative of the system in
general or, at the most, require only minor changes in order
to be applicable to the other reparable asset groups.

Accordingly, the following objective was determined for this

9
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research.

Research Objective

P V———

The objective of this research is to develop a system
dynamics model which demonstrates the effects of policy
R changes on the availability of serviceable aircraft reparable
assets at base level. Subobjectives include to:
- | 1. identify the major processes of the reparable

f¢
% asset system;

g Bl
-t

2. analyze the elements of those processes, their

struccure and relationships, and the attributes of the ele-

N

* ments and relationships;

_i 3. construct a system dynamics and mathematical

}‘ model of the reparable asset system;

| 4. develop a computerized model from the system

| dynamics and mathematical models of the system;

S. verify the performance of the model and validate

that the model represents the system;

_: 6. evaluate the model as a policy development and
analysis tool;

7. identify areas of concern for policy makers.

|
J
'J . Plan of Presentation

This thesis follows the general outline of the re-
search objective and subobjectives. In Chapter 2 the analytic

4 paradigm followed in this study and the modeling technology

used is presented. 1In Chapter 3 the actual development of the

10
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model is traced from conceptualization through analysis and

) measurement to eventual computerization. Evaluation of the

| completed model begins in Chapter 4 where two experiments are
performed with the model. The evaluation is completed in

é Chapter S where the sensitivity of the model performance to
changes in various parameters is discussed. The final chap-
ter summarizes the research findings and presents recommenda-

tions.

11
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CHAPTER 2

U USSP U
v

METHODOLOGY

Introduction

-

The Air Force reparable asset system is an example

of the complex, highly interrelated systems found in virtu-

.-
e e

ally all modern organizations. In the previous chapter the T

analysis of the reparable asset system and the development

AL A SR

of a system dynamics model of the system that could prove
useful as a policy analysis tool was proposed. In this chap-
ter the methodology of this research is explained. First,
the theoretical framework--the systems science paradigm--of
this research is presented. Second, the basics of the model-
ing technology is presented. Finally, the particular research y

approach taken in the course of this work is discussed.

'! The Systems Science Paradigm

' Policy analysis and development are essentially
f futuristic, in that the policies, once implemented, will affect
‘ future events in the organization or system. Since the future
is always, to some extent, unpredictable, policy decisions
must be based on incomplete information. However, the more
the policy-maker can understand about how policy affects the j

- system, the better the policy decisions can be. From a systems . ;

12 }
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viewpoint, then, the goal of any study of policy-making should
be adequate knowledge of the whole phenomena rather than accu-
rate knowledge of it. The emphasis in a systems approach to
the policy-making problem is to gain knowledge about the impact
of policy on the whole system not by observing the parts, but
by observing the process of interaction among the parts, and
between the parts and the whole (24:288).

To obtain this understanding of systems and their be-
havior, it is generally conceded that a descriptive approach
to system analysis is best. This avoids forcing the system
analysis to fit into a preconceived notion of how the system
ought to work and permits the investigator to emphasize how
the system actually does work. This descriptive approach per-
mits the investigator to capture all the elements of system
function, both the concrete, highly quantifiable phenomena
and the subtle, qualitative perceptions and pressures that in-

fluence how systems react (15:61-77). A particularly useful

approach to the study of systems has been the application of

the systems science paradigm articulated by Schoderbek,
Schoderbek, and Kefalas (24:279-306). The paradigm involves
three steps: first, conceptualization of the system; next,
analysis and measurement of it; and finally, development of

a computerized model.

Conceptualization

The first step in the systems science paradigm is

the conceptualization of the system and its processes. The

13
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TABLE 2-1
Input-Process-Output Analytic Framework
for Conceptualization Phase

Input Process Output
Resources Elements Goals
Requirements Structure Measurement

Relationships

Attributes of
Elements and
Relationship

analysis of each of these processes begin with looking for the
goals and major outputs of each process and the requirements
for that output. The conceptualization continues with the
analyst focusing on the elements of the system involved in each
process, their structure and relationships, and the attributes
of the elements and their relationships. This analytic frame-
work is represented in Table 2-1 (24:5-22).

The object of the conceptualization phase is to begin
to understand the interactions of the system, both internally
between the elements and externally between the system and its
environment. Because of the complexity of this interaction,
the analyst is forced to model these interactions, first at
high levels of aggregation and, then, progressively at higher
degrees of resolution (24:297). Roberts (23) recommends that
modeling begin early, as soon as the analyst begins to collect
enough information about the structure and relationships in
the system to do so.

These first, structural models of the system usually

14
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take the form of influence or causal-loop diagrams modeled
around the basic feedback loops of the system (13:188). To
build these causal-loop diagrams, the hypothesized relation-
ship between the elements of the system is specified by con-
sidering the elements pairwiss. The arrow designates the
hypothesized independent-dependent variable relationship, and
the "+" or "-" sign the direction of movement expected in the
dependent variable. These pairwise relationships are then
assembled into cause-and-effect diagrams of the feedback
structures of the system.

An example of such a diagram is illustrated in
Figure 2-1., In this example the relationships between Flying
Hours per Aircraft, the Line Replaceable Unit (LRU) Demand
Rate, Serviceable and Unserviceable LRUs, and Serviceable
Aircraft are shown. As the number of serviceable aircraft
changes, the number of flying hours per aircraft move in the
opposite direction, given a-constant flying hour program.
Likewise, given a constant number of serviceable aircraft,
the flying hours per aircraft increase or decrease with in-
creases or decreases in the flying hour program. Changes in
the flying hours per aircraft cause similar changes in the
LRU demand rate, suggesting the direct relationship between
flying hours and demand rate usually observed. As the LRU
demand rate increases, the number of unserviceable LRUs in-
creases and the number of serviceable LRUs decreases as might
be expected. Finally, changes in the level of serviceable

LRUs will cause like changes in the number of serviceable

15
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Causal-Loop Diagram

aircraft.

Because the linkages in a causal-loop diagram have a
polarity ("+" or "-"), each closed path (loop)} also has

either a positive or negative sign. A causal loop with posi-

tive polarity represents a positive feedback path. That is

the loop reaction to a change to a variable in the loop is to
reinforce that change. This can lead to uncontrollable con-
tinuous growth or decline in system response. A system which
contains one or more positive feedback loops is potentially

unstable. On the other hand, a causal loop of negative polar-

ity represents a negative feedback path. That is the loop
reaction to a change to a variable in the loop is to oppose

that chanée. Negative feedback dampens the response of a

system to disturbances. Therefore, a system which contains

16
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negative feedback loops is potentially stable. Note in the
example in Figure 2-1 that the one loop illustrated is poten-
tially unstable. This follows from the fact that if the
flying hours per aircraft are suddenly increased, the LRU
demand rate will increase, the level of serviceable LRUs will
decrease and, therefore, the number of serviceable aircraft
will also decrease. This, in turn, requires more flying hours
per aircraft and the cycle repeats until, eventually, all ser-
viceable LRUs are consumed and there are no more serviceable
aircraft,

The process of developing the causal-loop diagram
provides further definition of the system. Eventually, though,
the analyst must begin to develop the analytic material needed
to test those hypotheses. This is what goes on in the second

step of the systems science paradigm, analysis and measurement.

Analysis and Measurement

In this phase of the paradigm, the hypotheses that
came out of the conceptualization are subject to further analy-
sis. There are two major outputs of this phase: a flow dia-
gram and a system of equations to further quantify the nature
of the interactions depicted in the flow diagram. The system
dynamics approach to this level of modeling provides an excel-
lent technology for the further implementation of the systems
science paradigm. This technology and its complementary simu-

lation language DYNAMO will be discussed in the next section

of this chapter.

17
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In the gnalysis and measurement phase of the analy-
sis, the relationships postulated in the conceptualization are
broken down further into the flows of material, orders, money,
personnel, capital and, most important, information. Further-
more, these flow diagrams permit the analyst to explicitly
represent the decision structure that controls these flows
by the conversion of the information about system variables
into action (8:93-96).

Accompanying these flow diagrams is a set of equations

and other mathematical functions that further specify how the

system functions on a quantifiable, measureable basis. This
mathematical model forms the basis of the last phase of the

paradigm, computerization,

Computerization

The final phase of the systems science paradigm is
computerization of the mathematical model developed in the pre-
vious phase. As noted, the DYNAMO simulation language is speci-
fically designed to help translate that model into a series
of first-order difference equations for solution on a high-
speed digital computer. This phase of the paradigm provides
the analyst with rapid feedback of results from the simulation
which aids in determining the aptness of the model (4:186; 13:
150). New insights into system behavior may lead to either

reconceptualization or to remeasurement or requantification.

Evaluation

Implicit in this last phase of the paradigm is the

o
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evaluation of the computer model of the system that has

emerged. Evaluation of large-scale models of complex systems
involves at least the following: verification, validation,
and sensitivity analysis (6; 20; 25).

Verification. Verification is the process of in-

suring that the model behaves in the way it was intended to
behave (25:210). In other words, this is. the verification of
the computational sequence. Forrester (8:396-401) provides
an excellent example of how the DYNAMO output aids in this
process.

Validation. Validation of the model is the process
of insuring that model behavior adequately exhibits the be-
havior of the real system (6:182; 25:29-30). Thereiis a
large, judgmental element in determining the adequacy of
representation. Unfortunately, there is no definitive answer
to this determination. Validation of the model remains the
hardest part of the computer simulation (18:309).

While there may be no such thing as the ultimate
test of model validity (25:29), there are several criteria
which have been proposed. Forrester and others (8; 22) make
the point that there are many possible adequate (valid) models
for a system, and that the adequacy (validity) of a model de-
pends on whether it serves the purpose for which it was
intended. Validity, therefore, is really a question of suit-
ability for intended purpose. On this point Forrester says:

The validity (or significance) of a model should

be judged by its suitability for a particular purpose.
A model is sound and defendable if it accomplishes what

19
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is expected of it. This means that validity, as an
abstract concept divorced from purpose, has no useful
meaning [8:115].

Coyle, writing aloﬁg the same lines, suggests the
following questions be asked about the model in assessing its
validity and utility (6:182-184):

1. 1Is the system boundary right?

2. Are there any gross errors?

3. 1Is there a correspondence between model structure

and the system?

4. Are the parameter values correct?

5. Does the model reproduce system behavior?
Ultimately, as Coyle points out, the best test of confidence
is the knowledge that the model has been carefully built up
in conjunction with the managers of the system.

The purpose of the model in this research is to dem-
onstrate the effects of policy on the availability of aircraft
reparable assets at base level. Validation will be ultimately
tested by how well the model achieves this purpose and the
correspondence that logistics managers perceive between the
model and the system.

Sensitivity Analysis. Once relative confidence has

been built in the model, the ultimate evaluation is what Pugh
(21:1-15, 118-120) has called in-practice evaluation. That
is, how useful is the model for its proposed purpose and how
much does it reveal about the behavior of the system. Sensi-
tivity analysis accomplishes this. Simply put, sensitivity

analysis involves making changes to parameters and/or structures

20
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in the model and seeing what effect they have on performance
(8:196). Without validation this might just be an exercise
in model use. But if the analyst has built up confidence in
the validity of the model, then the results of sensitivity
analysis allow the analyst to infer what policy changes might
have the most effect, good and bad, on the real system.
Further, sensitivity analysis suggests that those parameters
and the model structures that depend on them should receive
further attention in studies aiming at advancing the develop-
ment and sophistication of the model.

So far this chapter has contained a description of
the theoretical basis of the proposed system dynamics model
of the Air Force reparable asset system. The next section

will take up the technology of system dynamics.

System Dynamics

The system dynamics approach and its complementary
simulation language, DYNAMO (8), are particularly well suited
to the implementation of the systems science paradigm in the
study and modeling of the behavior of complex systems (4:150;
13:186). This approach has been successfully used in a
variety of studies (1; 3; 4; 6; 8; 13; 14; 21).

As the modeling simulation package adopted for this
research, system dynamics and DYNAMO offer a number of advan-
tages (13:186):

1. They provide a direct correspondence between the
cause-and-effect conceptualization of the real system, the

21
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model flow diagram, and the computer simulation program.

2. The system dynamics flow diagram is an excellent
means of communication between researchers and managers of
the system under study. This increases the value of the
approach to policy-makers because their understanding of the
system is increased in the modeling process.
3. The DYNAMO simulation language is easy to learn,
This allows researchers to concentrate on system conceptuali-
zation rather than computer programming problems. Further,
it does not require the mathematical sophistication needed
to use other simulation techniques.
4. DYNAMO provides rapid feedback of results from
the simulation program. This rapid feedback aids researchers
during model development because it permits evaluation of the
aptness of the emerging model and provides clues to what
changes will improve the correspondence between the model and
the real system.
5. Once the valid model has been developed, this ease
of use and rapid feedback enables policy analysts to assess a
variety of options without extensive reprogramming of the model.
The purpose of this section is not to provide a primer
on system dynamics or DYNAMO. A variety of excellent texts
are available on this subject (6; 8; 9; 10; 20). However,
some familiarity with flow chart symbols and the DYNAMO simu-
lation language is required in order to completely follow the
discussions in the remainder of this chapter and those which
follow. The following sections provide that basic familiarity.
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System Dynamics Flow Diagrams

System dynamics conceives systems as networks of
levels and flows between levels which are interconnected by
the flow of information. This conceptualization is repre-
sented in a flow diagram. Figure 2-2 lists the principle
symbols used in these diagrams; a brief explanation of each ;

symbol follows.

Levels. Levels are the accumulation variables in the }
system, they represent measureable quantities which will main- ?
tain their value i: all activity in the system is stopped.
Inventories are obvious example of levels within the reparable
asset system,

Flows. Flows represent the transfer of quantities
or information within the system.

Rates. Rates are the variables which control the
flows in the system. The flow of information is an exception,
Information flow is a transfer process which relates the vari-
ables in the system and, therefore, does not possess a rate
of flow quality. It can, however, be delayed; this is discussed
under DYNAMO functions.

Source or Sink. This symbol represents the origin or

destination of flows from outside the system, or the creation
and termination of flows within the system. The creation of a
flow of orders and the termination of this flow as orders are
filled provides a good example of the latter category of use.

Auxiliary Variables. These variables enable the

segmentation of complex interrelationships. The symbol allows
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this segmentation to be represented in the system flow diagram.
Thus the correspondence between the system, the diagram, and
the system of mathematical equations is maintained.

Constants. This symbol represents system parameters

which do not change with time,
Delays. Delays account for a significant proportion
of the dynamic response of systems. They are used to repre-
sent the response lag between changes in one part of the systemand

the effects of these changes in other parts of the system.

Delays are a special form of level in that they store the dif-
ference between the input and output flows at any time. For
example, if the input rate to a delay increases, then because ]

of the response lag provided by the delay, the output rate

S Ay plD- ARl

will not increase immediately. Until the output rate does
respond and eventually increases to be equal with the input
rate, the delay stores the difference between the flow rates.
The foregoing describes the action of a material delay, and

shows that material delays are conservative in that they do

not affect the total quantity of material in the system.

Material delays simply delay the transfer of material within

the system. Information delays, although represented by the

same symbol, are nonconservative. This will be discussed further

under DYNAMO macros.

System of DYNAMO Functions

The system dynamics flow diagram represents a system

of mathematical interrelationships which can be directly
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translated into a system of DYNAMO equations. This system

of equations comprises rate (R), level (L), initial value (N),
auxiliary (A), and supplementary (S) equations. The meaning
of rate, level, and auxiliary equations is self-evident.
Initial value equations enable the model variables to be ini-
tialized as required. The supplementary equations enable
quantities of interest to the model-user, but not used by the
model, to be computed and included in the output of the model.

Solution Interval. The basic tool of continuous

simulation is integration (20:2). Integration relates a quan-
tity to the time rate of change of that quantity. Consider
the relationship between a level and the inflow rate to the
level. The change in level over any interval of time is given
by the integration of the function for the input rate over
that interval. This interval is referred to as the solution
interval. If the input rate is constant over the solution
interval, the solution of the integration is simply the pro-
duct of the rate and the length of the interval. If, however,
the rate is changing over the interval, the solution is much

more complex. This complexity is avoided by the DYNAMO lan-

guage by using approximate integration. In approximate inte-
gration, the solution interval is chosen so that the error
introduced by assuming that the rate is constant over the
solution interval is negligible., Approximate integration is

implemented in DYNAMO by the use of J, K and L time subscripts.

The subscript J represents the beginning of the previous solu-
tion interval, K represents the present, and L the end of the
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next solution interval. Using these subscripts and denoting
the solution interval by DT, it can be seen that the above

level and rate example can be represented as:

LEVEL.K = LEVEL.J + RATE.JK * DT

where RATE.JK means the value of RATE over the solution inter-
val from time J (the beginning of the solution interval) to
time K (the present). The choice of the appropriate solution
interval for a model is determined by the length of the delays
in the system. This is discussed under DYNAMO macros.

Computational Sequence. In a system dynamics model

the values for rates are derived only from information about
the levels in the model. This is a consequence of the fact
that in reality the instantaneous value of a rate cannot be
measured; to determine a rate only an average value over an
interval of time can ever be measured (8:77). Therefore, rates
cannot in principle be used to determine the value of other
rates. Although at times the value of a rate from the JK
solution interval can be used if the introduction of an averag-
ing level into the model, although correct, would not signifi-
cantly improve the accuracy of the results. Because informa-
tion about levels is used to determine rates, and this infor-
mation is manipulated by using auxiliary variables, DYNAMO
employs the following computational sequence. First all level
equations are computed (as shown in the previous example,

these equations use the JK values for rates), then the auxiliary

equations are computed followed by any supplementaries, and
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finally the rate equations are computed. The values obtained

for the rates then become the JK values in the next computa-

tional sequence. In this way time is advanced in the model

one solution interval at a time. i

DYNAMO Macros

In writing the equations for a model, certain combina-
tions of equations are used repeatedly. To ease the burden
of equation writing, DYNAMO provides these groups of equations
as macros which are implemented by simply using the name of
the macro. The user may also specify his own macros as re-
quired. A brief explanation of each of the macros used in
this research follows.

The FIFGE Macro. The FIFGE macro has four arguments

(P, Q, R, S). It returns the value of the first argument (P)
if the third argument (R) is greater than or equal to the
fourth argument (S), otherwise it returns the value of the
second argument.

The FIFZE Macro. The FIFZE macro has three arguments

(P, Q, R). It returns the value of the first (P) if the third
(R) is zero, otherwise it returns the value of Q.

The MAX and MIN Macros. The MAX and MIN macros have

two arguments (P, Q), and return the greater or lesser of the
two Tespectively.

The Delay Macros. DYNAMO provides four delay macros,

DELAY1, DELAY3, SMOOTH, and DLINF3. The DELAY macros represent

first and third order exponential delays respectively. These
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Exponential Delay Response to
a Step Change

macros can be used to represent many of the delay phenomena
in real systems (8:87). Figure 2-3 shows the time response
of these macros to a sudden increase in the input rate (a
step change in the input). The initial text by Forrester (8)
still provides the best discussion of the validity of using
exponential delays and their response characteristics.

The SMOOTH and DLINF3 macros are similar to DELAYI
and DELAY3 respectively in that they provide first and third
order exponential information delays. The difference is that
they are non-conservative structures. That is, they do not
accumulate the difference between the input and output rate
as must be done by a material delay; they provide the desired
response by a process similar to exponential smoothing, as it

is used in forecasting.
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To facilitate model building and experimentation with
a model, DYNAMO provides a range of functions which can be
used to represent time-varying processes in a model or as
time-varying inputs to a model. Only the functions employed

in this research are described here.

The NORMRN Function. This function provides a normal

random variate with a specified mean and standard deviation.

The NOISE Function. This function provides a uniform

random variate in the range -0.5 to +0.5.

The SAMPLE Function. This function has three arguments.

The first argument is the variable to be sampled, the second
argument is the interval between samples (this may be a vari-
able), and the final argument is the initial value returncd

by the function.

The STEP Function. This function provides a step

change of a specified height at a specified time.

The RAMP Function. This RAMP function provides a

linearly increasing variable of specified slope which activates

at a specified time.

The SUMV Function. The SUMV function sums the speci-

fied elements of a vector variable (DYNAMO provides an array

capability which can accommodate up to three dimensions for

variables).

The SHIFTL Function. The SHIFTL function shifts the

contents of a vector variable forward by one element, sets

the first element to zero, and returns the value of the last
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Table Functions

There are many instances in modeling where the need
arises to include a non-linear, or non-simple, relationship
between two variables. To facilitate the incorporation of
these relationships, DYNAMO provides a table function facility.
The DYNAMO table functions enable the user to incorporate a
straight line approximation of the desired relationship.

Figure 2-4 illustrates such a relationship and the DYNAMO
table function straight line approximation for it. It can be
seen that the shorter the approximation interval, the closer

will be the table function representation to the actual rela-

tionship.
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Choice of Solution Interval

As discussed previously, the length of the solution
interval (DT) determines the accuracy of the results because
rates in the model are assumed constant during the solution
interval, whereas the actual rates they represent may be con-
tinuously changing. 1If, however, the solution interval is
made small enough, the errors due to assuming constant rates
become negligibly small. Obviously, the smaller the solution
interval the better, but there are practical limits. The com-
puter can accommodate extrem