' :51mulate ~gystem behaviour uant

".'Therefore, ‘some heurlst
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ABSTRACT

In this study, a prototype exper“ Systen ‘support system dynamics
‘modelling is designed by organiziig-t _owiedge structures of ' generic
patternized expectations and the ru;es o “how to construct system dynamics

"models. The system is a productlon—rul ' rted consultation system written
.in PROLOG. The proposed system covers ‘em conceptualization in part,
system modelling, and generatlon of" s:u;m1 tion’ program, Brief executing
‘processes of the proposed system are: 1) hx*ra'tlng concepts(nodes) within a

" system by perceiving actlon/dec131on ‘ma -and’ by inferring the causal
relations(links). 2) Preparing. a . isal=loop. dlagram of . the system
automatically by dinterconnecting the cag ations and by eliminating

_ inappropriate links. 3) Transformlng the ca Oop»dlagram into a flow-~
diagram ‘automatically, and geperating 3. on program.  The proposed
system has a knowledge base of facts acqulre, n':the systems modelling, to
facilitate - the modelling of a System related to the ones dealt with in the
past. Some appllcatlon examples are prov1ded to verify the applicability of,v

-the proposed system. :

;i,i,iNTRdDUCTION"'

4’ problem related to technologlcal
'may -be approprlaee to. employ not. a
a. structural model, e.g. system
system dynamlcs, it is. possible - to-
vely . u51ng DYNAMO (Pugh 1976) after the

.social ~and/or . -ecological - 1tems,
‘conventlonal extrapolatlon model
‘dynamics . model:. (Forrester

system - modelling (system '1den
:_'presented by spe01a11sts ba51n“
~both -the = systei and- system dynam

_76;_ Kishi
ec: or- system. dynamics- modelllng : _
. In- thls study, a' protstype expert'system to -support system dynamlcs .
"modelling is  designed . by organizing the. knowledge .structures .of generic
patternlzed expectations and.the rules on how to construct system dynamics
models. ' The system is a product10n~rule—or1ented consultatlon ‘system éncoded
in PROLOG (Clocksin 1983). PROLOG; .whichis.a programming. language based on -

.predicate-. logic (Chang, 1973), is  becomirg _popular for ' Artificial..

Jf”sucn ‘as ISM

“¢1on) However, system modelllng 1su$

1986), etc., have beenn"

Intelligence research. -And it is- good for processing causal - relations in -

system dynamics models (Nilsson'1980, Nolan 1986, Elzas 1986).
The process of system dynamlcs 1nqu1ry con51sts of two phases as shown 1n-
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PROBLEM DEFINITION fmmmme

SYSTEM CONCEPTUALIZATION 4’

MODEL REPRESENTATION 4=—————  REFINEMENT
. ‘F

CONCEPTUAL

Coverage of the ;
Proposed System i

: MODEL BEMAVIOR
JECHNICAL T

{
M%DEL EVALUATION

POLICY ANALYSIS AND MODEL USE

Figure 1 Process of system dynamics inquiry
(Andersen 1980,Roberts 1983)

Figure 1 (Andersen 1980, Roberts 1983): i) Conceptual phase, which addresses
the problem definition and system conceptualization. ii) Technical phase,

which addresses the system modelling, simulation of system behaviour, - .

evaluation of model validity, and system analysis. The conceptual phase is
critically important; however, it is close to being an art. For the above
process, the proposed system in this study covers the system
conceptualization in part and the model representation. :

Brief executing -processes of the proposed system are: 1) Extracting
concepts(nodes) within a system by perceiving action/decision making and by
inferring the causal relations(links). 2) Preparing a causal-loop diagram of
the system automatically by integrating the causal relations and by
eliminating inappropriate Ilinks .80 as to be precise for system dynamics
models. 3) Transforming -the causal-loop diagram into a flow-diagram by
identifying system levels, rates, auxiliaries and parameters automatically.
4) Generating a simulation program (in BASIC) semiautomatically by defining
equations on the causal relations and specifying initial values for
variables, etc.

To facilitate future modelling work about a system related to the ones
dealt. with in the past, the proposed system has a knowledge base of facts
acquired in the systems modelling. - The facts in knowledge base are the
causal relations in systems and the mathematical equations defined on
variables. ’ :

An operation test is given to examine the validity and applicability of
che proposed system. Moreover, a system .dynamics model for maritime
industries is presented.

2. " SYSTEM IDENTIFICATION

Theiﬂf%fst phase in system dynamics modelling is the problem definition
thich * défines a model purpose, system boundary, and level of concepts
elements of a system) aggregation (Andersen 1980, Forrester 1980, Starr
980, Roberts 1983). This phase is critically important; however, it is close
.0 being an art. In the following, the subsequent phases after the problem
efinition are investigated. : Co
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~ 2.1. Extracting Causal Relations

After the problem definition, there lies the phase of system
conceptualization which jinvolves, for example, listing the concepts of a
system, extracting the causal relations between them, and identifying - the
feedback structures in conjunction with time delays. "System dynamics deals
with change" (Forrester 1980). Any change "is induced by some action
(including phenomena). Therefore, in this study, the system conceptualization
is pursued by perceiving action/decision meking and by inferring the causal
relations between them. The concepts extracted from a system are expected to
be measurable or potentially measurable.

S —— Parameter
—— State node: ————1—" Level
' o K L—— Auxiliary

Node

Rate

cation of nodes

“qh‘Makgg)

Information 1 —1 = . L = S » State 1
_Information‘Z e {%”“". . Action —-—-¥::;: State 2

: ——md - i} ' | %---~~ .

Physical laws

Figure 3  Process of action making

o e e Intentional link
SRR TR S anaoy Action making link. ——1 _
Link = s——tf— Action result Tink L Non-intentional 1ink

) S Simp?evreiaﬁioh,1ink

vFngre 4vEC}éssificdtion of Tinks

In the system conceptualization phase, a causal-loop diagram is to .Dbe
prepared. The concept of a system.and the causal relation between concepts
correspond to the node and the link in the diagram, respectively. The nodes
(concepts) can be classified into "action" or "state" node. Figure 2 shows.
the relationship among the nodes and the variables in system dynamics models.

" The process of action making is expressed schematically in Figure 3. Actiom
occurs - owing to some information/input, and the action changes the state of
the object. The action making process is considered as a fundamental unit of
causal relations in systems. The links between nodes can be classified into, -
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so to call it, "action making", "action resulting", or "simple relation (i.e.
irrelevant to action making)" link, and further, the action making links are
classified into "intentional" or "non-intentional" link (see Figure 4). The
whole structure of a system is depicted by selecting the action making units
and by interconnecting them directly or through the simple links among them.
The process for selecting action making units is, for example, as follows: i)
extract the action making unit with explicit decision maker, ii) do that with

explicit action maker, iii) do that without explicit decision and action

makers (i.e. phenomenon).

It can be said that there is a great variety of data structures to

~ represent causal relations (Nolan 1986).

In this paper, the data structures

'of action, state, and information nodes are given in the form of predicate

logic formula (Chang 1973) as follows:

Action(AN, OBJ, aM, ™M, SYS)
Stare({SN, SBJ)
Inform(IN)

where AN is the name of an action,
0BJ the object of the action, AM/DM
the action/decision maker of the
action, SYS the (sub-)system which
contains the action. SN is the name
of a state, SBJ the subject
(substance) of the state, and IN
the name of information. "AN" and
"SYS" are emploved as keywords to
retrieve the information about
causal relations from a knowledge
base (library/catalogue) of dynamic
structures of systems (see 2.3.),
The data structure to represent a
link between nodes is:

Link(INN, TNN, LK, SIGN) (4)

where INN is the name of .the
initial node, TNN the name of the
terminal node, LK the kind of the
link (see Figure 4), and SIGN the
sign of the effect of INN on TNN
(positive or negative). It matters
little if there are null inputs to
AM, DM, SYS in Eq. (1), LK, SIGN in
Eg. (2). : .

In the next place, extraction
of causal relations in the upper
stream of the information nodes is
pursued. The - algorithm for
extracting the causal relations is
shown in Figure 5.

After the extraction of causal
relations, &l1 the information

(1)
2) .
(3)

Extract Actioﬁ nodes,
&, = {node iJAction node}

Extract State nodes, .
Q, = {node j|State node}

¥

Extract Information nodes, )7

23 = {node k|Information node}

X
L:_zs—sz] UQZUQ3 v,

Q= (node m{the node (e05) without
an inputting node n?eg5)
sgph as Link{n.,m)}

Recognize system boundary nodes
from the nodes « g,
Q, = {node nISystem boundary node}

0
Extract Information nodes about
the nodes € Qg n 97,
Q = {node pjthe Information node
: t d

Figure 5 Algorithm for extracting
causal relations
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nodes are classified into action or state nodes, giving null input to SBJ for
the state nodes not influenced by action nodes dlrectly.

Tink(A,B)

Figure 6 Link and path

Interconnecting the causal relations obtained - above, ' the causal-loop
diagram is prepared. The process can be automated by using PROLOG or LISP,
because those programming languages have such a function inherently. In
causal-loop diagrams, the links between ‘the nodes related indirectly should
be eliminated, otherwise the number of links will increase, resulting in a
complicated diagram. Some of the knowledge required for eliminating such
inappropriate llnks are represented as the follow1ng heuristic rules (see

Figure 6).

Rule 1: If Link(A,B,_, ),

and Path(A,B), _

and Action(A,_, ,_, ),

and Actlon(B, v s_s_Ds

and Path(A,B) does not contain Action node except A and B,

then Link(A,B,_ , ) is eliminated. ‘ (5) .
Rule 2: If Link(A, BL_L_), '

and Path(A,B),

and State(A,_),

and Action(B,_, , , ),

and Path(A,B) does not contain Action node except B, :
v then Link(A,B,_, ) is eliminated. . (6)
Rule 3: If Link(A,B, ., ),

and Path(A,B),

and State(4,_),

and State(B,_),

and Path(A,B) does not contain Action node,

then Link(A,B, , ) is eliminated. (7)
Rule 4: If Link(A,B,_, ), :

and Path(A,B),

and Action(4,0BJa,_, , ),

and State(B,SBJb),

and OBJa is not SBJb,

and Path(A,B) does not contain Action node except A, _

then Link(A,B, , ) is eliminated. A (8)

where, Path(A, B) is a sequence of links (excluding Link(A,B)), and the each
link in the path is directed toward node B and away from node A. Those rules,
of course, are not absolute; however, the causal-loop diagram resulting from
‘applying these rules illustrates a clearcut structure of the system. In order
to seize the whole: structure of the system and the detailed structures of the
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sub-systems, it  is required to divide -the causal-loop diagram into parts
according to the action node (see Figure 11, for reference).

2.2. Developing Computer Model .

" In developing a computer model to simulate the system behaviour, it -is
generally helpful to oprepare a flow-diagram by refining- the causal-loop
diagram. .The flow-diagram ‘provides additional insight into the system
structure. The necessary step in refining the causal-loop diagram into the
flow diagram is the identification of system levels, rates, auxiliaries, and
parameters ( in this paper, "parameter" means the system boundary node ). The
knowledge required for identifying system levels, rates, etc. is represented
as the following rules. '

‘Rule 5: If Action(A,_, ,_, ), 4 :

then Node ‘A is Rate. - (9
Rule 6: If Link(A,B,_,_ ) does not exist, -

and Node B is not Rate, o

then Node B is Parameter. (10)
Rule 7: If Link(A,B, , ), :

and Action(A,0BJa,_, , ),

and State(B,SBJb),

and OBJa is SBJb, :

then Node . B is Level. : . (11)
Rule 8: If Node A is not Parameter,

and State(4, ),

and Node A is not Level,

then Node A is Auxiliary, : : (12)

The computer model is developed by formulating the flow-diagram. In the
following, the process of generating a computer program is described:

1) Create an abbreviated name for each variable (node) - provided that
one~to-one correspondence is found between them, - # = .57

2) Write the equation for each variable as a function:of the variables in
the upper stream. Because of its conventional/standardized. format, the
rate-level equation is automatically generated referring to "SIGN"
(positive or negative) in Eq. (4). As for parameters, each of them is
‘expressed as a function of time. The equations are represented
following a computer language statement, e.g. BASIC.

3) Save these equations into a file. ,

4) Specify the initial value of each system level, - They are expressed in
the form of equalities. Tt '

5) Save these initial values into a file.. :

6) Merge the equation file with the initial value file, and complete a
computer program adjusting properly :

2.3. Organizing Acquired Knowledge it

In order to to facilitate future modelling work about a system related to
the ones dealt with in the past, the knowledge acquired in the systems
modelling should be accumulated in a knowledge base. The facts to be stored
in the knowledge base are the causal relations in systems and the
mathematical equations defined on variables. The knowledge base is considered
as a library/catalogue of dynamic structures of systems (Forrester 1980, -
Andersen 1980). The facts about action, state, and information nodes are
codified according to some indexes. . The data structures of the stored facts
are given as follows: ) '
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Action(AN, OBJ, AM, DM, [SYS], [IN], [SN], [EQ]) a3 -
State(SN, SBJ, [AN], [EQ]) | . (14)
Inform(IN, [AN]) ' o , - (15)

where [ * ] is a list, one of the symbolic expression, that means a set . of..
atoms (i.e. arbitrary characters) (Chang 1973, Clocksin 1983), and EQ is the
equation for the node defined in the phase of developing computer model. In
addition, the facts about links are stored: the data structure follows Eq.
(4). In the phase of extracting causal relations, "AN" and "SYS" are employed
as keywords to retrieve the information from the knowledge base. ‘

3. STRUCTURE OF THE PROPOSED' SYSTEM

Fundamental specifications for .the expert system of system dynamics
modelling are: : »
1) The proposed system is intended for the users without/with technical
knowledge about system dynamics modelling.
2) Initially, the system has the rules and knowledge only about system
- dynamics modelling procedure. .
3) Knowledge/facts acquired in systems modelling are accumulated to
facilitate future modelling work:
A skeleton of the expert system is shown in Figure 7. -The system is
composed of: ) :

User : ' - j.lﬂ User .interface
Working memory ] Inference engine
‘(Qutside WM) : (IE)

Procedural Knowledge

Fact base (PKB)
Knowledge (FB) RB MKB
acquisition
mechanism
Knowledge base ( K B )
Figure 7 Skeleton of the expert system
a) Knowledge Base (KB) - This contains the heuristic rules and procedure

knowledge about ‘'system dynamics modelling and the facts acquired in
systems modelling in the past. The rules and procedure knowledge are
stored in Procedure Knowledge Base (PKB), and the facts are :stored in
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Fact Base (FB).

b) Fact Base (FB) = The facts about causal relations in systems and

mathematical equations of variables are stored. The data structures of
. the facts are given by Egs. (4), (13)-(15).

¢) ‘Procedure Knowledge"Base_(PKB) - The rules to operate the facts are
stored in Rule Base (RB). The procedure knowledge about system
dynamics modelling are stored in Meta-Knowledge Base (MKB). PKB is the
core program of the system encoded in PROLOG.

d) Rule Base (RB) - The rules, that would be applied to the facts, are
- stored. Each rule has a precondition, and. it can be applied if the
precondition is satisfied. Such rules are called "production rules".

e) Meta—Knowledge Base (MKB) - - The procedure knowledge ~about system
dynamics modelling, including the meta-knowledge/meta-rules, i.e.
knowledge/rules ‘about how to use other knowledge/rules, are stored.

f) Inference Engine (IE) - This draws new conclusions from given facts
applying ..the rules and procedure knowledge which are loaded from PKB

-at the system starting. In addition, the facts in FB are provided to
IE according to demand. Facts are operated and stored in Inside
Working Memory (Inside WM). In this system, PROLOG interpreter plays
the role of IE (see Figure 8),

g) Working Memory (WM) - This is a storage area used for the facts and
other short-term information. In this system, because of the
limitation of the memory capacity, Outside WM is equipped  using - an
external memory device in addition to the Inside WM of 1E. ’

h) Knowledge Acquisition Mechanism =~ “This extracts the knowledge about
causal relations in systems from.the facts in WM, - and 'codifys them to
be stored in FB. Sometimes nowledge is directly imputed by the

Both Inference Engine and the proposed system are based on "production:
system" (Nilsson 1980, Forsyth 1986).

Inference engine (PROLOG)
Knowledge
Base Rules
) Meta-Knowledge | PROLOG program
OQutside WM | Inside WM User

Figure 8 Structure of inference engine

Using the rules and procedure knowledge described in chapter 2, the
expert system generates a system dynamics model. Figure 9 shows the flow of
the system procedure. To facilitate writing equations in the phase of
formulating causal relations, the proposed system supports some built-in
functions such as TABLE, PULSE, etc. in DYNAMO.
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<&

Extract causal relations

} Interconnect the causal relat1ons.
Fact Base and

Eliminate inappropriate links
(Causal-loop diagram)

[l ) D Refinement

.l

Identify system Levels,Rates,etc.,
and

Formulate the .causal re]at1ons

(Flow-diagram,and Simulation program)

L8

Simulation
(System behavior) _E::—

R

Figure 9 Flow of the system procedure

: 4._ APPLICATION EXAMPLES

In thls chapter,v the follow1ng appilcatlon examplés are provided  to
' }verlfy the appllcablllty of the proposed system.

,'4 1. Operatlon»Test

i ‘An opetation’ test is given to examine the validity and appchablllty of

.. the . proposed system, Three model builders (i.e. Mr. A: a student without
knowledge about system dynamics, Mr. B: a student with a little knowledge

.. about system dynamics, but he is inexperienced in this expert system, and Mr.

- °C: one of the authors) get the following exercise,

Exercise : Ecosystem of an 1sland

Suppose an island on where’ hare and fox are 1nhab1t1ng. an ecosystem of
the island is 'as follows:

Hare feed on grass, ‘and fox prey upon hare. The number of their natural
'blrths/deaths depends on their population. 'The number of hare killed by fox
depends on both the fox population and the number of hare killed per fox. The
_number of hare killed per fox depends on the hare population density. The

food scarcity affects the population deeply. The number of deaths by
starvation depends on the shortage of their food supply. The growth potential
of grassland is proportional to the area; however, the grassland area is
decreased by hare,. and the sizé of the area decreased depends on the hare
population. Of course, there is an.upper bound of the grassland area owing to
the limited land. _

. It is known that the island has a large amount of deposits underground.

The dlgglng of the deposits decrease directly the area of the grassland, i.e.
'hare s habitat. Furthermore, pollution caused by the digging will lower the
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Digging o Natural births
" |deposits : deaths (fox

=
ecrease o rowth of .
rassland area rea )

grassland a
¥ :

Natural births Pa?ameter of natura
births (fox) births/deaths (fox)

rowth o
grassland area]

Decrease o
grassland area

Eﬁrameter of natural Natural births/ |-
births/deaths(hare) deaths (hare)

(b) Model B. prepared by Mr.B_;f'-"

_{Digging o
deposits

Upper bound 61 . ppér bound o
rassland area hare habitat

Upper bound o
y fox habitat
3 1 Population) Population
rowth of . atural births] idensity density Natural births
rassland area (hare) “{{hare) (fox) - (fox) i
rassland area Number of ‘hare Number of fox
Food for| Pray of
hare fox
v / [Natural deaths] 1 Natural deaths|
Deaths by (hare) Deaths by Wfox) .~
starvation starvation co ’
(hare) (fox)

(c) Model C prepared by Mr.C

Figure 10 Causal-loop diagrams for an ecosystem
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NODE = upper_bound_of_grassland_area
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NODE = upper_bound_of_fox_habitat

LINK = digging_of_deposits —> upper_bound_of_grassland_area
LINK = digging_.of_deposits ~> upper_bound_of_hare_habitat
LINK = digging_of_deposits —> upper_bound_of_fox_habitat

BE4##  SUB-SYSTEM[2] #####
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Sub-Systems and Nodes

Causal Links (Total-System) * on_hare
NODE = SUB-SYSTEM[1 _hare
NODE = SUB-SYSTEM[?2 )
.1 NODE = SUB-SYSTEM[3 2 -> number_of_hare
NODE = SUB-SYSTEM[4 taturad_births_hare
) ) jatural_deaths_hare
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5-=—grassland_area
16---growth_of_grassiand

1--~upper_bound_of_grassland_area
2---upper_baund_of_hare_habitat
3~-—upper_bound_of_fox_habitat

SUB-SYSTEM [3].
11)food_for_hare

SUB-SYSTEM [4]
14)deaths_by_starvation_fox

SUB-SYSTEM [2]
10)deaths_by starvation_hare

SUB-SYSTEM {2)
5)pray_of_fox

| SUB-SYSTEM [3]
_hare--=>(11)food_for_nare

Figure 11 Example of the system's output (model C) .
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growth potential of the grassland. :
Develop an ecosystem model of the island to examine the effect of the
digging of deposits.

Modelling of the ecosystem structure is carried out using the proposed
system. Figure 10 shows the results illustrating the system's output with
causal-loop diagrams. Though model A and model B are fairly analogous, there
are many difference din the three models with regard to the level of the
problem recognition. However, the each model succeeded in extracting the same
critical concepts and feedback loops in the system; so that the proposed
system is not altogether worthless. If the model builders enter on-the phase
of system formulation, then those models will be refined fairly well. It
should be praised that Mr. A detected the causal relation about fox and
hare's excretions. Figure 11 shows an example of the system's output for
model C. S

4.2, Modelling of Maritime Industries )

On account of complicated international and economical circumstances,
shipbuilding and shipping industries in the ‘developed countries are going
through their serious recession (Nersesian 1981, Taguchi.1986, Kishi 1986).
In order to find suitable steps, it may be appropriate to ' employ system
dynamics models in the policy analysis. In this section, a system dynamics
model for maritime industries is presented using the proposed system,

GNP

Marine taransport
Average transport| {demand

Distance Freight
rates

Demand & supply
balance

Order tonnage
to construct

[Stock tonnage

f . to construct
otal tonnage Construction
of vessels | ‘ tonnage /

Scrap

Figure 13 Causal-loop diagram for tanker fleets system
(SD Research Society in JMRI 1977}

Extraction of the causal relations of the system are pursued by  the
authors. Maritime industries are composed of shipping, shipbuilding, and port
& harbour. And further, for example, shipping is divided into specialized
markets (tanker, bulker, container, etc.) (Nersesian 1981). Figure 12 shows
a causal-lcop diagram for the tanker fleets system obtained using the
proposed system, and the identified system levels, rates, etc. Japan
Maritime Research Institute has already provided a similar model as shown in
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-Figure 12 Causal-loop d"iagram for tanker f]eéts system
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Figure 13 (SD Research Society in JMRI. 1977). Although the two models differ
in their elaborateness, the central structures of the causal relations in the.
models are equivalent. Behaviour of the each model is simulated, and the-

results are shown in Figure 14 for reference.

2001 Authors' model O Total tonnage
—_ ® eesoaa. JMRI's model A Laying-up tonnage
= =y .
\02 oé:;oo_ ® @, A, mStatistics a Order tonnage to construct
[=3
= x °
@ @
o
2150l ®
g <
g8
=3 —~
i 2
g 5200 Forecasting (JMRI's)
<,
<
8
00

w
o
T

Order tonnage to construct

2

Figure 14 System behaviour

5. CONCLUSIONS

This paper is concerned with an expert system to support system dynamics
modelling. The application examples are provided to verify the applicability
of the proposed system. The results are summarized as follows:

1) The process for system dynamics modelling is investigated. Some rules and
procedure knowledge for preparing system dynamics models are presented, and
the data structures of causal relations are given in the form of predicate
logic formula.

2) An expert system for system dynamics modelling is designed including
the knowledge base about causal relations.

3) The results of the application examplés are in the following: i) The
proposed system effectively supports the system dynamics modelling not only
by the user with little technical knowledge about system dynamics but also by
experienced user. ii) In eliminating inappropriate links in the causal-loop
diagrams for large systems, the proposed system needs some heuristic rules to
avoid the problem of infinite number of path combinations.
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