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Abstract

System Dynamics (SD) is an effective method for studying dynamic conditions and changes in
complex systems. It has been used in domain of social, economic and human activities which deal
with vague and inaccurate variables. In this paper, a new dynamic model of real world systems is
designed based on the concept of system dynamic approach. Then relations among the variables
in the model are defined as fuzzy if-then rules by using fuzzy logic method. For analyzing the
model accurately and avoiding the extent of ambiguities, Fuzzy Inference System (FIS) will be
designed. For this purpose, cycle of creation and absorption of knowledge in a National
Innovation System has been analyzed via SD methodology and FIS results.

Keywords: System Dynamics, Fuzzy Logic, Fuzzy Inference System, National Innovation
Systems, If-Then rules
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System Dynamics (SD) is a significant approach that helps top management in the important
problems and which is applied to issues ranging from corporate strategy to the dynamics of
diabetes, from the cold war between the US and USSR to the combat between HIV and human
immune system. Also it can be applied to any dynamic system, with any time and spatial scale [2]. In
such systems the causal loops are the main concept for model formulation. The causal loops
represent the relation and interaction among the system variables. In the most cases in the SD
approach these loops can't be described precisely and have vagueness and ambiguity. In such cases
it is better to use SD with other methods. The fuzzy logic is a good suggestion for solving vague and
imprecise problems in the SD approach; it is a technique with approximate reasoning which applies
the linguistic descriptions to develop causal relationship between the input and output variables.
Thus, overcomes the vague and imprecise problem, particularly where the mathematical model is
not explicitly known.

In this paper the fuzzy logic is applied to define the relationship among the variables based on
the if-then rules. For suitable analysis of SD methodology, we have used fuzzy logic for presenting
vague conditions between variables. For this purpose, we have used of internal interaction of a
national innovation system for analyzing creation and using knowledge loops in base of SD
approach and we have compared its results with apply fuzzy logic to SD methodology. The rest of
the paper is organized as follow. Section 2 focuses on the literature review and concept of SD
approach and its components. Also fuzzy logic and Fuzzy Inference System (FIS) are mentioned in
this section. In the section 3 the brief description of Research and Development (R&D) and National
System of Innovation (NSI) with procedures of building the FIS are represented. Section 4 illustrates
the results of the suggested methodology, and finally conclusion.

2. Literature Review

In relation to SD researches, many applications in different fields which have diversity can be
seen. For example system thinking and modeling for a complex world [1], applying system dynamics
with data mining in a biological model [2], Navigating towards sustainable development: A system
dynamics approach [3], Knowledge based decision making on higher level strategic concerns:
system dynamics approach [4] and etc. Also the applications and implementations of fuzzy logic in
different sciences and industrial problems are much because of its popularity to deals with vague
and imprecise information [5], [6]. However the number of studies is focused on application of fuzzy
logic in the system dynamics is not large amount. Pervious researches for this approach, which are
considerable, are Tahera.k & Ibrahim.R.N [6], Se¢ kin polat & Cafer Erhan [7], Vassilios Karavezyris
& Klaus Peter [8].

2.1. System Dynamics Approach

SD as developed by Forrester [9] is a problem solving approach to complex problems which
emphasize the structural aspects of model of systems. It can be used to modeling and simulation
real world systems. SD deals with the time dependent behavior of managed systems with the aim of
describing the system and understanding, through qualitative and quantitative models, how
information feedback governs its behavior, and designing robust information feedback structures
and control policies simulation and optimization [10]. SD consists of some components: Causal loop
diagram, Stock and Flow diagram and Level and Rate variables.

2.1.1. Causal Loop Diagrams

The structure of a system in SD methodology is described by Causal Loop Diagrams (CLD). CLD
represents the relationships and feedback loops among the variables in the system. In the CLD,
influence of one variable on another variables represented by the arrows, which arrows with
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positive sign (+), show straight effect, as causal variable change and negative sign (- ), show an
effected change is in the opposite direction of causal variable change. There are two common
feedback mechanisms in CLD. These mechanisms are either negative feedback (balancing), or
positive feedback (reinforcing) loops. The balancing loop illustrates goal seeking behavior. After a
disturbance, the system seeks to return to an equilibrium situation. In a reinforcing loop initial
disturbance allows system to have further change, and reaches an unstable equilibrium situation.
Figure 1 depicts the CLD of new product introduction.

NN

Potential adopters @ Adoption rate @ Adopters

harket saturation * YWord of mouth

Figure 1. Causal loop diagram of new product introduction

The positive reinforcement (labeled R) loop on the right indicates that increases in Adoption
rate increases the number of Adopters, which again increases the overall Adoption rate. The second
loop on the left, is balancing loop (labeled B), indicates that the greater the Adoption rate, causes
decrease in Potential adopters, which again decreases Adoption rate. Consequently increases in
Adoption rate, results in decreases of itself.

2.1.2. Level and Rate variables

The Level or Stock variables are the accumulations, i.e. the inventories within the system. They
characterize the state of the system and generate the information upon which decisions and actions
are based. Level variables give systems inertia and provide them with memory [1]. The rate
variables represent the flow into or out of a level, which result from a decision making process.

2.1.3. Stock and Flow diagrams

CLD suffer from a number of limitations. One of the most important limitations of CLD is their
inability to capture the stock and flow structure of systems. The model structure and
interrelationship among the variables are represented by stock and flow diagram. Figure 2 exhibits
the stock and flow diagram of new product adoption model.
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Figure 2. Stock and flow diagram of new product adoption

After structure the CLD and stock and flow diagrams, the next step is defining the mathematical
equations among the variables. The below equations represent the relationship between stock and
rate variables.

stock(t) = j'[lnflow(s) — Outflow(s)ds + stock(t,) (1)

b
Where inflow (S ) represent the value of the inflow at any time (S ) between the initial time (t;)

and the current time (t). Equivalently, the net rate of change of any stock, its derivative, is the
inflow minus the outflow, defining the differential equation

d(stock) / dt = Inflow(t) — Outflow(t) (2)

2.2. Fuzzy Logic Approach

Fuzzy sets were introduced by Zadeh [11] as an extension of the classical set theory. The fuzzy
logic was built around the central concept of a fuzzy sets or membership functions. Fuzzy logic
expresses vague and subjective relationship mathematically. It is a suitable way to mapping an input
space to an output space using a fuzz set. The conventional set theory classifies the elements of the
set into crisp set. The membership degree is One, when an element belongs to the set and zero,
when an element does not belong to the set. Unlike the classical set theory, in the fuzzy set theory,
an element can belong to a fuzzy set with the membership degree between zero and one. Figure 3
shows the difference between a classical set and a fuzzy set. In the classical set, 30C is considered as
cold whereas in the fuzzy set, the degree of coldness for 30C is 0.85 and the degree of hotness for
30Cis 0.15, i.e. 30C is cold by 85% and hot by 15%.
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Figure 3. (a) Classical set and (b) Fuzzy set

A membership function is a curve that represents the degree of points which belong to the
specific fuzzy variable. Selecting the appropriate membership function plays an essential rule in
design of a fuzzy logic controller. The shape of membership function could be defined based on the
simplicity, convenience, speed and efficiency. Many different membership functions are introduced
in the literatures such as triangular, trapezoidal and Gaussian. The membership function which
represented in figure 3(b) is a trapezoidal type.

2.2.1. Fuzzy Rule Based

Fuzzy rule based is developed to relate the input variables to the output variables by if-then
rules. Fuzzy rules consist of two parts: an antecedent part stating condition on the input variables,
and a consequent part describing the related value of the output variables. A single fuzzy if-then rule
assumes as follow:

If Xis Athen Yy isB (3)

Where A and B, are linguistic values defined by fuzzy set on the ranges (universes of discourse)
X andY , respectively. The if- part of the rule "X is A " is antecedent or premise, while the then-
part of therule " y is B" is consequent or conclusion. An example such a rule might be

If service is good then price of food is average

In this rule, service and price are two fuzzy variables. The fuzzy values in this rule are good and
average descriptions. These values are defined on universes of discourse and determine the degree
of element X which belongs to the membership functions. In general, the input to an if-then rule is
the current value for the input variable (in this case, service) and the output is an entire fuzzy set (in
this case, average). This set will later be defuzzified i.e. assigning one value to the output. The
concept of defuzzification is described in the next section. In some case the antecedent or
consequent of a rule can also have multiple parts. Therefore given particular values of the input
variables, the degree of fulfillment of a rule is obtained by aggregating the membership degrees of
these input values into the respective fuzzy sets. The fuzzy output is determined by the degrees of
fulfillment and the consequent parts of the rules. The most common ways to modify the output
fuzzy set are truncation using the min (minimum) function or scaling using the prod (product)
function.

2.2.2. Fuzzy Inference Systems
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Fuzzy inference is the process of formulating the mapping from given inputs to an output using
fuzzy logic, the mapping then provides a basis from which a decision can be made. It used for
evaluating fuzzy linguistic descriptions using concepts such as membership functions, fuzzy logic
operators, and if-then rules [12]. Because of its multidisciplinary nature, FIS are associated with a
number of names, such as fuzzy expert systems, fuzzy modeling, fuzzy associative memory, fuzzy
logic controllers, and simply fuzzy systems. In general there are two common types of FIS: mamdani
and sugeno types [5]. These two types of inference systems vary somewhat in the way outputs are
determined. For these two types of FIS, there are entire descriptions in the literatures. [13], [14],
[15].

The fuzzy inference diagram shown in figure 4 (MATLAB help, 2008) is the composite of all the
smaller diagrams. It simultaneously displays all parts of the fuzzy inference process. Information
flowing through the fuzzy inference diagram is shown in figure 4. The flow proceed up from the
inputs in the lower left, then across each row, or rule, and then down the rule outputs to finish in the
lower right.

ﬁ
q

| input 1 I | input 2 I

]
Figure 4. Fuzzy inference diagram

This figure employs the truncation method to modify the output of fuzzy set. This method is
shown in the right column (result column). The min function which resulted from AND logic
operator, is a common implication method in the mamdani type of FIS.

3. Application of fuzzy logic for modeling System Dynamics

If SD has at least one of the below conditions, can be modeled with fuzzy logic.

e Some of the level or rate or other variables are fuzzy.

e The time factor has vagueness.

e Some of the relations among variables can be replaced by conditional statements, which

contain fuzzy variables. These conditional statements usually are in the if-then format.

o The degree of uncertainty of variables can be represented by fuzzy probabilities, when the

information on hand, is imprecise or incomplete.

e Some of the operators may be fuzzy.

According to these properties the fuzzy logic approach is used to modeling SD. The SD model
which applied in this study is the simulation of R&D in the NSI. Figure 5 represents the stock and
flow diagram of applying R&D in the NSI. This diagram includes four level variables: R&D output
stock, Stock of absorbed knowledge, acquired knowledge stock and external knowledge stock,
whereas the first two level variables mentioned are vital in our study. Also there are six rate
variables that influences on the level variables. The rest of these variables are exogenous and
auxiliary. This diagram follows directly from the causal loop diagram [16]. The purpose of this
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model is to simulate R&D output generated in the system of innovation and to model and explain
the effect the presence/lack of long term investment in R&D and R&D resource could have on the
system's ability to produce R&D output [16]. prior to applying fuzzy logic to formulation of R&D in
the NSI, the brief description of concept of NSI and R&D in national level presented in the following
below.

|
©
i
o

Knowledge creation loop

g
¥

A0 output

Ratz of

Figure 5. Stock and Flow Diagram with absorption and creation of knowledge

3.1. Concept of R&D and NSI

Chris Freeman introduced the concept of a National System of Innovation to describe and
interpret the performance of Japan [17]. He defined the NSI as the network of institutions of private
and public sectors, whose activities and interactions initiate, import, modify, and diffuse new
technologies. The NSI approach aims to identify key elements playing crucial rule in performing the
systems functions. Freeman acknowledges the importance of R&D in formal scientific and technical
organizations within the NSI [17].

R&D is also introduced as a form of organizational learning. It plays a dual role within an
economy. R&D not only generates new information, but also enhances the ability to assimilate and
exploit existing information [18].
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A major advantage of R&D is its contribution to the current knowledge base. Cohen and
Levinthal believe that since the long term investment in developing an R&D capacity is substantial,
it is not a trivial issue and is a matter of urgency that should be looked into [18].

3.2. Building the FIS to modeling R&D in the NSI

In this section the steps of proposed approach are represented and the mamdani type inference
process is adopted.

Step 1: Identification of variables

The first step in designing the fuzzy inference system is to identify fuzzy input and output
variables of the controller. A common problem in the most studies is the selection of a limited
number of variables that are relevant for the application, and for which reliable data can be
obtained [19]. The input variable selection can be performed by means of data-driven techniques
such as Artificial Neural Network, Principal Component or genetic algorithms [20], [21], [22], but
has not yet been applied for rule based fuzzy model because these techniques often require a large
dataset, and then the expert knowledge has mostly been used [23].

In this study the number of variables obtained based on analyzing the stock and flow diagram of
R&D accurately. Consequently with take into accounting delay variable; there are sixteen input and
ten output variables. Some of these variables are: R&D output stock, creation of new R&D, rate of
R&D output, stock of absorbed knowledge, inflow of absorbed knowledge, and rate of absorption
knowledge and so on. These variables belong to the two main loops: Knowledge creation loop and
Knowledge absorption loop, in the figure 5.

Step 2: Selecting fuzzy set and membership functions

After identification of fuzzy input and output variables, the next step is defining fuzzy set for
each variable and selects the appropriate membership functions for the fuzzy variables. In this
paper the trapezoidal membership function is employed to illustrate linguistic variables such as:
very low, low, average, high and very high. We adopt for some of these fuzzy variables five and for
the further variables, tree membership functions. Figure 6 depicts some of these membership
functions with linguistic variables.

1 eryow i low ‘ average ) high ) | very,id
0.5
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Input variable "Rate of R&D output”

T T T T T
1 ¥ e few average much wery_uch

05 | N

0 50 100 150 200 250 300
Output variable "Stock of absorbed knowledge"

Figure 6. Membership functions of input and output variables.
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Step 3: Establish fuzzy rule base and set the inference process

Once the membership functions for each variable are structured, the fuzzy rule base is
developed to relate the input variables to the output variables by if-then rules. The fuzzy operators
such as” and” or "or” are applied across the rules that are built based on knowledge and experience
about the Stock and Flow diagram in the figure 5. In this study fuzzy rule bases to modeling R&D in
the NSI are written in the seventy four rules to associate fuzzy input variables with the fuzzy output
variables. Figure 7 illustrates some of these rules which are written by MATLAB Fuzzy Logic
Toolbox.

B3 1T [REU_OUWRLT_STOCK IS VEry_TeW | and (USEy IS TeW ] e (INTIoW_ansorbed_KNowsage 1S Vary_Iow IUSpreciaton_ansorest_know
54. If (RED_output_stock is very_few) and (Delay is much) then (Inflow_absorbed_knowledges is very_low)(Depreciation_absorbed_know
65. If (Stock_absaorbed_knowledge is very_much) and (Delay is few) then (creation_new_RaD_output is very_high)(Depreciation_R&D_o
B6. If (Stock_absorbed_knowledge is very_much) and {Delay is much) then {(creation_new_RED_output is very_high){Depreciation_R&D_
B7. If (Stock_absorbed_knowledge is very_few) and (Delay is few) then (creation_new_RED_output is very_low){Depreciation_RE&D_oul
63. If (Stock_absorbed_knowlsdges is very_few) and (Delay is much) then (creation_new _RED_output is very_low )(Depreciation_Ra&D_a
69 If (Stock_absarbed_knowledge is faw) and (Delay is few) then (creation_new_RaD_output is low)(Depreciation_RE&D_output is low)(
70.If (Stock_absorbed_knowledge is few) and (Delay is much) then {creation_new _RED_output is low)(Depreciation_RED_output is low’
71.If (Stock_absorbed_knowledge is average) and (Delay is few) then (creation_new _RED_output is average){Depreciation_R&D_outpur
72.1f (Stock_absorbed_knowledge is average) and (Delay is much) then (creation_new_RaD_output is average)(Depreciation_R&D_outp =
73. If (Stock_absorbed_knowledge is much) and (Delay is few) then (creation_new_R&D_output is high)(Depreciation_R&D_output is ave' =
T4 If (Stock_absorbed_knowledge is much) and (Delay is much) then (creation_new _R&D_output is high)(Depreciation_R&D_output is av —
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Figure 7. An example of the rules used in the FIS

We use mamdani type of FIS. Mamdani proposed a fuzzy implication rule for fuzzy control in
1977 [24]. The mamdani fuzzy logic operator is given as:

F(ua (%), 15 (Y)) = 12, (X) A 15 (%)
Where ££,(X) denotes the membership function of X .

In the mamdani implication, the "or” connective in a rule is replaced with the “max” operator
and the "and"” connective in a rule is replaced with the "min” operator. In addition the mamdani
implication operator (i.e. min operator) is applied between the outcome of antecedent membership
function and the consequent membership function. At the end, all the outputs are aggregated using
aggregation methods, for instance maximum (max), probabilistic OR (probor), sum of the outputs
(sum), and customized methods.

Step 4: Selecting the defuzzification methods

The final step is defuzzifying the fuzzy output variables into numeric values. The input for the
defuzzification process is a fuzzy set and the output is a crisp single number. There are different
defuzzification methods such as centroid, bisector, middle of the max, etc. The centroid method is
applied in this study which returns the center of area under the curve.

After building the FIS to modeling the implementation of R&D, the results of the FIS are
considered. The following section represents the results of simulation.

4. Model simulation result

(4)
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The fuzzy logic toolbox of MATLAB is used to design the FIS which computes the value of the
output based on different input values. Figure 8 shows the curves which represent the mapping
input variables to output variables. This figure illustrates there is a positive correlation between the
input variable creation of new R&D and the output variable R&D output stock, and increases in
input variable, increases the number of output variable.

Also in the R&D modeling by means of SD approach, the creation of new R&D is a rate variable
and represents flow into the level variable R&D output stock; consequently enhancement in the
entrance rate variable increases the number of level variable. This behavior in the figure 8(a)
confirms the compatibility test in the SD approach which is one of the most model validation tests.
Another relation depicted in the figure 8(b) is the influence of amount of R&D output stock on its
changing behavior. As the figure 8(b) represents if the R&D output stock as an input variable
increases, the number of R&D output stock as an output variable will be increased, i.e. increases in
the R&D output stock results in later increases of itself.

In the SD method changes of the level variable based on the rate variable is a net growth or a net
reduction, on the contrary in the proposed approach, this changes will not be a net growth or
reduction and have an oscillation (figure 8). Therefore the proposed approach represents the
behavior of the variable based on other variables in the more details during of simulation.

This is considerable if the number of associated if-then rules in the figure 7 increases, the curve
which represented in the figure 8(a) has a more oscillation in the interval between 50 and 150, also
in the figure 8(b) this changes will be happen in the interval between 200 and 300.

3
:

o

R&D utput bock
o

R&D utput tock

140
[u]

L L L L L 160 L L L L
S0 100 150 200 230 300 [i] 100 200 300 400 500

creation.ew R&Doutput R&Doutputslock

(@ (b)
Figure 8. The relation between input and output variables (a) Effect of changing creation new R&D on R&D output
stock and (b) Influence of amount of R&D output stock on its changing behavior.

5. Conclusion

In the SD approach the effect of one variable to the others can be positive or negative and don’t
represent the qualitative relations and intensity of connections among the variables, while in the
proposed approach this relations represented by means of linguistic variables such as "very high",
"low", "very low" and so on which expresses the quality and intensity of relations. Specially, using of
FISs helped us to analyze outcomes from SD methodology in a crisp manner with applying fuzzy
variables within.

In this paper, we prepared a framework of NIS elements and only the two main loops are
considered, the knowledge creation and knowledge absorption loop. In the future researches much
and different loops can be considered. In such case we need to increase the number of input and
output variables and the associated rules which define the behavior of systems completely. Also for
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overcome problems e.g. input and output variables selection and optimization of number of rules
and type of membership functions within the fuzzy rule based modeling, future researches could
focus on hybridizing genetic algorithm and fuzzy logic as well as determining the optimal
parameters of a complex systems. These future researches can verify the efficiency test in SD
approach which is the one of common validation tests which analysis the complexity and optimality
of model dimensions.
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