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Abstract— This article presents our approach to discrete event
simulation for system with inaccurate parameters. For such
systems, simulation runs according to events whose dates are
known; but in fuzzy modeling, it may be that the date of the
events are inaccurate. To solve this problem, we suggest using
a method that converts a inaccurate value into accurate value.
This method is incorporated into a modelling and simulation
formalism.

Index Terms—Fuzzy Sets, Defuzzification, Interval Analysis,
Modeling, Simulation, Discrete Events Systems.

I. INTRODUCTION

OR several years our laboratory to study discrete events
F system, the formalism of modeling and simulation DEVS
(Discrete EVent system Specification) introduced by professor
B. Zeigler [1], and followed by an international community
of scholars ,[2], [3], [4], [5] is the focus of this work. DEVS
facilitates phases of modeling, simulation, and validation, in
the study of complex systems.

At different study we found that the incorporation of in-
formation could lead to accurate final results wrong. Most of
the modeling approaches do not take into account imperfect
information.

We propose in this paper a new method for modeling and
simulation based on the DEVS formalism taking into account
the inaccurate information. This approach is based on fuzzy
interval arithmetic, with such arithmetic, it is possible to take
into account the inaccuracy on the data and return a bound
containing a sudden the result of a calculation: the strength of
by interval arithmetic is the reliability of the results.

Furthermore, it was shown by Professor L. Zadeh [6] a large
part of the functions to classical intervals can be extended to
fuzzy intervals.

The first part of this article presents the work of Professor
L. Zadeh on the fuzzy set and DEVS formalism by Professor
B. Zeigler. The second part deals our approach to modeling
and simulation. Before concluding finally we present an ap-
plication.

II. BACKGROUND
For several years our laboratory is working on the modeling
and simulation of complex systems. We distinguish three
stages in the process of modeling and simulation:
1) Model, it’s to describe a way synthetic and digital the
system behavior to make it interpretable by a computer;
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2) Simulate, it’s to activate of the numerical model to obtain
the results of the model behavior according to a given
situation.

3) Validate, it’s comparing between digital model data,
after simulation, and the real data of the system to
confirm their validity.

During these phases information gathered on the ground are
transformed into a model and then simulated. Depending on
the field or source, the information may be inaccurate. The
aim of our research is to allow the incorporation of imperfect
information in a modeling and simulation formalism. After
presenting various techniques for handling of uncertain we
revisit DEVS [1] formalism, and the reasons that have pushed
to work on it.

A. Fuzzy modeling

Fuzzy modeling, i.e. the design of fuzzy systems, is a
difficult task, requiring the identification of many parameters.
According to the Pr. L.A. Zadeh: "fuzzy modeling provides
approximate but efficient means to describe the behaviour of
the systems which are too complex or too badly defined to
admit the use of a precise mathematical analysis".
To model a system with fuzzy parameter, we chose to
represent these parameters in the form of fuzzy interval, the
handling of interval is made possible using several methods
gathered under the name of fuzzy arithmetic
1) Fuzzy Intervals: In a reference set X, a fuzzy set of this
reference is characterized by a membership function (fig.1) A
of X in the interval of the crisp number [0, 1] [6]. This function
is the extension of the characteristic function of a traditional
set. The purpose of the concept of fuzzy set is to authorize an
element to, belong more or less strongly, to a class.
A fuzzy set A on the field of variation X of z is defined
by the triplet: (A, @, \ ;), where:
o A is a subset of X;
e a, a linguistic label, characterizing qualitatively part of
the values of X;

o Aj, the function z of X z € X — X ;(x) € [0; 1], which
gives the degree of membership of an observation of X
to fuzzy set A.

A fuzzy number (fig.1), as Dubois and Prade defined it
in [7], is a fuzzy interval at compact support having only
one modal value. To make it simplier and more effective their
handling, certain classes of numbers and fuzzy intervals were
defined using a parametrical representation known as L — R.
We take other two functions of form, L (left) and R (right), of
R™* in [0, 1], symmetrical, not decreasing on [0, +o0[; such as:
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Fig. 1. Membership function example

L(0) = R(0) =1, L(1) = R(1) = 0 where L(z) > 0V z with
limy— oo L(z) = 0 and R(z) > 0V x with lim,_..R(z) = 0.
They are noted :
L(“Z%)ifz<a

lifa<ax<b
R(5Y)ife>b

pa(z) = for A = [a,b,, 5] (see
fig.1).

Data can be represented in two forms : an interval type
[(a,1); (b,1); (v, 0); (B3, 0)] or two profil [A~, AT], a profil is
a function of [0,1] in R to model the right or left boundary
of a fuzzy intervals.

AT representing the equation of the half-line (b,beta)
defined by equation : AT(A\) =8 — A x (3 —b).

A~ representing the equation of the half-line (alpha,a)
defined by equation A= (\) = A x (m — a) + «a.

These two types of representation are shown on the figure 1.

A data type "between x and y" is modeled by the interval
la=b e ((z+9)/2 1) —: (2,0); 8 —: (4,0)].

A data type "Approximately z" is modeled by the interval
[a=0—:(z,1);a —: (z—coef,0); 5 «—: (z+ coef,0)] with
coef a confidence coefficient.

2) Fuzzy Intervals handling: The extension principle (eq.1),
proposed originally by Pr. L.A. Zadeh [6], is one of the
fundamental tools of the theory of the fuzzy sets. It allows
to obtain the image of fuzzy sets by a function. Let ¢ be an
relation between a universe E and F'. Where A is a definite
fuzzy subset of E. The principle of extension stipulates that the
image by ¢ of A, is a fuzzy subset B of Y which membership
function membership is defined by:

ps(y) = sup{min(ug(z,y), pa(r)|z € B} (1)

With this principle may have generalized classical intervals
functions at the fuzzy intervals.

The data handiling of the interval form is call fuzzy arith-
metic. There are many methods for handling of such interval,
presented in [8], in particular the Vertex method [9] or the
interval analysis. For two fuzzy interval A and B.

e« A+ B=[A"+B", A"+ B]

e A—-B=[A" - Bt A" — B7]

- Ax B=[min(A~ x B,AT x BT;A~ x BT, A" x

BT),maz(A~ x BT, AT x B~, A~ x BT, AT x BT)]

— if A= > 0 then In(A) = [In(A™),In(A")]

The multiplication gives an approximate result, and if the
calculate function is not monotonous, the functions are a little

more complex, there is a difference cases A >0, A <0, A =
0.

Depending on the operations complexity performed by
manipulating our information we can use these three methods;
the extension principle and the interval analysis will allows
the extension of any transaction at fuzzy intervals but is more
complex to use. The vertex method is more intuitive and allows
for manipulation of interval in the form of equation, but does
not perform all the operations, such as the multiplication of
two gives a result interval approached.

B. Discrete Event System Specification

DEVS formalism [1] can be defined as a universal and gen-
eral methodology which provides tools to model and simulate
systems whose behaviour is based on events. It is based on
the systems theory, the concept of component and allows the
specification of discrete events complex systems in a modular
and hierarchical form. Nevertheless DEVS must be adapted
and extended when it is replaced in the specific context of
applicability field. DEVS is based on the definition of two
types of components: atomic components or atomic model and
the composition model or coupled model. These components
communicate between them thanks to various types of events.

Output t

Fig. 2. Behaviour of an atomic model

1) Atomic model: The atomic model (AM, fig.2, eq.2)
provides an autonomous description of the behaviour of the
system, defined by states, by input/output functions, and by
internal/external transitions functions of the component. It is
characterized by:

AM =< X, Y, S, taa(sintvéel’h)\ > (2)

with :
o X the input ports set, through which external events are
received;
o Y the output ports set, through which external events are
sent;
o Sthe states set of the system;
e ty: S — RT the time advance function;
e O;nt : S — S the internal transition function;
o Oept: Q X X — S the external transition function, with :
- Q={(s,e)|s € 5,0 <e<t,(s)} state set;
— e = the time passed since the last transition;
e A: S — Y the output function.

2) Coupled model: The coupled model (eq.3) is a compo-
sition of atomic models and/or coupled models. It is modular
and presents a hierarchical structure, which allows the creation
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of complex models from basic models. It is described in the
form:

CM =< X,Y,C,EIC,EOC,IC, L > 3)

with :

o X the input ports set;

« Y the output ports set;

e C the set of all component models;

e EIC the external input coupling relation which connects
the input ports of the coupled model to one or more of
the input ports of its internal components;

e« FOC the external output coupling relation which con-
nects the output ports of the internal components to the
output ports of the coupled model;

e IC the internal coupling relation which connects the
output ports of the internal components to the input ports
of other components;

o L the list of priorities between components.

In DEVS each component is independent and can be regarded
as a whole entity with of the system, or as the component of a
larger system. It is shown in [1], [10] that DEVS formalism is
closed under coupling, i.e. that for each atomic or coupled
DEVS model, it is possible to build an equivalent DEVS
atomic model.

3) Events: DEVS formalism is based for modeling on
two types of components: coupled and atomic models. These
components have input ports, output ports and variables. The
exchange of the information is established through the ports
of the various elements of a model, thanks to two types of
fundamental events: external events and internal events.

An external event expected at the moment ¢ represents
a modification of the value of one or several input ports
belonging to an element given M. This has as a consequence
a modification of the variables of M, at the moment ¢.

An internal event expected at the moment ¢ represents a
modification of the variables of M, without any external event
intervening. Moreover, the arrival of an internal event causes,
at the moment ¢, a change of value on one or more output
ports of the model M.

An event DEVS can be characterized by:

“4)

In formula 4, the first field represents the time of occurrence
of the event, the second indicates the port on which the event
happens, and the third symbolizes the value of the event.

In DEVS an event happens at a given time, it modifies the
state of only one variable. If the state of several variables must
be modified, several events are generated at the same date,
which are treated by the algorithms of simulation according
to a list of priority. For example if three variables must
be modified by an event E which happens at time ¢ it is
fragmented in three events E1, E2, E3 still taken into account
always at time ¢ but according to a list of priority defined by
the user [1].

As we have just specified it, in DEVS formalism an event
must be treated with a quite precise date t. As the concept of
events is at the base of the process of simulation.

E = (time;port; value)

4) DEVS simulation: Establish a simulation requires the
precise definition of behavior and the description of the
interactions between entities in the model.

One of the important properties of DEVS formalism is auto-
matically provided a simulator for each of the models. DEVS
draws a distinction between the modeling and simulation of
a system as any DEVS model can be simulated without the
need to implement a specific simulator. Each atomic model is
associated with a simulator to manage the component behavior,
and each coupled model is associated with a coordinator in
charge of time synchronization underlying components. All of
these models is managed by a coordinator specifically called
Root [1].

Each model communicates with the sending and receiving
of several messages. The principle is described in [1]. Each
message generating events that are listed in a schedule, which
is a data structure consisting of events classified according to
a chronological order, the head of the timeline representing
the immediate future, and tail the more distant future. The
simulation is to change the time and cause changes in state
foreseen by the events.

DEVS is supported by a large scientific community, there
are many extension, the following section presents a first
DEVS extension that aims to take into account the fuzzy
transitions between states.

5) Fuzzy-DEVS : DEVS was developed for the study of
electronic systems, and its use in many other areas has led the
development of extensions as:

— DSDE [2] or DynDEVS [4] for dynamical systems, that

is, systems whose structure changes over time;

— Cell-DEVS [11] for systems with cellular interface ;

In this section we look specifically at Fuzzy-DEVS, an initial
extension of DEVS takes into account the fuzzy transitions
between states.

The Fuzzy-DEVS formalism introduced by Pr. Y. Kwon
in [3], drift DEVS formalism while keeping its semantics,
some of its concepts and its modularity. It is based on fuzzy
logic, the "Min-Max" rules and the methods of fuzzification
and defuzzification. To allow the simulation, imprecise param-
eters must be transformed into crisp parameters (defuzzifica-
tion) ; to be exploited, the output data are again transformed
into fuzzy data (fuzzification).

The fuzzy atomic structure ~of the model described in [3]
is : AMF =< X, }/, 87 5int7 6e:vt7 A, tqg >

As described Fuzzy-DEVS model does take into account
the different possibilities of transition (51-;)5,5@;,5) between
state. The inputs and outputs of the model are not represented
as fuzzy. Moreover, the Fuzzy-DEVS atomic model, unlike
DEVS atomic model, is not deterministic, which means it does
not meet the following two conditions :

1) The internal transition function is launched (0;,:(s¢) =
st+1) when the lifespan of the state is passed (t, =
0) and the external transition function (deqt(st, X¢) =
St41) is carried out when an external event is received
before time is passed.

2) The output function (A(s;) = Y;) is launched when the
lifespan of a state is finished (¢, = 0).
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In Fuzzy-DEVS the following state (S <« Syiq is not
determined with §;,,; and 0., but with the rule "Max-Min” [3].
The various possibilities of input, output and state update are
represented by matrices and the evolution of the model by
possibilities trees [3], [12]. Fuzzy-DEVS does not address
the fuzzy values of a model, but proposes a methodology
that provides a tree of options describing various transitions
between states of the system.

Fuzzy-DEVS is a theoretical formalism still in research
phase. This approach does not appear fully consistent with the
DEVS formalism, but it provides avenues for good work, as
the ability to define the lifespan of a state (¢,) with a linguistic
label ; but it does not provide an answer to our problems,
namely the definition of a method of taking into account the
fuzzy at all parameters of the mode

III. METHODOLOGY

Our goal is to provide a tool for modeling and simulation
based on the DEVS formalism allowing the study of systems
with fuzzy parameters. Therefore, we must make changes
to classical DEVS formalism, define a method for modeling
fuzzy information and finally define an approach to interpret-
ing the results. To interpret the results we want to use fuzzy
logic in a module to decision support.

At the level of representation of the information we have
chosen to model in the interval form. These intervals are
handled using two techniques from the fuzzy arthmetics;
vertex method introduced by Professor Dubois [9] for the basic
operation, and the extension principle by professor Zadeh [13].

To enable a fully taken into account fuzzy information at all
levels of DEVS formalism is problematic, formalism presented
in part II-B.5 does not allow elsewhere. As a result we propose
in this part a new method for modeling and simulating systems
with fuzzy parameters. From a classical DEVS event 4 we
note that inaccurate information can be of two types: fuzzy
on the time of the event or its value. The fuzzy value leads
to a problem of modeling while the vagueness leads on the
time a modeling and simulation problem. The simulation is
driven by events, if one does not know the exact time of event
simulation does little more progress.

This section deals our modeling and simulation method
introduced in [14], [8].

A. Fuzzy DEVS modeling

Having chosen as a mode of data representation intervals, it
must be integrated into DEVS formalism to allow the creation
of models to be imprecise parameters. For this we use two
approaches. We have defined a new data type "Fuzzy" [15],
which allows you to define and manipulate information in the
form of an fuzzy interval. This new type of data includes a
large number of handling function, vertex method, extension
principle, and so on. As well as overload operators to allow
bases to conduct operations between different types of data.

The second approach, outlined in [8] is the definition of a
DEVS model library for the creation of coupled models from
the basic atomic model. We can quote fuzzy addition model,
fuzzy subtraction model, fuzzy number generator model.

The use of these two approaches allow a modeler to define
its own fuzzy models, as well as to resolve the problem in
the modeling. The value of a fuzzy event is represented in
the interval form, sent as the model. With this method we can
handle imprecise information at the input values of the models
and the models in DEVS classic functionality (except t,), the
output generated course they are well represented in the form
of interval.

DEVS time advance function (t,) can be represented in
the interval form but it leads to a problem in the simulation,
because its role is to change the status of the model, and these
changes are triggered at the simulation schedule, if the we do
not know exactly the execution time there remains much in
the same state and simulation fails.

B. Fuzzy DEVS simulation

The imprecise regarding the time may be involved in the
time advance function (¢,), and on the date of execution
events, in order to solve the problem of fuzzy simulation time,
we propose to use a Expected Existence Measures method
(EEM). This method is to calculate the expected existence
measures [16], it spend through a phase of defuzzification,
defuzzification aims to move from a fuzzy value to a crisp
value; several methods can be used, but we have chosen to
submit a starting two examples :

1) Ci: the value x; sent to the time ¢ = 4, this data
is modeled from the interval form [4,4,2,8] and from
equation function of the A and function of the time,
representing the two interval fronts (fig.3).

a) O (\)=2+2xAet O (\)=8—4x )\
b) Cy(t) = (1/2) xt—1et Cf (t) = —(1/4) x t +2

2) C5 : the value x5 send to the time 1 < ¢t < 8, this
proposal is modeled in the interval form [3,4, 1, 8], and
in the form of an equation, according to A and function
of time, representing two fronts of the interval (fig.4).

a) Oy (\)=1+2xXdetCy(A\)=8-3x2A\
b) Cy (£) = (1/2) x t — (1/2) et CF (1) = —(1/3) x
t+(8/3)

lambda
1

EEM

0,9 _

0,8

07 Cl functj;a{

0,6

0,5

04
0,3

0,2

0,1

0

— T T T T T T T T T T 1T
2 22242628 3 32 3436 38 4 44 485256 6 6468 72 76 8
Time

Fig. 3. Membership function C1 and EEM function
EEM takes place in two stages :

1) The first step we calculate a integral report from the
function representing the interval between « and ¢ ( fat),
Ja(Cn) )

Jicn)

and between « and [ ( ff) This integral report (
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is shown by the function C; and Cs: EEM (fig.3 and
4), it represents the expected existence measures.

2) The second step is the definition of a trust factor between
0 and 1, O event has not yet taken place, 1 it occurred.
We seek the value of the interval as EEM = coef.

It enables us to add to this defuzzification technique a coef-
ficient decision support, and if it is defined very small means
that we seek to trigger the event early, if we want to be sure
that the event has taken instead, we can set a higher coefficient.
Indeed over the coefficient is close to 1 and the greater the
chance that the event has occurred. This method does not
currently refuzzification, but as the others it can maintain the
level of validity of the condition: A.

lambda EEM
1

0,9
C2 functi
08 unc 109/

0,7

0,6

0,5
0,4

0,3

0,2

0,1

0 T T T T T T T T T T T T T T T T T T T T 1
112141618 2 22242628 3 5 53561596265¢68717477 8
time

Fig. 4. Membership function C2 and EEM function

For a fixed coefficeint to (coef = 0.5) :
Cy { ;;(?652 and Cj : { t)\_:4'19 (show fig.3 and 4)

This method is added to our data type, one can only add
in DEVS formalism and modify the basic atomic model to
reflect our changes.

The problem is related to time, we changed the time advance
function (t,) she did not return to crisp time. So we no longer
have a problem with fuzzy simulation time, it is resolved in
the design of the model and therefore the modeling. Inside
the model, time can be defined as an interval but it will be
defuzzifier before being sent to the simulator. Function (¢,)
was amended to test if time to return is accurate or inaccurate,
in the second case, the time has changed. We do not see the
function (¢, ) simply as a function which defines the lifespan of
a state, but as a feature that lets you set the time of execution of
internal events. If the events come from a generator, so a model
atomic be managed with the function (¢,) fuzzy values on the
timing of events, such management requires the definition of a
fuzzy atomic model; the difference between the function (¢, )
DEVS classical model and function (¢,) DEVS fuzzy model
remains transparent to the final user.

In the DEVS fuzzy model (cf.5) we apply with the function
(ta) a defuzzification function (EEM), and we save the validity
degree of the condition (of the orderly function of belonging
to the interval: \) form coefficient, average (\) defuzzifier.
This new variable can be stored as sytem state variable (5)
or added as a class variable in the class atomic model, it is
the same for the time interval representative at the end of the
simulation.

C. Fuzzy atomic model

Our fuzzy atomic model is shown below:

AM < XY, S, b0, Sint, Oeats A > (5)
with:
e X and Y : the input and output ports, receive and send
tge fuzzy intervals;
o S(tps,coef) : The states sets of the system, the state
variables are fuzzy.
. t~a: The time advance function;
If o is crisp // We test the type of o.
to =0
tps+ = o // We increment the state variable tps.
Else
to, = EEM(o) // We apply a defuzzification method
(cf.III-B) on the time advance function.
coef = N(EEM/ (o)) // We keep the validity coefficient
A
tps+ = o // We increment the state variable tps .
o ezt : The external transition function, update the state.
e 0;nt: The internal transition function, update the state if
ty = 0.
o A : The output function, send the result on Y.

IV. EXAMPLE

To correctly place wind turbines must be studied before the
area. The location is important for profitability.

This example shows the use of our defuzzification method
on measurements of wind speed.

Almost everywhere in the world, the wind blows stronger
the day that night. Data in the first column “DEFAULT” of
table 5, are stored measurements over a 24-hour three-hour
intervals through a sensor-type wind anemometer.

DEFAULT coer = 0.2 coer = 0.4 coer = 0.6 | coer = 0.8
time | wind | time | wind | time | wind | time | wind | time | wind
0 3.4 22.2 3.4 23.4 3.4 0.6 3.4 1.8 3.4
3 3.4 1.2 3.4 2.4 3.4 3.6 3.4 4.9 3.4
6 4 4.2 4 5.5 4 6.7 4 7.9 4
9 4.8 7.3 4.8 8.5 4.8 9.7 4.8 10.9 4.8
12 5.4 10.3 5.4 115 5.4 12.7 5.4 13.9 5.4
15 5.2 13.3 5.2 14.5 5.2 15.7 5.2 16.9 5.2
18 4.6 16.3 4.6 17.4 4.6 19.6 4.6 20.8 4.6
21 3.9 19.2 3.9 20.4 3.9 | 21.6 3.9 22.8 3.9

Result vali-
0.4 0.81 0.79 0.39
dity
Fig. 5. Wind measure and simulation results

This information comes from the European Wind Atlas.

We use our method on a faulty wind sensor, anemometer
type. It sends data at times inaccurate, may meadows every
3 hours more or less three hours around. In order to have a
precise value for progress in the simulation we have defuzzifier
a time membership function (fig.6).

We present in the table 5 the results from several validities
coefficient (0.2, 0.4, 0.6, 0.8). With a validity coefficient large
or small, which corresponds to the execution of the event
early, respectively very late, we have little chance that the
value is correct. But in some cases, such as fire spread, it may
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Fig. 6. Time membership function for the time 6, and EEM function.

be interesting to trigger events very early to see the different
scenarios spread.

In this example functions are symmetrical, so this is where
the validity coefficient is close to 0.5, we get the results most
likely.

It should to add this method a tool for decision support. It
will help to choose the good validity coefficient depending to
the needs or the field and to interpret the results.

V. CONCLUSIONS

This paper presents our work on the modeling and simula-
tion of system with inaccurate parameters. We have heightened
our communication on simulation part (modeling part [17],
[8]), presenting the problems associated to the simulation event
with an inaccurate time. To solve this problem we propose
to add a defuzzification method in a DEVS atomic model.
This method allows defining a new type of DEVS atomic
model which takes into account the inaccurate parameters
without having to change the simulation party of DEVS
formalism. The final section presents a sample application in
the measurement of wind speed.

Our approach is generic; in order to improve we are working
on several tracks. After integration in the DEVS formalism
the fuzzy sets theory, to deal with inaccurate parameters, we
drive our works to the possibilities theory to deal uncertain
and inaccurate parameters. The inaccuracy is relative to the
value of an event, and the uncertainty in its occurrence.

Furthermore, as it was shown in the last part, we want to
improve our approach by providing a tool for decision support;
this, in order to assist in the results interpretation. This part has
to be seen in the context of a pluridisciplinary project in the
domain of computers which aims to integrate DEVS formalism
and several other modeling techniques such as, SMA, the SIG,
and WEB services, so as to validate a software environment of
modeling and simulation of complex (dynamic and/or fuzzy)
spatialized systems.
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