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Abstract

{omplex systems consist the majority of systems in
nowadays physical and 1echnelogical environment.
Complex systems are very difficult 10 model,
hecause of their highly nonlincar relationstips
demanding feedback, This paper presens Fuzay
Cognitive knowledze-based
technigue to model complex systems and handle
with existing infaormaton from an absteact point of
view. Fuzzy Cogmuve Maps develop behavioral
muosde! of the svsiem based on the expanence and
knowledge. of expents, Fuzzy Coupnitive  Maps
apphicability in modeling complex systams and 2
lnerarchical strucwre is proposed to model a
complex  systerm. In the hierarchical structure,
Fuzzy Cognitive Map models the supervisor of the
svstem and develops an abstract conceptual model
of the complox sysiem.

Noaps that s a

1. Introduction

Th ain characteristic of the real world svstem s the
difficulty to develop precise mathematical models that
may be not existent or require much of effort to be
developed, It is widely accepted as the complexity of 2
svslem inerenses the human ability 10 make precise and
stamificant statcments about its behavior dinunishes until
4 threshold i reached bevond which precision and
significance become mutually exclusive cha racteristics.
Complex svstems are all around modarn world
haracterized by complexity and large scale. These
systems have usually high nonlinear dynamics, with
varmbles and states strongly nterrelated, with feedback
eveles of influence: Conventional modeling methods have
same limitations and are nat well applicable to model
complex systems. An appreach is the investigation of new
modeling methods thar will integrate and combine known
advanced modelng methodologies and will take under

m

consideration the requirements for the complex systems
high autonomy and intelligence. These modeling
technigues will be the synergism of discipline techniques
mainly based on soft computing techniques.

Especially for complex systems modeling is the basis
for effective knowledge representation, On the other hand
the requirements in the medeling and controlling of
complex systems cannot be met only with the existing
cunventional methodologies and theories. This brings up
the necessity to investigate and use new methods that will
exploit human experience and knowledge, will have self
lcarning capabilitics, will be supplied with failure
derection and identification characteristics and can handle
with imprecision, uncertainty and complexity, which
characterize real world systems, A wvery promising
research arca is the synergism of discipline theories: such
as  Fuzzy Logic, Neural Networks, Probabilistic
Reasoning and Knowledge Based Systems, known as Soft
Computing Technigues andfor Computational [ntelligent
technigques and take advantage of their strong points and
develop new knowledge based models for Complex
Svstems. Soft Computing techniques have many
advantages in modeling complex systems and processes.

$oft Computing techniques are more or less dedicated
to solve particular complex real warld problems using
methodologies dedicated to the specific problem. Seft
Computing creates a quiver of flexible tools that can
perform approximate reasoning technologies that can
handle information in the form of empirical prier
knowledge and Input/output representing instances. Soft
Computing techniques are adequate to cope with
problems dealing with imprecision, uncertainty and
learning and they construct simple, applicable and user-
friendly models and systems.

Fuzzy Cognitive Map (FCM) is a soft computing
modeling technique permitting the necessary cycles for
knowledge expression within their feedback framework.
FCMs originated as a combination of ideas and methods
from fuzzy logic and ncural networks theories. Neuro-
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fuzzy  systems  have Been  pronosed a5 advanced
technigues for modeling and camtrolling real world
problems thar are complex, usually imprecisely defined
and require humag Inervenion. Neura-fugzy S¥slcms
nave the aaility 1o mcorporate human knr:u-lcdg:: and 1o
adant their knowledge hase vig Optimization technigues,
They can play an impartant role in 1ha conception,
ZESCItion and modeling compiex Systems [Lin and Lee,
1996,

Fuzzy Copnigve Mag (FOM) has appearcd ag 3
neegism of Fuzzy  Logic, Nepra Metworks and
knewlegze  representation techniques. FCM  js g
COMNSCHOnIST nemwark of concepts that can be used 1o
madel situanons by classes and their causil links berwean
wem. FCM s 2n unrestricted network. their nodes are the
prodlem  domain CONLCRIS  and  the welghted
Inlerconnections present the causal interaction degree,
FCMs illustrate the causal relationship hetween different
lcors. whers  afther POSIIVE or nepative sipn aof
knowledae sre session describing with 2 fzzy weighs
SXDregscs the caysal relationship, FOM have no restriction
on the 2rapn complexity, :

Causal and cognitive maps have been used 1o describe
decision-hased svstems and then they wers supplied with
dzzy lome theory enhaneing Cognitve Maps ahility to
FISTER anc model guaditatively dynamic svitems [Rosko,
Loznuive Maps have been used e make degision
ARa coaperate distributing agents [Zhang or g/

“lany researchers have hoen ittracred by the FOM
tal [Dickersan and Kosko, 994 and they proposed
FEM madels and new methods for develnpmg FOM
Pl oal, 1904 Stvlios  an Groumpos, 2004,
Yo cansidered i counttive maps end FOMs
WETS URCi [0 Fepresen! causal ressoming dnd inference
[Miza and Li, 20006}, FCMs have oroposed to represent
eomoiex social svstems where reiationship Between socia)
feroes ds feedback |Taber, 199] 1994], Fuzzy
Cognitve Map used 1o model and support plant control
Systems and pertorm Failure Modes and Effeese Analysis
i the nrocess industry  [Pelacz ang Bowles, 1994].
ARCther investigation concerns hizrarchical svstoms,
where supervisar incerpuraes knowledge and g capahle
of learming refatonal stouetures and evidential reasonimg
and macdeling the Supervisor of comral systems |Stvbios
and Groumpoes, | S

This paper focuses on the use of Fuzzy Copnitive
Mzps 10 madet and fepresent knowledss for dynamical
complex systems, FCMs can handle with the quaiitative
and quantitative data and have the patential 1o mods any
dymamic seal workd svstem with feedback. It presents g
genzral overview of FOM and 1 developing methodolopy
is proposed. Some iileresting results for the usage of
Fuzzy Copminive Maps in modeling complex svstems are
Tome up and are discussed,

1992]

2. FUZZY COGNITIVE MAPS

Fuzzy Cognitive Maps are conceplual models that are
developed by human experts who have knowledge and
cxperience in the operation and behavior of the system,
Experts design a fuzzy graph structure of the System,
consisting of concepts-nodes that represent the key
principles - functions of the system's operation and
behavior, The fuzzy weighted arcs between concepts thal
show the fuzzy degres of cassation with which each
concept influences others depict the interrelationships
Amaeng concepts. The capsal knowledge is stored on the
interconnections that summarize the correlation between
cause and effect among concepts,

Fuzzy Cognitive Maps are constructed ejther by
experts or based on presenting knowledge in the form of
literature. FCM is 3 knowledge-based system as it utilizes
the knowledge and experience of experts to be develaped.
It is accepted that the perceptions of experts create o
subjective rather than objective world and model of the
system. The main concemn is ta describe which element of
the system influences which other and the degree of this
influence. There is an inference mechanism that describes
the relations amung  eclements  as fuzzy  causal
relationships, Different * values of influence  are
recommended and accepted: this is the main stréngth of
this method. FCMs are ideal for Knowledge and
conceptual representation of complex systems in a soft
way  where  the concepts of the systern and  their
relationships  are  mainly fuzzy and not precisely
estimated,

FOM illustration is an mteragtive structure of nodes
that stand  for the concept of the system and are
interconnccted with weighted arrows that indicate the
direction of the infTuence and the weight is the sumerical
transformation of the fuzzy causal relationship among
concaps,

The graphical illustration of FOM s a signed dirceted
graph with feedback, consisting of nodes and werghted
arcs. Nodes of the graph stand for the conceprs that are
used to deseribe the behavior of the system and they are
comnected by signed and weighted arcs representing the
causal relationships thar exjs between the concepis
{Figure 1). All the values in the graph are fuzzy, so
concopls take values in the range beeween [0,1] and the
weights of the ares are in the tnterval [-1,1].

Figure . The Fuzzy Cognitive -\-vfﬂp micdel




The Fuzzy Cognitive Map consists of nodes-concepts
and arcs benwveen concests, Each conceptl represcnts a
characteristic of the system: in gencral it stands for states.
varizbles, inputs. events, zctions, goals, values, trends of
the system that is modeled as an FOCM, Each concepr is
characterized by & number 4 that rcpresenis 5 value
and it rosuits ffom the sransformation of the fuzzy real
value of the system’s vamable. for which this concept
stands, m the interval [-1.}]

Berween concepts, there are three possible tvpes of
causal relationships, thet express the type of influence
from one concept to the others. The weights of the arcs
hetween concept € and concept ©, could be positive
(I = 0) which means that an increase in the value of
concept O leads to the increase of the value of concept
", and a decrease in the value of concept € leads to
the decrease of the value of concept €. Or thers is
negative causality (I, <01 which means that an increase
in the value of concept & leads 10 the L’.'t_l.:rcnsc of the
value of concept © and wvice versa,

Expens design and develop the fuzzy praph siroctore
of the system, consisting of concepis-nodes that represent
the kev principles-factors-functions  of  the  system
operation and behavior. Fuzzy Cognitive Maps deseribes
the percepiien of cxperts about the systemn, Then, experts
determine the strucwre and the interconnections of the
nebwork  usme  fuzey concibionzl smwements. Experts
concern o deseribe whether the siaes of one concept
influence the state of another. Cavse and effect relations
among coneepts are the Dasis of cxpectations and 1t s
imporant in cvery sysiem iving o model and replicate
brain fike inwlligence. Experns vse hneuistie variahles in
order to describe the relatnonship among concept, and
then all the linguistic variables are combined and so the
weights of the causal interconnections omong concepts
arc conciuded. The stmpiest FCAis act as asymmetrical
threshold or contnuous concepts  and
canverge to an equilibrium poant or limin cveles. At this
level, they differ from Secral Metwoerks in the way they
are developed as thew are based on extracting knowledge
from expens. FOMs have non-linear structure of their
concepts and differ in their globzal feedback dymamics.

The value A, for each concept €, is calculated by the

networks  of

following rule:

i=ly i1

Namelv, A, is the value of concept C at time 1,
A" the value of concept € at time £—1, .‘Ij_l the
value of concept €, attime £ =1, and the weight W, of
the interconnection from concept C to concept € and

1 is athreshold function.

The unipolar sigmoid function is the most used
threshold function, [Lin and Lee, 1996] where A0
determines the steepness of the continuous function [
The sigmoid function ensures that the calculated vajue of
each concept will belong to the interval [0,1].

(2)

fix)= ——

Given two events that are represented by two concept
A and B in FCM terms, the main question that have o be
answered 15

i} Does event A cause B or vice versa?

i) What is the strength of the causal relationship?

Causality plays a key role in knowledge-based
systems, The issue of how to understand and leamn the
existing cause and effect relations is central to any effort
achieve human like intelligence, The main problems
concerning causality in that context are the discovery of
causal knowledge, its representation and its use. In the
general common approach, causal information emerges
from statistical data, by looking at data that occur
simultancously, but it is clear that the co eccurrence of
data does not always mean that the data are causally
linked, The proposed approach utilizes the knowledge
and experience of experts asking them to describe the
existing causal relationship using Fuzzy rules.

The causal information is not directly used for
reasoning in the framework of Fuzzy Cognitive Map
models of knowledge-based systems. In this case the
notion of causaliy occurs when a user has 1o
build, to represent and to exploit a knowledge-based
SYStem.

FCM dynamics depend on the dynamics of the
concept nodes and causal edges, These adaptive feedback
fuzzy svstems are nonlinear function approximations with
even more complex dynamics than feedback neural
nerworks [Kosko, 1997].

3. Complex Systems and Fuzzy Cognitive
Maps

Modern systems become more complex and highly
sophisticated, they are characterized by highly nonlinear
dynamics that couple a variety of physical phenomena n
the temporal and spatial domains. For such systems
intelligent fuzzy logic based techniques and object
modeling are proposed to address uncertainty issues and
provide flexible platforms. It is not surprising, theretore,
that much of these processes are not well understood and
their operation is “tuned” by experience rather than
through the application of scientific principles. Capturing
and utilizing the expert's knowledge, effectively and
¢fficiently, promises to improve plant operational
conditions. Usually operators of the system observe
multiple data simultaneously and they make tough
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. Complex systems operate in changeable and unknown
* evironment, as the factars that influence the system and
determine their behavier cannot be easily determined.
Especially, when environment changes, system has to
adapt ané the nput-oumut characteristics of the system
have to be zltered, If 2 single model is identified, 1t will
have to adapt itsclf to the new environment. In non-linear
systems, 2 single model may not be adequate to identify
changes in the process behavior (i.e.. 2 medel may not
egust in the assumed framework te match  the
enviranmernt). Henee, multipie medels could be used 1o
identifyy the differcnt environments. In some environments
different modais may be available whose validity (or
aceuracy) depends upon the region in the stae space
wheee  the svstem trajectonies  lico All the  above
considerations sugeest that multiple models may be
preferable 1o a single model. in many different siwations.
A sencral accepted method 5 the analyzing inte
subsvstems. Each subsvstem is consisted of the most
spengly  coupled compenents and  the  subsystems
themselves depend each ather. A set oF separate models s
pzed to form hyvbrid models, The mtionzle for using
muitiple models is to ensure that there is at least one
model with parameters sufficiently close ta those of the
unknown process.  This muliple models  approach
possesses different modeling stratsgics to accommodate
ditferent operating conditions, adaptive behavior 10
perfarm model design under uncertain or unfamuliar
situztions end the capability to co-ordinate separate
madets @ secomplish the overall system task,

Fuzzv Cognitive Maps (FCMs) use 2 symbolic
representation for the description and modeling of
systems; it 15 consisted of concepts and illugtrates
different aspects in the behavior of the system and these
concepts imeract with each other showing the dyvnamics
of the system, An FCM ipregrates the accumulated
sxperience and knowledge on the operation of the system,
as a result of the method by which it 18 constructed, ie,
using human experts that know the opertion of system
and its behavior. They represent the human accumulated
knowiedee an the operation and behavior of the system,
using concepts o stand for each charactenistic of the
system. Experts are actively invoived in the creation of
models and they interact with the models and so thew
understanding for the benefits of models will increase the
quality of models, the inherent knowledge in the model
will be used more frequently and models will be widely
accepled.

Fuzzy Cognitive Maps are proposed to ageregate the
scparate models playing the role of supervisor-selector
pmong different models. An augmented Fuzzy Cognitive
Map can accomplish identificanon of the process models
and cope with limited wncerainty shuations, 1L may
comprise different models, wdentification and estimation
algorithms, Fuzzy Cognitive Maps are used Lo apgregate

5

the set of different modeling technologies. It must be
mentioned that cach one models has its one state space
and there is a partially overlapping between the state
spaces. For specific operational conditions or input/output
conditions one model may be more suitable to be used
and this model controf better the system. The selection
between different models is based on operational
characteristics and different factors, Figure 2 illustrates an
augmented Fuzzy Cognitive Map, which aggregates four
different madels of the svstem. The simulation of this
FCM wiil lead to selection of one model using a winner
take all method. Between factors and models there is
feedback and there must be a number of repetition of
running the FCM, in order the concept-madels to reach
their final wvalues. When after a certain number of
repetitions e.g. 8 repetitions cquilibrium has been reached
and the values of concepts-madels no longer change, the
procedure stops and the final values of concepts-models
are found, the maximum of which will be the most
suitable model.  Fuzzy Cognitive Maps base their
selection of diffcrent models in evaluating the mfluence
of each fetor to cach medsl in a similar way that a
human operator docs. FCMs best utilize existing
experience in the operation of the system and are capable
in modeling the behavior of complex systems using
discipline models.

Figure 2 The supervisor FOM multi-model

It is suggested a hierarchical structurc where Fuzzy
Cognitive Map is proposed to model the supervisor. FCM
is used as @ selecter of the appropriate model among
different models for the complex system. Tt is supposed
that the complex system has been decomposed in
subsystems and for each subsystem the corresponding
Fuzzy Cognitive Map maodel has been constructed. The
scheme of this structure 15 demicted in figure 3, where the
supervisor FOM is an augmented model of the complex
systerm and it ropresents the relationships among the
subsystems and their models. This two-level hierarchical
structure is used to model o complex system.

The supervisor is used for more generic purposes; to
organize all the subsystems in order 1o accomplish a task,
to help the operator make decisions, to planning
strategically and to deteet and analyze failure. This
supervisor will give prionty to different subsysiem-model
each taking into consideraton some factors and will




determine the degres with which every subsystem-model
18 active every time and participate in the whole complex
system, The main supervisory contral task s the co-
coordinating of the whole plant. It supervises the
production, co-ordinates the sharing of the resources, it
schedules the production. chaosing between different
production sequences and the right command to the right
pgent. Role of the FCM is o extend the range of
application of a conventional comroller by using a more
sbstract representation of the process, general control
knowledge and adaptation hounistics and o enbance the
performance of the whole complex system.

Supervisor FCM inciudes advanced feawres such as
fault diagnoses, cffect and cause analyses [Pelacz and
Bowles, 1995] prediction capabilities. decision analysis,
and strategic planning. The construction of the supervisar
Fuzzy Cognitive Map will be based on the expen's
heuristic knowledee about the whole svsiems Morcover,
this FCM will inciude concepts for description and
determination of a specific operation of the system, or
ather  qualitative  preferences for the  planning and
scheduling of the process. To draw and develop this
FOM, the integration of several ¢xpert opinions will be
nesded,

In the lower level, the role of FOM is to extend the
range of application of a conventional controller by using
more abstract representation of process and  general
control knowledge and adaptztion heurisues and enhance
the performance of the whole system, Thus FCM may
replicate some of the knowledee and skills of the conerol
cngineer, FCM is huilt wsing & combination of the
knowledae represcntation technigues as cawsal models,
producnon rules and object hierarchics and it is used w
periorm more demandine procedure as failure detection,
decision making, planning. tasks usually performed by 3
human supervisor of the contralled process.
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Figure 3. The two level hietarchical model of complex
SYEIEm consisnng of submodels and the supervisor madel,

The introducing of multiple models structure is a
prospective way to improve the current cstimation of
plant behavior. For the sophisticated plants with
immeasurable or hard measurable variables and large
uncertainties the scheme using multiple separate models
received by aggregation of different modeling techniques
is an cfficient approach in model design. An augmented
Fuzzy Cognitive Map can accomplish identification of the
process models and cope with lhimited uncertainty
situations, It mav comprise different  models,
identification and estimation algorithms. It can perform a
kind of mainterance of the system by integrating
alternative modeling methods.

4. CONCLUSIONS

The soft computing modeling methodology of Fuzzy
Cognitive Maps, which have been reviewed and presented
in this paper, offer wremendous opportunitics for design
and implementation of new models for complex systems.
Taking advantage of this unique opportunity is the main
issue that needs to be addressed. The increasing in the
complexity and sophistication of complex systems
requires the implementation of new soft computing
techniques to develop intelligent systems. Human expern
has a key role in the supervision of complex systems.
Capturing  the heenstic knowledge  of  expers,
representing, modeling and exploiting it using FCMs may
provide the foundation of new dircctions in modeling and
conrolling complex svsicms,

The proposed FCMs methodology to knowledze
cngincering has many advamages over the altematives.
FCM can represent complex cawsal relationships, FOM
maocels the supervisor of complex system directly fram
experts who have knowledge on the behavier of the
system. The pnimary attention 15 paid to the human's
hehavior and experience, rather than to the system being
described. This distinctive featre makes Fuzzy Cognitive
Maps applicable and atractive for dealing with the
supervised problem where the system on the lower level
15 complex but it can be supervised and controlled
satisfoctary by human operators.

Human operator using imprecise  and  control
methodology monitors and  controfs complex systems.
Required characteristics of complex systems are the
possession of human-like expertise within a specific
domain, adaptation themselves and leaming to do better
in changing environments. Furzy Cognitive Maps is a
symbolic represemation for the deseription and modeling
of complex systems, describing different aspects in the
behavior of complex systems in terms of concepts; and
interactions among concepis show the dynamics of a
system. A hicrarchical structure is proposcd following the
principle of “"decrcasing  precision and  increasing
intelligence" [Saridis, 1989] where the supervisor of
complex systemns is modeled as a Fuzzy Cognitive Map.
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