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Fuzzy Models of Intelligent Control Systems: Theoretical and Applied
Aspects (A Survey)*

S.V.UL’YANOV
(Moscow)

A unified approach is considered to the construction of problem-oriented models of intelligent
fuzzy automaltic control systems (ACS) used in a variety of indusurial ficlds. Primary atlention is
devoted to a description of operaung fuzzy ACSs and controllers which have many advantages over
traditional control systems. The problems of choosing and constructing optimum fuzzy control
algorithms are discussed in detail. The problems of realizing control algorithms and controllers based
on fuzzy processors and cxperl systems are analyzed. Sample intelligent aviomated workstations
(AWS) designed by fuzzy processor and controller computer-aided design systems are given.

* %* *

INTRODUCTION

The extensive use of robotic and human-computer systems (from industrial flexible manufacturing sysiems through
medical and biological sysiems) has made it necessary [or designers 1o address the problem of improving the flexibility of
ACSs as well as the rehability (fauit resistance and survivability) of similar systems {1-3}. Improving such performance
[aciors and guality of a solution by modemizing solely the hardware of the ACS structure has at a certain stage yielded a
ugnificant improvement in the automation level of a variety of industrial processes. An analysis of the applications of
robotic systems in industry, and particularly in the nonindustrial sphere (such as biomedical systems, program-controlled
auxiliary systems for replacing lost functions, eic.) and in critical systems (including control systems for nuclear power
planis and atemic reactor diagnostic systems; control systems for pathophysiological processes; on-board spacecrall
automatic conirol systems; automated echnological process controb systems for petrolcum refining industries and other
explosion-hazardous industries, cte.} has revealed the existence of limits on the maximum possible attainability of such
characteristics in the hardware rmplementaton only. We know that improving automatic control system flexibiiity by
expanding the hardware realization will serve 1o reduce the fault-resistance and viability of the overall system, ¢te. The
formalization of human operating behavior (accounting for errors) in the corresponding human-compuier systems and
integraled automated control systems takes on an added significance. Increases in the “intelligence™ of the ACSs can b
formulated in a manner analogous Lo {4] as the principle of *‘decreasing ACS precision by increasing intelligence,”

One possible direclion for solving this problem involves reducing the level of complexity of the hurdware-software
package of the automatic controf sysiems by increasing their “intelligence’” and creating integrated “*reasoning ™ industrics
with progressive lechnology. In robotics complexes and flexible manufacturing sysiems (FMS) this is achieved by using
fuzzy controllers and artificial-intelligence ACSs [5—11], whercas in biotechnology and biomedical systems the functional
cupabilities of the homeostasis of the integraled struclures are also taken inlo account [12-13], In such intelligent systems
the controllers and decision-makers, as demonstrated in specific examples in §14-17], are realized by models of fuzzy
controllers and expert system (ES) functions employing fuzzy instructions and control algorithms, generatized fuzzy logic
inference rules, enhanced forms of deep knowledge representation and description in second generation problem-oriented
capert systems. The formalizaton and qualitative interpretation of descriptional adequacy of fuzzy controilers are based
on linguistic approximation procedures, the resolution of logic syllogisms, and a structural analysis of fuzzy relations and
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solutions of roughly corresponding multidimensiconal fuzzy controis using the principle of maximum {minimum) entropy
[14). The degree of complexity of the structural realization and the corresponding software-hardware package is reduced
by cmploying adjustable VLSI microprocessor modules aslinguistic processor prototypes of sixth generation fuzzy reasoning
computers {9, 13, 18-21]. Between 16 and 64 logic rules {using 2.5-1t fabrication technology) or up t0 256 logic rules (using
1.25-p technology) can be realized on a 6 x 6 mm chip containing 8300 transistor elements fabricated by CMOS-1echnology.
The reasoning speed in this case is 8- 10* logic rules per second (the reasoning speed today has attained 10° logic rules per
sccond); up to 117 rules are handled in real time by parallel processing, and both analog and digital integrated circuits arc
wscd for the hardware realization of the processor [9, 18-21]. Designer automated workstations {22~24] for designing logic
controllers consisting of fuzzy VLSI processors [25-39] have been developed. Subsequent development of VLSI fuzzy
processors involved analysis of computation schemes to implement multidimensional membership and parallel fuzzy
reasoning functions for multidimensional real-time multiple input-output ACSs [9, 17,26, 29, 31, 33,40-46]. Such research
in tum made it necessary to develop a new component base for fuzzy processors [47~51] that implement standard logic
fuzzy cperations and their combinations. Hence controllers based on fuzzy processors are superior to traditional P-, PI-,
and PID-conirollers in terms of transfer process quality and controllability [6-8, 10, 14~18, 34-38, 52-54]. Theoretical
research and simulation results indicate a broad range of applicability of fuzzy models of controllers and a dependence
between a priori information and the subject domain [14-17, 55, 56].

In the general case it is possible to analyze modes of dynamical control objects and ACSs by employing structural
analysis of fuzzy models [15-17, 57-68] containing fuzzy controllers on feedback connective channels. Such connectives
{as an analog of {69]) are formed in weakly structured systems by linguistic approximations of control loops and fuzzy
controllers using the principle of two-channel invariance developed by the school of Academician B.N. Petrov. In this case,
the first generalized deviation contrel channel with compensation utilizes a fuzzy controller based on the principles of
classical luzzy logic; the second generalized control and state monitoring channel of the object is designed to account for
changes in the information parameters of the state of the object under extremal cases, and utilizes a fuzzy controller with
elements of antificial intelligence in which reasoning is achieved by means of a nondistributive algebraic array (quantum
fuzzy fogic) [70]. One example of this case is a design of an intelligent ACS for an artificial lung machine [13] employing
two fuzzy controllers. The breathing loop in this case is controlled by means of the first fuzzy controller which employs
classical fuzzy logic; the second nonfuzzy quantum-logic controller monitors the interaction of the respiratory system and
the discrete states of the cardiopulmonary system (which the respiratory system is combatting) and corrects the corresponding
tables of linguistic decision-making rules. In this case, the knowledge base of the quantum-logic controller accounts for the
homeostatic capabilities of the entire body.

This paper presents a survey of the practical application of such aspects of fuzzy model theory to problems of con-
structing optimum industrial control systems for complex dynamical systems. The problems of analyzing fuzzy algebraic
and differential equations, fuzzy measures (such as fuzzy entropy) and their relation to fuzzy operators lie beyond the scope
of this paper, as do secondary issues concerning the adaptation and estimation of the sensitivity of the behavior of ACS
structures as a function of the type of fuzzy implication operator, descriptions of hardware structures of fuzzy processors
and their application in nonfuzzy expert systems; the description of fuzzy models for control of relativistic and quantum
dynamical systems (71, 72] and many other aspects. These problems are partially discussed in [19, 14-17, 70-75].

1. Fuzzy Models of Optimum Control Over Dynamical Systems Under Conditions of Uncertainty

The traditional approach o solving problems of optimum control system theory based on formal logic methods
currently employed in mathematics is used to create exact (in the broad sense) models of rigorous reasoning and inference.
In this case primary attention has been devoted o the problems of correciness, compleleness, consistency, closure, stability,
controllability, and many other qualitative aspects of a description of models of objects and controlled algorithms. The
probiem of assessing the truth of statements of logic propositions such as *‘the mathematical model is an adequate repre-
sentation of the real control object’” essentially remained open and could not be solved solcly within the framework of the
analysis method used. We have an analogy here to Godel's incompleteness theorem in arithmetic.

The construction of models of dynamical systems as control objects is one of the fundamental tasks of automatic
coatrol theory. This largely involves solving the foliowing problems [ 14, 76]: descriptions of processes that occur in objects
d ;stomatie control systems {(ACS); choosing the corresponding methods of formalizing and establishing a correlation



«mdequacy) between the models obtained in this manner and the initial object as well as the analysis methods (depending
. the level of physical and mathematical rigor). Note that the process of constructing models of physical processes is 4
«cunplex, cvolulionary process, and involves an unavoidable approximation of the actual object and will lead 10 a loss of
sduemation in the description of the object. In this case, the hypotheses and axioms employed 1o approximate and describe
a rcal object by means of a corresponding model cannol take account of all esseatial aspects of the physical process, which
kads (0 a certain increase in risk and uncertainty in describing the control object.

Estmates of the increase in such risk can be obtained based on an information approach [77]. An assessment of the
Jegree 10 which a mathematical model provides an adequate representation of an actual control object is arbitrary (relative)
w nature and is essentially dependent on the hypotheses used to describe the test dynamical system [14, 76, 78, 79]. Three
sermons are examined from the viewpoint of fuzzy model theory: 1) fuzziness of a description as an approximation of a
«cakly structured mode! of an actual control object due to its complexity and uncertainty of information on its properues,
1y ihe aclual object has an objective internal fuzziness in the description of its operation.

In the first case the estimate of the degree to which the model is an adequate representation of the actual object is
csablished by a fuzey measure of the relation between comparable systems [80} and simulation methods [14, 16,17, 81-851.
Ihus upproach is particutarly valuable in constructing knowledge-based industrial inlelligent automauc control systems that
employ corresponding anificial intelligence devices in the control loops [9, 16, 17, 73-75, 86-88].

In the second case, studies of the completeness of the corresponding estimate of the adequacy of the description of
the control object have demonstrated (70, 89-91] that the wuth of its value can only be found in the open interval (0, 1}
Thus resull means that there is a class of dynamical systems for which the truth of statements regarding the degree 10 which
systems and the system components arc adequately represented by its models fundamentally cannot adopt Boolean values
of [{5 1], It turned out that such a class of dynamical sysiems is described within the framework of quantum logic [92-95j
i which the logic connectives have cerlain differentiating features from their corresponding classical connectives [94,
Chapier 20). In this case, the class of dynamical systems described by quantum logic contains not only quantum-relativistic
control objects, but traditional control abjects as well. Examples of such systems can be found in [13, 70, 96). The last
conclusion is due to a continuous quantum-classical logic limit process (unlike the description of the corresponding
tansitions, which is a discreie transition at the physical level), i.c., there exists an analytic function p for the transition from
quantum logic to classical logic. In this case the language L, in which the quantum logic language L is embedded contains
un addition to the traditional logic connectives) an addikonat connective: the modal operaor P (**possibality’’) [97).
Iherefore, possibility theory is an inclusion o quantum fuzzy logic (70). The departure point in such research has been the
study by Birkhoff and Von Neumann [98] on the adequacy of physicat and logic levels for describing models of quanium
sy stems. These results indicate that the logic description level in some sense is broader than the physical level [70] since 1t
1 applied to a description of a broader class of dynamical systems. Such results are significant in developing space-ume
peudophysical logic [99]. One example is the problem of control over the group motion of an ensemble of independent
verucal-displacement mobile robots employing industrial manipulators under extremal conditions (such as fire-fighting
tobots in explosion-hazardous media, as well as for cleaning and deactivation of surfaces, etc. etc.) [100-103].

This paper is largely limited o the first version of analyzing fuzzy modcels of industnal automatic control sysiems.

Let us consider a possible qualilative approach to analyzing control processes over complex systems based on the
punciples of fuzzy logic [9, 4, 73-75], while the set of control algorithms will be used in a given class of fuzzy systems
{16,17,75].

The state of the complex system and the control actions are considered 1o be linguistic variables, while the specific
conurol values are chosen based on a compositional inference rule {9, 14, 74).

1.1. Primary definitions of fuzzy set theory and fuzzy logic. Here we list the primary definitions required for
presenting the fundamental results of this section,

Definition 1. Let X be a set of arbitrary nature. The set of ordered pairs {x, it, (x)}, where x € X, 1, (x) € [0, 1] for
all x s called the fuzzy subset A of X. The function |1, (x) is called the membership function and can be treated as knowledge
of the degree of membership of the element x in fuzzy-defined set A.

Siandard set-theoretic unification, intersection, and negation operations can be performed on fuzzy subsets of x:

Hays (2) = pa (£) V/ pa () = max {py (), pg (2));
Hays (£) = pa (2) A po (2) = min {p, (2}, py ()}
Ha(z) =1 —py (2),



as well as, for example, an involution operation

Ha™(z) =p.*(2) for «=>0.

A more comprehensive mathematical description of the logic connectives of fuzzy set theory from the position of
t-norms and {-conorms can be found in [104].

A fuzzy subset is called a normal subset if sup p, (x) = 1. The set of fuzzy subsets X is called a fuzzy subalgebra of

X and is denoted by F (X).

Definition 2. The ordinary (clear) set defined by the expression Y, = (y € X, iy (y) 2 a} is called the set of level X,
a € [0, 1] of the fuzzy subset Y in X and is denoted by Y,.

Definition 3. Let X be a space with the measure v (-) such that 0 < v (x) < e and A € F (X). The functional

a(d)= ! d
‘ _\»'(Tppj)_xﬂ(“"(z)) v(z), (1.1)

where the entropy A (z) == zInz— (1 - z) In (1 - 2); supp A = {x, , (x) > 0) is called the degree of smearing of {uzzy sct
A. We can easily test Eq. (1.1) for satisfaction of the following properties: 1) & (A) = 0 when and only when A is an ordinary

(nonclear) set; 2) o (A) = ( A); 3) a(A)+ a(B) = (AVB) + o (A AB); 4) o (A) reaches a maximum for | A | = % 1X1

5) If A and A* are such that
[ pa () Zpa(z), forall z, where pa(z)=

pa-(z) <pa(z), forall z, where pa(z)<

then o (A*) < o (A), which is in agreement with intuitive notions of the degree of uncertainty of situations described by
fuzzy subset A. Note that the following cxpansion is valid:

F(X)=U F(X), (1.2)

A0

where F, (X) = {A c F (X); o (A) £}, F, (X) = X. It should be emphasized that in expansion (1.2) the sets of level A will
depend on the established radius (measure) of the uncertainty o (A) in accordance with Eq. (1.1) defined by the degree of
information available to the researcher: the corresponding entropy. This approach establishes the limits on the applicability
of these modcls as measures of the adequacy of representation of the actual control objects.

Definition 4. The linguistic variable is an ordered set (5, X, T (s), G, M), where § is the variable name; X is the base

setof values of the variable; T (s) is the term-set of the linguistic variable s which is a family {X;}_, of normal fuzzy subsets
X such that k:l supp X; = X; G is the contextually-free grammar generating the set of all values of S on T (s); M are the rules
i=1

for calculating the membership function of the composite value of § from values of T (s).
Definition 5. The fuzzy subset with the given membership function i, (x, y) is called a fuzzy mapping /: X — ¥ of
sct X on Lo set Y. Note that fuzzy mapping f is in fact not only defined on X but also on F (X). If (A, p, (x)) € F (X), then

Wro(y) = v (s (X)AR;(x, )] Natrally Im f < F (Y).

The simplest example of a fuzzy mapping is the following subsct X x Y:

wr (2, ¥) = [ka(2) Az () 1V [1aa(2) A (9) ],



o A€ F(X),B,Ce F(Y).

In such a casc we can easily test the validity of the equalities f(A) =B and f( 7A)=C which yields a basis for
egauing 0 / the linguistic label: if A, then B, else C.

A somewhat more complex example is a fuzzy mapping with the properties i, (x, y) = V_(Ha, (x)ARg(¥)), where

Z, Ha, (z)=1.

T
In this case

f(A)=B,, ..., f(4.)=B.,

shxch provides a basis for assigning to f the linguistic label

if A, then B, else . . .

e (1.3)
il 4, then B,,.

Consistent with the definition provided in [14, 105] we will call the number C (f) = In (n) the computational (algo-
nthmic) complexity of mapping f.

These definitions make it possible to formulate the following primary resullts.

1.2. Fuzzy differential inclusions and optimum control processes. A variety of methods [ 106—107] have been used
w analyze the problem of control of dynamical systems under conditions of uncertainty. Here we will consider only one
punaible approach based on differential inclusion theory [108, 109] generalized 1o fuzzy systems [110-113], as yielding
the most adequate description of the behavior of dynamical systems under conditions of uncertainty. Let us assume that the
tchavior of the dynamical system is described by the differenual equations

i=[(t, z, k), (1.4)

where k is the parameter vector on the right side of the equation. In the general case, vector k is unknown and may vary
arbatrarily. In practice we often know a set K to which possible values of k € K belong. In this case Eq.(1.4) is best replaced
by the differential inclusion

=l & K, (1.9)

If different points in the set U are not equally valid as possible realizations of K, the set K can be called a fuzzy sct
{110-113]. According to Zadeh's generalization principle the function f (¢, x) is extended to the family of fuzzy sets £ (),
1 c., we obtain a fuzzy set on the right side of Eq. (1.5). It turned out to be possible to introduce the concept of solving
fuszy differential inclusion of the (1.5) type through the concept of ¥,: the set of level a. Different definitions of this concept
and its modifications can be found in [111, 114, 115).

Here we briefly consider the relation of fuzzy differential inclusion theory to the method of *“viability”” theory (113,
116] and its application to determining optimum equations [117] described by ‘‘viscous’ solutions of the Hamilion-
Jacobi-Bellman equations [118-122].

In fuzzy differential inclusion theory the “‘fuzzy dynamic’’ of the test control system with feedback of the type
x=f(,x,ux))reducesox € I (x),x € X,u e U (x) and is replaced by a fuzzy graph [9] described by the membership
function g (x,X): X XX — R, U {+eo}. In this case there exists a cost function of the control goal V: X — R, U (+<] in
which the domain of existence Dom {V}: = {x € X IV (x) < =} and Dom (V) < Dom (u (x, x)).

We introduce the expression

D, (V)(z)(u): = lim inf [V(z+hu')—V(z)]/h. (1.6)

n—ls u'=u



Expression (1.6) is called the tangential epiderivative of the function V at point x in direction u. We denote by T, (k)
the Bouligand tangential cosine defined as

Ty(x): ={g=veX| liminfd, (z+hv)/h=0}, (1.7}

n—0,

where dy (y) 1 = inf || y —z ||is the distance from y to K. The properties of the function V (x) are described by the epigraph
1 K

EP(V)‘={(x,?C)EX><R|V(J:)£J\}, A=sup inf p(z,v)<oo.

EN re‘rx (x)
Let us consider the auxiliary differcntial equation

. w(t)y=—qg(w(t)), w(0}=V{(z(0)), (1.8)
whose solution w (#) approximates the behavior of the function V as Vi > 0, V (x () s w (£).
We define the tangential cosine T, (x) of the type in Eq. (1.7) as

Tv*(z}:={veX|D,V(z) (v) +¢{V(2)) <0}. (1.9)

Then the non-negative function V with tangential epiderivative (1.6) is a Lyapunov function that is associated with the
function @ in Eq. (1.8) if and only if the function satisfies the *‘viscous™' solution of the Hamiiton-Jacobi-Beliman equation
at the tangential cosine T,° (x) (12,113, 116], i.e.,

Vz=Dom(V), inf D,V (z)(v)+e(V(z))<0. (1.10)
tEF(x)

It follows that a description of a controlled dynamical system with feedback as a fuzzy differential inclusion in which
the right side 1s a fuzzy subset with the membership function V € [0, =] and defined as a cost function reduces 10 an analysis
of the *‘viscous®’ solutions of the corresponding Hamilton-Jacobi-Bellman equation of optimum control theory. Possible
approaches to constructing solutions of equations of the (1.10) type have been considered in [118-126].

Here we define the bundle of fuzzy trajectories x () € Dom (V) having the property of *‘viability’’ in the sensc

VzeK, F(z)NT,(z)#2. (1.41)

Consequently, within the set of solutions of the fuzzy differential inclusion € F({x) it generates in the sense of
solutions (1.10) a bundle (1.11) of trajectories x (f) with the membership function V (x) describing the attraction domain
(autractor) under given initial motion conditions of the controlled system. The established relations between the
Hamilton-Jacobi (Issacs-Bellman) and Hamilton, Issacs-Bellman, Rosonauer, Pontryagin and the Krotov optimality prin-
ciple [127] can be used to extend these results to the broader class of controlled dynamical sysiems.

Let us now consider the problem of a linguistic approximation (LA) and construction of optimum fuzzy control
aigorithms for corresponding fuzzy motion trajectory controtlers for a controlted dynamical system of the type (1.10), (1.11).

We formulaie without proof the following thcorems {13, 128].

Theorem 1. Let X, ..., X, be normal fuzzy subseis of X such that:

DX, e [R(X)forVk=1,...,m2) k.J supp X, = X and s is the linguistic variabte for which {X,} are the term-sets.
k=1
Then there exists a value A* = LA (A/F, (X))} of linguistic variable 5 for Ve > 0 and VA ¢ F, (X) such thatp (A, A*) <

Theorem 2. Let f: F(X) — F(Y) be an arbitrary fuzzy mapping of the fuzzy subalgebra £ (X) on to £ (¥). Then for
Ve > 0 there exists a fuzzy mapping f,: F(X) — F(¥) of the type (1.3) such that p (£, f,) <e.

Theorem 3. Let f;: X — Y be an arbitrary mapping of the set X on to set Y. Then, for any [uzzy mapping k2 ¥ — F ()
such that ax (k) = A there will exist a fuzzy mapping f,: X — F(Y) of the type (1.3) such that:



Dp(fA)LAA)SAforVACX;
2) C (f) = 0 (E, (X)), where

A
E,(X) =2 is the potency of set X.
1

Let us consider the following classical problem of automatic control theory. Let L be a certain dynamical system
» hose transfer functions will vary depending on operating mode; it is necessary to complete L by means of feedback f such
that the transfer functions L w f will be optimum in the sense of a given criterion (such as speed). As we well know from
upumum control theory, for a broad class of dynamical systems the principle of maximum optimum control

fo: 8—U, (1.12)

where 0 is the state space and U is the space of control actions.
Mapping (1.12) uniquely induces the mapping

f:F(S)—~F(U),

defined on F (S) by the following formula: if A € F (§) and
A= Jua(s)/S, then f(A)“.[uA(S)/I(S). (1.13)
s S

According to Theorems 2, 3, for mapping f for VA 2 0, there exists a linguistic approximation f, = LA [f/F, (S)] of
the type (1.3) that has a somewhat slower speed than the optimum speed (i.e., f, in accordance with Eq. (1.12)), yet also
has a significantly lower computational complexity C (f;) (dependent solely on § and A but independent of f). Therefore
in the case of especially complex systems it is natural to search for feedback fin the class of fuzzy mappings § — U of the
type (1.3) rather than in a class of ordinary mappings.

It follows from Theorem 3 and this example that the use of fuzzy mappings makes it possible 1o reduce the compu-
wtional complexity of a system.

Letus consider amethod of determining a linguistic approximation LA that makes it possible to reduce the algorithmic
complexity of the system.

In this case for dynamical systems L represented analytically it is necessary 1o solve the following variational problem:
fora given system L, criterion / and algorithmic complexity constraint C it is necessary to find the fuzzy mapping f*: § — U
such that

1) f*eHtc={f. S~U, C(f)<C,}.

2) min I[(LUf)ex]=I[(LUf)ez], VzeS.

.~ .. . . X i = . .
In the general case it is natural (0 use iterative methods to find mapping f;, i.e., Lo consider leaming control systems

mk -
/. (k) —= f,, which leads to a generalization and extension of the theory of leaming systems.

The system learning algorithm is realized as follows: (i) the O-iteration of f; (0) is selected: a linguistic algorithm of
the type:
il §, then U, else
il'§, then U, else

where (s5;)7_,, (U;)}., is the family of normal fuzzy subsets belonging to (F, (S) U F, (U)} and completely covering S and
U respectively; (ii) the values of the linguistic variable U generated by (U} contains the optimum linguistic approximations:



The cxistence of such an optimum approximation is guaranteed by Theorem 1. The appreximations can be found by the
steepest descent method from the graph of the linguistic variable U/ (for example, by the branch and bound method); (iii)
if control by means of the algorithm

. il's, then f (s,) clse

if s, then f{s,)

has a unsatisfactory accuracy, the lcaming unit will go to a finer partition:

8% 1s32Vlss, 528, 187V }SJ:| s SaS

which already lies in F(s)
2

This naturally improves the accuracy of the new algorithm, although its algorithmic complexity C () also increases.

Using the method from [77] and the fuzzy entropy and information measures [ 14, 128)] we can show that in this case
the most valuable information on the parameter A makes it possible (o reduce the algorithinic complexity.

In this case the fuzziness of a description of finite volume 15 compensated by the value of the informauon.

These results demonstrate:

1) systems f;, arc the simplest systems (from the viewpoint of algorithmic complexity) capablc of exccuting control
L for a given dynamical accuracy A:

2) these lcarning algorithms make it possibie to construct system controf processes of a rather high level of complexity
by iterative modification of the parameter A for which traditional methods are either unsuitable or yield a slow convergence
of the algorithms;

3) the iterative learning process of the fuzzy systems has a high rate of convergence on fy;

4) the strategy f; has the property of invariance (insensitivity) with respect to A (A-invariance) and can (as A 1 e)
arbitrarily approximate the absclute invariance condition.

This method was tested experimentally for a class of complex dynamical systems simulating the behavior of certain
aircraft. The problem of closing a typical sixth-order lincar dynamica! system by means of fecdback was cxamincd. The
authors of [14, 128] list the results from computer modelling of the transition processes of this system for & = 0
(Feldbaum-optimum) and for specific given values of A. '

One feawre of the experiment was the fact that the conwrol object in the simulation algorithm was represented as a
module whose description would vary as a function of the object and its operating conditions. The contral system iiself
remained unchanged externally during the simulation process, and automatically adapted to the new object.

Other examples of modelling fuzzy automatic control systems can be found in [16, 17, 73-75, 83-85].

The choice of the fuzzy logic reasoning procedures also plays a significant role in developing methods of designing
structures of fuzzy controllers and automatic control systems. This is reflected in the design of hardware systems and in the
debugging of software in fuzzy processors. We therefore bricfly consider certain features of fuzzy logic reasoning models.

1.3. Fuzzy logic reasoning and models of a fuzzy implication operator. The development of the theory of
approximate statements and fuzzy reasoning as well as the theory of fuzzy algorithms made it necessary (o analyze and
synthesize fuzzy logic models associated with the implication operation [16, 17, 70, 129-134). This car also be explained
by the fact that an approach Lo the representation of knowledge of system elements and control objects as a set of reasoning
rules using simulation of dynamical systems behavior has become popular in recent years. The logic simulation of the
behavior of a control object automatcally produces a knowledge base in the form of a production system *‘IF (initial
situation) and (strategy) THEN {global regularity character),”” i.e., as an implication operation. in this case, the simulation
algorithm is specific in the sense of fuzzy reasoning and semantic equivalence [135).

Let us consider the modus ponens fuzzy reasoning model widely used in fuzzy controllers:

Premise 1 (Ant 1) if xis A thenyis B

Premise 2 (Ant2):x is A’

Conclusion (cons): y is B'. :

Conclusion B’ is obtained from Ant 1 and Ant 2 by the application of the max-min-compasition rule ("} te the fuzzy
sct A" and the fuzzy relation (implication) A — B:

B'=A"(d—+B), e.g. po @)=V {p (@) Apanalu,v)}.



la the particular case when the fuzzy set A is the singleton u, (L (o) =1, W () =0 for u # i), conclusion B’ bécomcs
wempdcr 1, (V) = V{,- ()R, 51, v)} = (VI@{OA“A Le{u b VOAU, Ly (g, v = Wy g (4G, ).
o PR ”0

Thus result demonstrate the role of fuzzy implication and i1s elfect on fuzzy logic reasoning. Cao and Kandel {130)
p~ade the types of fuzzy implication most commonly encountered in the literature. A more detailed description of other
eppr of implication can be found in [16, 17].

The implication operation can alse be interpreted as a logic operation in various senses of carrying out logic connective
sgecravons on the corresponding membership functions p, and [y, thereby strengthening or weakening the requirements on
o logical conclusion of the implication: **if A, then B."” This issuc is examined in greater detail in [104]. Here we simply
souc Whal the arithmetic Zadeh rule is obtained from the fuzzy Lukasevich implication as a particular case u = u, (the
magiclon}. Analogously, for u = 4, the Zadch max-rule follows from the EZ implication (Earty Zadeh), while the Bandler
msgbcation follows from the Wilmont implication, the modified Bandler implication follows from the Clini-Daynes-
L adascvich implication, ctc. Versions of the generalized parametric representation of an implication of the type [136}

}1;\/\.}18- for t=0
LA lip, for t=1
Haws =9 max(0, patps—1), for t=co
tra—q) (te—1
log(1+ ( z)(l )), for 0<t<t

are also possible. Thercfore, for ¢ =0, 1 = we obtain known [130] implications.

Let us now assume that the rule “*if . .. then .. ."" is related by the logic conneclive ** AND’’ and that it contains two
twzzy rules ‘xis A" AND “yis 8’":

Antl:IfxisA& yisB, thenzis C

Ant2ixisA & yis B’

cons: zis C'

shicre A, A’ are fuzzy scis on U, B, B” are fuzzy sets on V, and C, C” are fuzzy scis on W.

In this case, conclusion C’ can be obtained from premises Ant 1 and Ant 2 by the application of the max-min-
«nposition rule (*) in the fuzzy sets (A" and B°) on the Cartesian product ¢/ x V in the fuzzy implication (A and 8) — €
ad U x V x W. Therefore we have

C'=(A"&B)[(A&B)~C], e.g
e (w) =V ([pa (@) Aps (W) INATpa(e) Aps(0)) ~pc(w)].

The generalization of these fuzzy logic reasoning rules is an approximate reasoning scheme in which the fuzzy logic
peremises Anti (i = 1,2, ..., n) are related by the logic connective else of the type

Antl: IfxisA & yis B, thenzis C, else
Am2: ifxis A, & yis By, then z is C else
Antn ifxisA & yisB, thenzisC,
Ant(n+1):xif A" & yif B*
const; z if C’

The following transforms should be noted here [83-85]
(A'&B'){{A&B) ~C]|=[A"-(A~C)}N[B'-(B-C)],
{A'&B')o[(A&B) ~C]=[4"-(A=C) U[H - (B—~C) 1.

Dafferent signs m and s are on the right sides of these ransforms, which characierizes the differenuating characieristics of
the models of fuzzy implicalion operators discussed in 16, 17, 130§, The first of these equalities holds for the Mamdani-
Larsenimplications and the limited product, i.e., the logic intersection Mis used. The second equality holds for the arithmeuc
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Zadeh rule, the Boolean and Bandler implication, and the standard sequence, i.c., the unification w is used.

Therefore the conneclive efse takes two forms depending on the fuzzy tmplication model: » and .

In the first case when Lhe connective *‘else’ isreplaced by the operation M, the logic conclusion C” {for, {or cxample,
the Mamdani implication) takes the following form

C=(A"&B)[{({4,&B)~C)U..U({4. & B.}—~C.)] =
—[{A"oA,~C)NB'B,~C)]U.. U[{(A 4.~ C).N
N(B'-B.~C.)].

For the particular case of the singleton A" = i, and B” = v, the logic conclusion C” for the Mamdani implication takes the
form C'=CuCyu.. WG, and U (w) =1y, () A Hg (VAR (W) Then pe (w) = [, (40 ARg (V) AR, (wilv...

V {1y () AMs_ (Vo) Ablc (w)]. We obtain relations for the logic conclusion C” by substituting the logic conneclive else by

the unification U analogously. An analysis of more complex situations can be found in [9, 16, 17, 75, 83-85, 137, 138].

2. Fuzzy Models of Controllers and Dynamical Control Systems

In this section a qualitative description of the design principles of fuzzy automatic control models is considered based
on the design of fuzzy logic controllers (FLC) widely used in robotic complexes, automated technological process control
systems, flexible manufacturing sysicms for controlling complex dynamical systems, cic. A comparison of these modcls
to traditional objects of control system theory makes it possible to demonstrate a number of advantages and features of the
application of fuzzy controllers in industrial automatic control systems.

2.1. The principles of designing fuzzy intelligent controllers. Fuzzy logic controllers employ at their basc the
concepts of fuzzy logic models: fuzzy implication and compositional logic reasoning models. The features of fuzzy logic
reasoning are examined in Section 1.3. Here we note that the following linguistic description scheme is traditional for fuzzy
controllers utilizing a corresponding production fuzzy logic reasoning mode! based on a fuzzy production process [9, 18}:
fuzzy implication, fuzzy modifiers, fuzzy logic connectives, composition deduction rule, and conversion operators Lo precise
knowledge (defuzzifiers). The construction of a “ ‘knowledge base’” using knowledge representation and retrieval methods
represents the base for designing intelligent controllers. Therefore, industrial fuzzy controllers are based on the principles
of antificial intelligence which has recently undergone rapid development [9, 11, 15-17, 86-88, 138, 140].

The structure of an intetligent control system with a fuzzy controller can be represented in accordance with {15, 67,
88) as in Fig. 1. The output variable of control object 7 is industrial process y which is compared o its given value g, with
the mismatch error € input to both the scale element 3 with coefficient K, and to the differentiator, whose output is multiplied
by K, in scale clement 5. Elements 6, 7are designed to convert the present mismatch value € and the mismatch derivative
(the rate of change in the mismatch) into their linguistic values. The fuzzy values €', € are input to the principal element
of the fuzzy controller: the knowledge base (KB). As a rule, the knowledge base of fuzzy controllers is constructed on the
basis of a production knowledge model with an *“if . . . then . . .”" structure. Each production, which is a set of
“‘situation-action’” pairs, can be used Lo corrclaie controller action with the evolving situation by assigning values to the
control action on the object. Different models of such production rules are examined in (9, 14-17, 83-85].

The linguistic value of the control, after multiplication by the scale coefficient K, in element 8 and cenversion 1o its
exact value u, is presented to the actuator element of the control object.

In this case, the linguistic synthesis of a fuzzy controller can be carried cut in accordance with the following two
schemes {15, 67):

( fuzzy model of conirol object) x ( fuzzy controller) =
(desired closed system) 2.n

( fuzzy model of control object) X ( fuzzy comparator) X
(desired fuzzy closed system) = ( fuzzy coniroller). 22
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Fuzzy intelligent controller
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Fig. 1

According to (157 scheme (2.1) is more convenient for linguistic synthesis, while scheme (2.2) is more convenient for
Mnguistic analysis of a closed control system.

Examples of linguistic synthesis can be found in [135, 17]. It is most convenient to use structural geometrical analysis
ad decomposition methods {17, 57-68, 141-145] for a linguistic analysis of closed automatic control systems.

The primary problem in synthesizing fuzzy controllers 1s the construction of their knowledge base. The experience
md knowledge of the human operator {expert) can be introduced into the knowledge base by the following methods {15,
an- X4, 146]: the expert-operator controls the technological process which is *‘observed’” by the controller, while the
wontroller records all expert actions and thereby fitls up its knowledge base; the expert-operawor formulates his action in
cach observed situation as an “'if . .. then . . .”" production whose sct comprises the contents of the controller knowledge
base; a self-organizing fuzzy controller is assigned to generate a given transfer characteristic of an industrial control sysiem
under design; certain information on the technolegical process—the control objectl—is simultaneously conveyed. The
+atrol independently (by tral and error) accumulates knowledge without the expert,

The following FLC structures were constructed on the basis of this classification.

[t should be noted that cause and effect relations for the knowledge base can be generated by means of methods other
than produciion rules, A Lypical example is knowledge base formation for medical expert systems [147],

[n the general case knowledge representation in control systems in artificial intelligence theory is achieved by means
ot logic, relational, frame, and production languages. Accounung for such an important element of automatic control system
operation as real lime operation and convenience in representation of information on the procedures and condiuons for Lheir
application, the production model of knowledge description is the primary model used in fuzzy conurollers in practice {148,
149],

Each production is represented as a set of rules which represent a knowledge fragment: the nucleus in knowledge
engincering. The production takes the form *‘condition-action.”” The more complex version of a knowledge fragment
“*situation-control strategy-action”’ is examined in [9].

The left side of cach production is treated as conjunctions of elementary (perpetual) conditions, while the right side
u treated as a set of elementary aclions. Any rule in the knowledge base for the controller shown in Fig. 1 can be represented
'y

if(eise,") and (€is €,"), then (u is u,"), where €, €, u are variables, while €], €}, 4,, are linguistic values,

The 1able lists sample linguistic rules that are knowledge bases of a fuzzy industrial controller for controlling a cracking
fractionator (the operation of such a controtler is examined in greater detail in [15]). The following designations of linguistic
vanables were uscd in this case: NL - negative large; NSL-—negative sublarge; NM —negative mean; NSM — negalive
submean; NS —negative small; NSS—negative subsmall, NZ— negative zero; PZ— positive zero; PSS — positive sub-
wnall; PS—positive small; PSM — positive subsmall; PM —-positive mean; PSL— positive sublarge; PL - positive large.

The scale coelficients K,, K, K, are elements of the universal sets £, £, and U (in which the fuzzy sets €7, €', 4" are
represented) and are determined based on the conditions of the specific controlied object [15, 17).

The application of fuzzy set theory and knowledge bases to the design of fuzzy controllers makes it possible 10 improve
their “‘intellect’, competence, and to approach natural human intellect. The ‘“humanization’ of fuzzy controllers is one of
the cenral problems in modem automatic control theory and engincering. We provide a brief survey of research in this field
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and note cerlain general aspects and differences between the cited research. Only the most representative studics are examined
here, since this survey does notclaim to provide comprehensive coverage of alt publications inthis ficld and is only illustrative
in nature.’

2.2, Analysis of industrial fuzzy controllers and automatic control systems. Onc of the first studies devoted Lo
the practical application of fuzzy logic controllers describes an experiment that carries out a heuristic synthesis of a controller
for application to control of a stcam turbine. A comparative analysis of the control results achicved using standard nonlincar
digital devices and fuzzy controller demonstrated the advantage of the latier. An analogous study was carricd out to asscss
the performance of a Pi-controller and fuzzy logic controller used in a water heating control system. A number of common
features identified in tests on {uzzy logic controllers should be noted.

— the authors have not relied on an exact model of the process in analyzing and designing fuzzy logic contrallers.
In this case a designer’s intuition and his knowledge were incorporated directly in the control algorithm. This was followed
by an itcration process to test algorithm performance, analyze its behavior and modify the corresponding control rules.
Often this procedure requires significant lime;

—fuzzy subsets included analogous linguistic variables such as PL (positive large) or NS (negative small), which
reflects a general approach to choosing specific intervals of the quantized values;

—as a rule, all fuzzy logic controllers have employed the fundamental control principle of error-closing control
(15-17).

In addition to the commen aspects in the approach 10 the problem of constructing fuzzy logic cantollers there arc
also differences in choosing the controller structure and in its application. One of the fundamental differences is in the
problem of choosing a unique control action from the outpul fuzzy subsct. Once of the methods is to choose the control value
for which there is a maxtmum membership function (when there are several points with 4 maximum membership function
the mean for these points is chosen). This is the so-called mean of maximum method, The other method involves choosing
the control value that represents the median of a figure bounded by the curve of the membership function of the outpit
fuzzy subsct. Such a method is called the center of area method. There are other varictics of analogous approaches such as
the center of gravity method. Given the broad use of this method in the theory of fuzzy set design [83-85] additional rescarch
has been carricd out; such studies have demonsirated the existence of more optimum fuzzy reasoning methods. Note that,
when using the mean of maximum method, the fuzzy algorithm behaves as a positional relay, and methods of classical
nonlincar automalic control sysiems can be used 1o analyze the fuzzy logic controllers. At the same time, whea the center
of area mcthod is used, the fuzzy algorithm is identical to a Pl-controller, and it is assumed that this method is preferred.
Aninteresting clement is the method of synthesizing fuzzy logic controllers based on a linguistic model of the object, which
is demonstrated using a number of examples. However, the authors have been limited to cxamples lor a first-order object
without indicating the methods or possibility for exiending this methed to higher order objects, which significantly limits
their application {see [15]).

Linguistic Rules Table (LRT)

g‘
) NL NM NS NZ PS PM PL.
NL NZ PS PM PL PL PL. PL
NM NS NZ PS PM PL PL PL.
NS NM NS NZ PS PM PL PL
x* NZ NL NM NS NZ PS PM PL
S NL NL, NM NS NZ PS PM
PM NL NL NL NM NS NZ PS
PL NL NL NL NL NM NS NZ

"

'"Thesc and other examples of the initial studies on the practical application of fuzzy logic controllers are described
in[14-17, 38, 73-76, 140-153].
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Twere arc also differcnces in the problem of choosing inputs for the fuzzy logic controllers. Either errors and the rate
of shemgx of an crror, or an error and the sum error, have been used as inputs for fuzzy logic controllers. An algorithm was
Am weacd where the inpuls were errors and the rate of change in the crror, while the output was determined by two methods:
# o Wgh crror value was present, the algorithm gencrated an absolute control, while in the case of a low error, the algorithm
pmracd an incremental control action. Such an approach has been employed to optimize the response time of a system.

Nose that the fuzzy logic controllers are required to correspond to traditional criteria in all cases, including transient
pexew quality and decomposition of the control channels.

A broad range of minicomputers and mainframe computers and programming languages including FORTRAN, APL,
RASX, ASSEMBLER, C, etc. have been used in the development of FLC’s,

Nowe also the several studies that have contributed to the development of Lhe theory of fuzzy ACS models. The
* slmervalion operalor’’ concentration has been examined; this can be used to define the state of a process more precisely.
e i of a “‘control goal”’ has also been proposed.

The problem in this case is formulated as follows. Let G be a fuzzy set in the state space X. Then the description of
@ gpwocesses includes: mapping in the state space f: X X U — X, and the observation operator Q: x*() = y and the mapping
far o controller g: ¥ — U. ‘

Significant results have been cbiained in developing the mathematical principles of fuzzy system analysis. The
sl ing mappings of £ have been determined: £ F (x) X F (17} = F {x), F (x) — F (y), where F (x}, F (y) and F ({/) are
#w wo of all fuzzy subsets of state space X, input space U, and output space Y. The concepts of attainability, observability,
wnd wabiily were introduced; these generalize the corresponding concepts of the fuzzy systems.

A theorem for approximation of linguistic algorithms of fuzzy systems by means of analytic functions has been
s.ewwbalcd. This theorem provides the basis of analylic theory of fuzzy automauc control systems.

We also note the studics that have introduced arithmetic operations employing fuzzy scts and defined a fuzzy
-«moudylion integral and a fuzzy transfer function based on such sets, There is, however, an enormous excess informauon
«» o method, and there have been difficulties with its pracucal realization,

The problems of fuzzy sysiem theory have atso been discussed in 15, 66, 67]. Stability problems of fuzzy systems
see boen discussed and the principle of invariance has been developed for such systems.

Maodels of a fuzzy automatic control system for a nonlinear multidimensional process have been developed. The
e of decomposition of a control object (a steam turbine) so that the decomposed subsystems have asymptotic stability
e been discussed. It was demonstrated from the modelling process that closed subsystems follow the desired state
sar aeaciers under different operating conditions of the control ebject. The stability analysis employed a frequency criterion
s wenung that the decomposed systems are linear and that decomposition is correctly carried oul. In conclusion, the study
gxvafics Lthe assumptions of which type of setling variation and controller structure are considered 10 be permissible.

Fuszy logic has also been apphied in sell-lcaming controliers. It has been demonstrated that for many systems it is
w cvary L0 go from a purely descriptive approach 1o a prescriplive approach or 10 a self-organizing system. A drawback
«f Tussy logic (as noted by the authors) is its explanatory form of knowledge representation, which does not permit using
» proxcriplive approach o decision making. Ithas been noted that fuzzy logic, like any other logic, can identify a consequence
tram pre-cstablished premises. A prescriplive system is possible if a hierarchical approach to decision making is used; in
s case the Jower level stralegy is determined based on an upper level description, A self-organizing controller utiiizes
#ms wica Lo identify control rules from an established desired system response and a preceding analysis of the behavior of
& conual object.

As noted in the literature [15-17) a generally promising direction in the development of FLC’s is the development
of sbapuve and self-learmning fuzzy systems. This is responsible for the appearance of many studies that arc devoted Lo a
Sme wnrion of the design of self-organizing controllers (SOC) [15-17, 154-159]. This type of controller has a hierarchical
swrw twre whose lower level contains the fuzzy controller itself, and whose upper level contains a monitor (corrector) that,
wien necessary, modifics the rules of the lower level controller. The monitor utilizes the desired response of the closed
wysem which is represented as a correspondence lable. This table has inputs that are identical to the inpuls of the fuzzy
sgn controller (i.e., error and rate of error change), while the elements of the 1able demonstrate the degree 1o which the
dcfined state of the sysiem is assumed to deviate from the desired state. Therefore this correspondence table reflects the
«Banges thal must be introduced o the structure of the system by analyzing its behavior in the slate space. The zeroelements
@ the upper level table [orm the domain in the state space in which the FLC characteristic is a satisfactlory characteristic,
A oaunuous dependence of the outpuls on the inpuls is assumed for application of a self-organizing controller. If the system
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behavior deviates from the desired behavior, Lhe upper evel table will exert an action on the corresponding elements of the
lower level table (hence the elements of the upper table are treated as gain). A paramcter called the ‘gain delay’” 1s also
introduced. The iterative nature of the operation of a self-organizing controller is noted. Such a sclf-organizing controller
was employed Lo control a steam boiler in two versions. Rules formulated by a human operator were used in the [irst case.
In the second case the self-organizing controller contained no rules prior to the experiment. The results from both versions
following an iterative self-leaming procedure differed significantly.

This is due to the fact that the desired system response is not unambiguously determined, but rather lies in a certain
domain in which it is possible Lo find a set of satisfactory solutions. Note that a self-organizing controller may operale with
an initial set of rules that may even be inadequate rules. Self-organizing controliers are particularly significant in the control
systems for backup equipment used to replace lost funclions and antificial organs (such as artificial breathing devices,
arlificial kidneys, artificial circulation systems, etc.) [12, 13]. In this case, using fuzzy algorithms in combination with
adaptation and self-organizing principles makes il possible 10 improve control processes under extremal situations and
implement so-called benign conditions of backup equipment.

A detailed analysis of analytic methods of constructing fuzzy controllers to account for linguistic synthesis and
adaplation problems is listed in [15-17].

Note also that the development of [uzzy processor hardware [9, 10, 15-30] has led to the development ol a broad
range of fuzzy controllers and automatic control systems that have found broad application in various fields of industry:
robotic systems [160—174), spacecraft control [175), atomic reactors {t76—180), petrochemical and gas industrics
{181-183], the mining industry [184—185], glass manufacturing [ 186], biclogical processes [1871, underground wransport
(subway) control {188—192}, cargo elevators [193--196], waste and trash processing and incinerating (87, 197, 198], control
of ventilation in highway tunnels [199], cargo trains {2001, and many other applications.

The experimental operation of multiple fuzzy automalic control systems has demonstrated satisfactory results.

3. Concluding Comments

The following should be noted in conneclion with this survey of research on fuzzy logic controllers and self-organizing
controllers:

— fuzzy logic controllers can be used for controlling qualitative information that is difficult to formalize in realizing
traditional control laws. In this case, fuzzy logic controllers are insensitive to perturbations within a given range and arc
characterized by ecnhanced performance compared 1o classical controllers [210-215];

— software has been developed for program-oriented fuzzy automatic control systems {216-221] 1o enhance the
dynamical characteristics of the control processes;

— designer intuition and excellent knowledge of the object of controf is required to write control laws for fuzzy logic
controllers. However, the literature conlains virtually no methods for direct synthesis of fuzzy logic controliers;

—altering the parameters of the object of the controller requires modification of the control rules of the fuzzy logic
controller and their subsequent correction. Significant time is required to itmplement this procedure;

—as a rule, a self-organizing controller is used for initial synihesis of the lower level table. The studics examined
here contain no informaton on the possible application of self-organizing controllers 1o industrial automatic control systems.
One cxception is a study where an automatic control system has been used to synthesize control rules for experimental
control of a steam boiler:

— the possibility for the apphication of self-organizing controliers toa multidimensional process has not been examined
in sufficient detail. This may be due to the fact that a secondary unit containing a flexible model of the object of control
must be incorporated in the self-organizing controller for this purpose. As noted in {15], such a model is represented as a
Jacobian, which presents additional difficulties for its calcuiation in the control process; )

—there are no methodological aspects for formulaling the upper hierarchical level of a self-organizing controller a:
a generator of the desired characteristic of the control system;

— there are insufficient studies (sce [222-224, 154-158, 179)) that discuss the capability or methods of applying
self-organizing controllers to the control of nonstationary multidimensional industrial facilities.

The authors of [15-17] have considered possible approaches to solving some of these problems as well as the current
stale of the problem of constructing and utilizing industrial fuzzy controllers and automatic control systems.
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