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Abstract:

The parameters and sometimes even the structure of the real complex systems are not exactly known in
advance, and which moreover often change in unpredictable way. Adequacy of models of such complex
systems must be then ensured by identification of their structure and parameters. One of suitable
method of modelling of such ill-known and difficult measure systems appears a fuzzy non-linear
regression analysis represets by Takagi-Sugeno fuzzy model. In the paper an extended TS model is
presented with the regression coefficients in the shape of fuzzy numbers. The difference between the
actual and computed values of the dependent variable in the new fuzzy regression models - with the
fuzzy regression coefficients - are due to the “indefiniteness” of the system structure and parameters
and - in the end - the level of system fuzziness is expressed through to fuzziness of model output
variable.

Abstrakt:

Parametry a nékdy i struktury realnych komplexnich systémi nejsou pfesné znamy a navic se Casto
méni nepredvidatelnym zpusobem. Adekvatnost modell komplexnich systém( je nutno zajistit
odpovidajici identifikaci jejich struktury a parametrli. Jednou z vhodnych metod modelovani téchto
Spatné definovanych a obtizné méfitelnych systéml je fuzzy nelinearni regresni modelovani typu
Takagi-Sugeno. V praci je prezentovan rozSifeny model TS model, jehoZ regresni koeficienty jsou
definovany ve tvaru fuzzy Cisel. Rozdil mezi skuteCnymi a vypoétenymi hodnotami zavislé proménné
jsou pak dany neurgitosti struktury systému a parametri. Urovei neurgitosti systému je vyjadiena
prostfednictvim neurcitosti fuzzy Cisla jako hodnoty vystupni proménné modelu.
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1 Introduction

Many studied processes are represented by systems, the parameters and sometimes even
the structure of which are not exactly known in advance, and which moreover often change in
unpredictable way. Adequacy of models of such complex systems must be then ensured by
identification of their structure and parameters. The suitable modelling methods are usually products of
scientific field of Artificial intelligence [1], [2].

One of suitable method of modelling of complex, ill-known and difficult measure systems appears
a fuzzy linear and fuzzy non-linear regression analysis [7].

The difference between the actual and computed values of the dependent variable in the fuzzy
linear regression models - with the fuzzy regression coefficients - are due to the “indefiniteness* of the
system structure and parameters and - in the end - the level of system fuzziness is expressed through
to fuzziness of model output variable.

The non-linear regression fuzzy models type Takagi-Sugeno (TS-models) include the linear
regression equations with the crisp regression coefficients [5], [8]. Therefore, the global output of
classical TS-model models is in the crisp form and, in this case, there is not possible to judge an output
variable fuzziness. There is disadvantage in the case when the TS-model is used in tasks of system
state prediction or fouls estimation. On the other hand, the crisp form of output variable is advantage in
the case when the TS-model is used in tasks of system control (Sugeno controller).

The new fuzzy non-linear regression model which is presented in my paper reflects the level of
system fuzziness better - through a fuzzy global output variable [12].

2 Fuzzy linear regression model (flrm)

The fuzzy parameters of the fuzzy linear regression model (FLRM) represent the described
system fuzziness. The fuzzy parameters of the FLRM denoted k are defined through the normal convex
fuzzy sets (fuzzy numbers). The fuzzy linear regression model is given in the form [9]

X*=KO +K1-X1+---+Kn-xn

where y* is the computed output variable in the fuzzy form, ki are the fuzzy regression
parameters in the form of triangular fuzzy numbers [3], [5].

In case of fuzzy linear regression model FLRM, the one regression relation validity exists in full
scale of the input variables. It means that the model validity exists in full n- dimension input space
defined for n- input variables.

3 Fuzzy non-linear regression model (fnlrm)

If the hypothesis exists that in the various intervals of input variables x exist the various
regression relations

y=1x)

the division of input space is necessary together with the definitions of the appropriate partial
regression models. Thus it is possible to design the production rules set which represents the rule
based model of system under study with higher degree of fitting than the simple fuzzy linear regression
model.
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The fuzzy rules therefore define the division of fuzzy input space, and at the same time in each
sub-spaces the appropriate input/output regression relation is defined. Thus, r-th rule is then
constructed in the form [4], [5], [6], [7]

Ry: IF(x1 isAlr)and ...and (xn isAnr)

THEN Yy =Ko, + Ky, X +.+Knr-Xn

where r=1, 2, ..., Ris the number of rules. The widely known fuzzy non-linear regression model
FNLRM which is defined in this way is named Takagi-Sugeno (T-S model) [10], [11]. The partial result
of rules y/* gre calculated using the regression formulas and the global resulting value of whole

FNRLM model y* is given using expression

g N
Wp. Y
x YT
Y =R

2, Wy
r=1
The weight value wy is given as the minimum relation

Wy :mjin ﬂé‘jr (xcj))

where LX) is grade of membership of sampled values x;? to the fuzzy set A;r .

The classical T-S model is considered using the rules in which the consequent regression
coefficients are identified as the non-fuzzy (crisp) numbers k. Therefore, the global output of classical T-
S model y" is in the crisp form and, in this case, there is not possible to judge the fuzziness of output
variable. The crisp output variable in the fuzzy form is advantage in the case when the T-S model is
used in tasks of system control (Sugeno controller). But, there is disadvantage in the case when the T-S
model is used in tasks of system state prediction or foults estimation.

4 Fuzzy extended non-linear regression model (ferm)

To rich the fuzzy form of global output variable of fuzzy non-linear regression model the more
general regression method was proposed. This method is one in which the consequent regression
coefficients of the fuzzy rules are identified as the fuzzy numbers k and now the global output of such
FERM is in the fuzzy number form y* as well. The r-th rule of such FERM model is then constructed in
the form

Ry: IF(X1 isAlr )and ...and (xn is Anr)

THEN y, =k Ky X+t K X

Or

The construction of model FERM involves the identification procedures of the regression
coefficients (consequent parameters) in triangular fuzzy numbers form.
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5 IDENTIFICATION OF THE MODEL FERM

5.1 Premise Structure Identification

Identification of the premise structure consists of two tasks: determination of optimal structure of
independent variables and determination of optimal partition of fuzzy space of input variables as a
proper problem of fuzzy modelling.

The algorithm of structure optimization is starting its identification process with one rule (linear
model) and then is increasing the number of rules with simultaneous observation of the trend of the
value of FCR criterion as a lost function. Assuming the m-th step of identification process the model has
m- rules.

To determine the fitting criterion the simple Kondo criterion was chosen in form

O *

0y

FCRzloO._Z I - i

The search is stopped and identification process is finished, if the minimal values of FCR
criterion in (m-1)-th and m-th steps are in relation

[o]

FCR(m) > FCR(m—1)
and then model in (m-1)-th step is described as optimal one.

5.2 Premise Parameters ldentification

The estimation of parameters of the premise is performed in such a way, so that the error of the
estimate of dependent variable decreases in the process of identification. For observed values (x17, x27,
.., X, y°) the error E of estimate y* is formulated using formula

R ; 0 *
* r§1 mjln ﬂArj [Xj J I
E=y0-y =y0 - .
min I XE
rél J ﬂArJ ( ) )
The identification algorithms determines new parameters of fuzzy sets A; under condition

E — min.

Identification of the consequent is realized for variables of the premise given in previous phase
of identification of the premise.

5.3 Consequent Parameters Identification

Given vector of inputs xj?= (1, xi1?, X2, ..., Xi°) we can calculate partial values of outputs

* n
Yr =Ko Wr )+ Ky (W Jxg +...+ kn (Wy ) xn = jgokj (wp ).xj
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The regression coefficients kiw;) are now the non-linear coefficients, dependent on value of the
weight coefficient w; . The regression task is solved using linear programming method for the vector
of transformed input variables z; with elements zj where

O
Ij =0jp-X ij
and
W.
__r
ir R
=i

Then, we solve the linear programming task with objective function minJ and constraints
T n
a'.z;+(1-H). J‘ U‘>yl +(1—H).g;

j=0
n
—al zj+(1- H)Z J‘,J‘> yP+a-H)e

5.4 Consequent Structure Identification

The procedure of structure identification of consequents is very simple. If the value of regression
coefficient k; is lower than determined limit Kmin (Where Kmin is very small number approaching zero), i.e.

kjSKmin

then the variable x; is implicite eliminated from the consequent.

6 Computer program modul enfis

To realize the method FERM the special computer program modul called ENFIS (Extended Non-
Linear Fuzzy |dentifical System) was developed and created.

The block CFG determines all the constants and parameters of future computing. The input
blocks PD1 - PD3 perform the data acquisition and data preliminary processing. The blocks PP1 - PP4
are used for heuristic searching of sub-models premise structure and for determination of the sub-
models rules. The blocks IM1 - IM6 realize the proper procedures of structure and parameters
identification and evaluate the fitting and stop criterions. The output block OUT serves for presentation
of the results in suitable output form.
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7 Numerical examples

Langari’s Synthetical Model and ENFIS Efficiency Comparison

In this example the fuzzy regression modelling using expanded system ENFIS is applied to the
empirical data to illustrate its power in comparison with other systems. The set of 24 data points was
used to identify fuzzy model.

Using the input/output data points the following model and results were obtained using the

procedure ENFIS [the value of fuzziness (> 0) of partial consequent coefficients are written in the
brackets]:

IF (x1is SMALL) & (x2is SMALL) THEN 1= 0.24x1 + 0.51x2 + 0.01(0.01)
R2 IF (x1is LARGE) & (x2is SMALL) THEN 2= 0.35x1 + 0.53x2 + 0.00(0,18)
R3: IF (x1is SMALL) & (x2is LARGE) THEN y3=0.62x1+ 0.40x2 + 0.00(0.12)
R4: IF (x1is LARGE) & (x2is LARGE) THEN y4 = 0.47x1+ 0.51x2 + 0.00(0.04)

J=0.36, FCR=10.35%

The premise parameters of two linguistic terms (SMALL, LARGE - both of trapezoidal shapes) of
two linguistic premise variables (x1, x2) were identified as follows:

SMALL {0.00, 0.00, 0.30, 0.70}
LARGE {0.30, 0.70, 1.00, 1.00}

The fitness of desirable values y? and predicted values y of input variable y is descripted using
the graph in Fig. 2.

0.8 +

0.6 +

0.4 +

024 ¢

0

-0.2

Fig. 1 Measured values y° and predicted values y” of input variable y

Now the fitting criterion was composed as sum of square errors.

24

Q=2 (v~ ¥’

k=1

To judge the obtained results the comparison with some other methods is presented and the
prediction power of fuzzy model ENFIS is proved [13].
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METHOD FITTING CRITERION
Zimermann (1980) 0.080
Dyckhoff (1984) 0.066
Krishnapuram (1992) 0.064
FERM - ENFIS 0.049
Langari (1995) - Hybrid Learning 0.044
Algorithm
Langari (1995) - Supervised Learning 0.043
Algorithm

Tab. 1 Quality of selected modelling methods comparison [13]

It can be seen that system ENFIS compare favourably with these existing algorithms.

Fuzzy Regression Coeficients Identification

The final part of extended TS model identification procedure we can see in Tab.1. The search of
the best structure is presented through last four submodels. The best of them is this one with 8 rules

and lost function value equal 1,05%. The vagueness of regression coefficients is expressed trough the
half basics of their triangular shape membership functions (in brackets).

Ucelova funkce 4.92

=®1U yi= 1.23({ B.68)=x1+ 1.52( B_45)=x2+ 2 _01( B.008)=x3+ 0.00( 0.008)
1M x2H =30 y2= 1. 46( B.80)=x1+ 1.19{ B.088)=x2+ B.73{ B.16)=x3+ B.08( 0.080)
1M 22U =30 y3= 2.77( 0.80)=x1+ 1.14{ B.39)=xZ2+ 0.88{ A.00)=x3+11_.087( B0.80)
®1H #3IM yh= 1.22({ B 18)=x1+ 2_.31( 3.89)=x2+ 1.51( B.08)=x3+ 1.868( B.85)
Ztratova funkce: 18.27[procent]

Zmena presnosti ulohy LP A.881888

Ucelova funkce 2.34

%10 yl= 1.23( B 68)=x1+ 1.52( B_45)=x2+ 2 _01( B.08)=x3+ 0.00( 0.08)
1M 22H =3H y2= 1.19{ B.87)=x1+ B.15{ B.008)=x2+ B.66( A.00)=x3+ 1_068{ B.85)
1M x2U x3HW y3= 2.56( B.80)=x1+ 2_15{ B.28B)=x2+ 2._.03{ A.080)=x3+ 5 _28( B.080)
®1H #3U yh= 216 B.08)=x1+ 1.65( 0.88)=x2+ O.008( B.81)=x3+ 6.86( B.88)
Ztratova funkce: L.53[procent]

Zmena presnosti ulohy LP A.681888

Ucelova funkce 6.86

21U x2H yl= 1.11{ B.52)=x1+ 2.23( 0.80)=x2+ 3_00( B8.08)=x3+ 0.080( 0.08)
=10 x2U y2= 1.38{ A8.088)=x1+ 1.52( B_85)=x2+ 2 _78( B.008)=xx3+ 0.00( 0.008)
®1H #3IM y3= 1.28{ B.06)=x1+ 2.54{ 3_55)=x2+ 1.52( B.08)=x3+ 1.0806( 0.065)
®1H #3U yh= 2_.35{ B.08)=x1+ 1.95{ B_00)=x2+ B.26( 1.02)=x3+ 0.008( 0.088)
Ztratova funkce: 13.16[procent]

Zmena presnosti ulohy LP A.681888

Ucelova funkce 1.79

1M x2H x3H y1= 1.22( 0.089)=x1+ B.13( 0.08)=xZ2+ 1.36( A.18)=x3+ 1_.088( B0.85)
1M x2H x3U y2= 1. 46( 0.08)=x1+ 1.17({ 08.08)=xZ2+ B.55{ A.12)=x3+ 1.95( B0.88)
1M 22U 3K y3= 2440 0.080)=x1+ 2_17( B8.26)=x2+ 2.93{ A.080)=x3+ 5L GA4( B.00)
1M x2U =30 yh= 2.63( 0.80)=x1+ 1.37({ B8.28)=x2+ 0.39{ @.80)=x3+ 5L _85({ B.080)
X1U x2M =x3HW yS5= B.96( B.12)=x1+ 2.93{ B.808)=x2+ 2_43{ A.00)=x3+ B.068( B0.80)
X1U x2M =30 yb6= 1.32( 8.23)=x1+ 1.96({ B.0808)=x2+ 2_95{ A.087)=x3+ B.06( B0.80)
X1U 22U x3HW y7= 1.77( 0.089)=x1+ 8.98{ B.085)=x2+ 1.84{ A.00)=x3+ B.068( B0.80)
21U x2U =30 y8= 2.23( 0.20)=x1+ 1.98( 0.18)=x2+ 1.73{ 0.982)=x3+ 0.008( 0.088)
Ztratova funkce: 1.85[procent]

Tab.1 Final results of extended TS model identification using procedure ENFIS
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8 CONCLUSION

The proposed fuzzy non-linear regression model FERM involving the fuzzy linear regression
equations is interesting through the vague phenomenon of the system structure/parameters which is
better reflected. The realization of the computer program ENFIS which solves the tasks of construction
FERM and its parameters identification enables application of the proposed method in modelling of the
real complex systems.
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