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The object of research is the process of inductive
modeling of complex systems. The studies that were
conducted related to the application of algorithms of the
Suzzy logic theory were to coordinate the conclusions
of top-level experts in system information-analytical
research (SIAR) in the tasks of innovative design. The
possibilities of constructing elements of expert matri-
ces of results, as well as evaluating the effectiveness of
such applications, are defined. Thanks to this, obtain-
ing formal expert evaluations in numerical form became
possible. Experimental studies have confirmed that the
proposed approach to the application of fuzzy logic
algorithms to the construction of matrices of expert
evaluations of SIAR results is quite effective and sim-
ple to implement. In addition, this approach fits well
into the general paradigm of the Group Method of Data
Handling (GMDH). In particular, it was established
that the possibility of <retraining» such a block with-
out significant efforts of professional experts can have
a positive result, as well as have a good effect on the eco-
nomic and time parameters of the research project. The
main calculation formulas for the algorithm for building
a fuzzy system using a neural network in a system with
two rules are given. The construction of a fuzzy infor-
mation output system trained on expert evaluations in
the Matlab system is shown. As a result, a technologi-
cally acceptable standard deviation of 0.28268 mg/|
was obtained. It has been established that by accumu-
lating a database (knowledge) and/or using an infor-
mation monitoring system, it is possible to «additionally
train> a fuzzy system periodically or according to the
established quality criterion in the program mode, with-
out involving experts in this process. Thus, there are
reasons to assert the importance of using a fuzzy system
as one of the tools in inductive SIAR procedures
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1. Introduction

The apparatus of inductive modeling of complex sys-
tems (IMSS) is quite well known among specialists in ma-
thematical modeling in a wide range of applications. This is
facilitated by its rather developed algorithmic base in the part
known as the inductive methodology of the Group Method
of Data Handling (GMDH) [1, 2].

One of the latest areas of application of IMCS principles
was the inductive technology of system information-analy-
tical research (IT SIAR) [3, 4]. Systematic information and
analytical research in the innovative or reengineering direc-
tion is intended for the purposeful search for new thorough
solutions in a certain subject area during the development
of financially intensive investment and innovation projects.
Examples of such STARs are, in particular, the development
of complex projects for the strategic development of a certain
industry, which require large capital investments, complex
systems engineering projects in large companies, the imple-
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mentation of large-scale socio-economic studies, etc. Appli-
cation of inductive GMDH principles in STAR provides for
the construction and use of special criteria that have the
properties of external addition [1, 2]. from separate indepen-
dent results of a lower order, which are called elementary.
Each elementary result is expressed in the form of a certain
number, as an agreed assessment of the members of the expert
commission. Such a system of external criteria includes, first
of all, the criterion of relevance, the criterion of correlation,
and the criterion of balance of information requests. Such
criteria are already known from relevant scientific sources,
for example [3, 4]. In such studies, general and intermediate
research results are presented in the form of certain special
matrices, the elements of which are estimates of elementary
results, presented by experts who are part of the expert com-
mission. Such commissions are at the highest level in the deci-
sion-making process and are defined as expert commission of
the highest level (ECHL). Since at STAR, such estimates are
obtained with the help of experts, appropriate mathematical




methods and algorithms are used to construct them. Such
methods include mathematical statistics, special methods of
so-called non-numerical statistics, qualitative assessment, etc.

Given the need for continuous improvement of system
information and analytical research technologies, research
aimed at applying new approaches to the assessment of inter-
mediate and final results developed by groups of researchers
can be considered relevant.

2. Literature review and problem statement

In system information-analytical research the assessments
of intermediate and final results (conclusions) developed by
ECHL experts are accompanied by agreement according to
accepted criteria. The most used criteria (estimates, statistics,
ete.) are the well-known mathematical statistics tools given
in the literature [5, 6].

Among such tools, it is worth highlighting the following:

— average value;

— weighted arithmetic mean value;

— mode;

— median;

— root mean square deviation;

— Spearman’s criterion;

— Kendel’s concordance criterion and others.

Options for solving problems with the participation of
high-level experts in evaluating the results of complex multi-
aspect system-analytical research are the use of the Delphi
method [7], the method of paired comparisons[8,9], and
many others. A significant number of publications are devoted
to the application of the Kemeny median [10—12]. This ma-
thematical apparatus of the so-called «non-numerical» sta-
tistics has proven itself well in the tasks of harmonizing the
conclusions of experts. In [10] a certain attempt was made to
apply the Kemeny metric in inductive research technologies of
complex systems of various natures. In this work, the Kemeny
median acted as the value of one of the elements of the matrix
of the reference result of the form (E) and the matrices of inter-
mediate results (W4) and (W5). It should be noted that such
a metric is quite effective for problems in which the specified
matrices have a small dimension. When the size of such ma-
trices increases, the effectiveness of using the Kemeny median
may tend to decrease. The paper [11] describes some problems
in choosing a group judgment algorithm for expert opinions
presented in the form of orders of preference. At the same
time, special attention is paid to the Kemeny median and its
modifications. The use of a heuristic approach to calculating
the Kemeny median is special. To solve the problem of the de-
pendence of aggregate results on contextual assessment in the
aggregation of ratings, a unified structure is proposed in [12].
The presented framework includes various generalizations of
Kemeny estimator for incomplete rankings with ties, and an
algorithmic approach is presented that includes exact methods
and heuristic algorithms. Algorithms are based on the theory
of fuzzy logic, the foundations of which are laid in primary
sources [13, 14]. A large number of researchers’ works are de-
voted to the application of such a theory, for example [15-19]
and many others. In [15], the basics of the theory of fuzzy sets
and some areas of computational intelligence are outlined. It is
known that rule-based interpretation of a fuzzy system is one
of its advantages. However, for high-dimensional data, this
can also be a problem, and to solve it, a certain non-iterative
integrated learning mechanism based on the Takagi-Sugeno

algorithm is proposed in [16]. From the point of view of practi-
cal applications of I'T STAR, the works [17, 18] are interesting.
This means that in the early stages of the development process,
a huge amount of information is generated, much of which is
subjective and remains unused. These articles present a formal
structure for the collection of primary information and its use
in the assessment of a significant increase in the credibility of
expert opinions.

In [19], a new interesting approach to the approximation
of any known function using the fuzzy Takagi-Sugeno-Kanga
system with a guaranteed upper bound on the approxima-
tion error is proposed. In [20], the authors proposed a fuzzy
association using classification methods in high-dimensional
problems to obtain an accurate and compact fuzzy classifier
rule with low computational cost. From the point of view of
applications in IT SIAR, the work is also interesting [21].
This paper examines the application of fuzzy logic to support
decision-making in ecosystem management. In particular, the
identification, optimization, and uncertainty aspects of fuzzy
rule-based models for decision support in ecosystem manage-
ment are discussed.

Despite the good results of applications of the fuzzy logic
toolkit in various applied fields, this toolkit has not been
widely used in system-analytical search projects in general
and in the procedures for coordinating experts’ conclusions.

Hence, research aimed at applying the theory of fuzzy
logic in STAR is appropriate.

3. The aim and objectives of the study

The aim of the study is to obtain formal evaluations in
numerical expression for the synthesis of expert matrices in
inductive system-analytical studies using a fuzzy logic algo-
rithm. This will make it possible to build criteria for selecting
the best results in the processes of performing complex sys-
tem-analytical research.

To achieve the aim, it is necessary to solve the following
objectives:

— to develop a procedure for applying an algorithm based
on systems of fuzzy logical inference to build an expert matrix
element in SIAR;

— to create an expert matrix element based on fuzzy neu-
ral networks;

— to conduct a computer simulation of a fuzzy logical in-
ference system based on the example of determining the ini-
tial concentration of suspended substances in particle water.

4. Research materials and methods

4. 1. Object and research hypothesis

The object of research is the process of inductive model-
ing of complex systems of various application areas.

The hypothesis of the research is the possibility of apply-
ing the mathematical apparatus of fuzzy logic for the con-
struction of elements of the matrices of results W4 and W5,
as well as the evaluation of the beneficial or ineffective sides
of such application in inductive STAR.

Some simplifications are adopted in the work. First of
all, this concerns the use of the term and essence of «expert
matrix», which in this context reflects the adequacy of the
achieved result to the main requirements of the project cus-
tomer. However, in real design, the elements of such a matrix



can be further refined if necessary, for which additional time
and funds must be allocated. That is, here a certain error is
allowed in the estimation of design parameters (elements of
matrix E). The same applies to the results obtained by two
independent groups and recorded in the W4 and W? matrices.

4. 2. Subject and tools of modeling

During the study, the software environment MatLab
2016 (USA) for Windows, Linex I OS X operating systems
was chosen as a software tool for mathematical modeling and
computer analysis of the obtained results.

The demonstration of the proposed algorithm was carried
out on the example of the synthesis of the ANFIS expert sys-
tem for determining the initial concentration of suspended
substances in the water of particles (C, mg/l) after the
electrocoagulator during the purification of wastewater of
a poultry farm.

4. 3. The method of applying the SIAR inductive tech-
nology

4. 3. 1. SIAR inductive technologies

In the inductive technology of SIAR [3, 4], the concept
of the so-called reference result RO(I[?) is introduced, as
a formalized and agreed conclusion of some higher-level
expert commission regarding each of its elements e; formed
in the form of a matrix E (RO(I,?) dimension of nxm. This
matrix E RO(I,? )) characterizes the prototype of some spe-
cific element of the final result and has the following form:

e, ... €,
E(R(I)=(e,)=| © ~ ] 1)

e e

mi mn

where the i-th line, i=1,..., m, reflects one of the undeniable
types of requirements for the final result (but not the result
itself) of the study from the agreed positions of indepen-
dent experts; j-th column is the justified subdivisions of the
i-th element.

In the creation of such matrices in STAR inductive tech-
nologies, the expert commission is directly involved and
is a structural external independent subject of the project,
the main task of which is, in addition to creating a bench-
mark [3, 4], the researching the performance of analysts
as well. ECHL consists of independent experts who have suc-
cessfully passed a special competitive selection. It is worth
noting that the selection of members of the expert commis-
sion is also determined in a special way, using pattern recog-
nition algorithms with the possibility of building ensembles
of informative features, for example [22].

Therefore, such a matrix E°=E(R(I} ) reflects only
the reference form of the final or customer-acceptable result
R*(I;) and the corresponding final document D(R(Ib))
The elements of such a matrix are formalized and in a certain
way agreed by experts’ qualitative assessments of its compo-
nents (sections, subsections, items, paragraphs, appendices,
etc.). In addition, the objective interpretation of matrix (1)
is generally agreed with the customer of the study and must
satisfy its unquestionable requirements. This means that
R° (I 7) is the formal reference prototype of the result for the
final document, that can solve the problem in the best way for
the customer, and R’ (I b) is the actual result close to the refe-
rence R’ (I ) ) The importance of this coordination of the formal
presentation with the customer’s position and requirements
is obvious and most modern researchers pay attention to it.

4. 3. 2. Criteria for the selection of solutions in induc-
tive technology of SIAR

The inductive approach to the execution of SIAR involves
the gradual expansion of the initial information base I},
which is at the disposal of analysts at the beginning of the
work, through the creation of intermediate results R, (Ib‘ )
and the receipt of additional blocks I}, from the external
environment of information to the level I} and is a multi-
stage procedure nxm. It should be noted that in this case
s=1,.., 8 — stages and k=1,.., K — the number of options for
intermediate results at the s-th step). Therefore, the results
of R, (I ) ) must be evaluated for compliance with their etalon
benchmark RO(II? ) for which the experts from ECHL have
already created a matrix E° = E(R’ ([ }?f) .

Hence the need to evaluate and formalize intermediate
results so that such independent formalized evaluations can
perform the role of commensurate objects of comparison
in evaluation criteria. For this, another special object is in-
troduced, which in the work received the name «matrix of
intermediate results» W(Rsk (I Sfb))A/B. Such a matrix, which
is formed for each of the two groups of analysts A and B, has
the same dimension (nxm), as well as the standard matrix
E’= E(RO (IZ’)), and also has a form similar to it:

()
w(R,(17)) = SRR 2)
@ W
o (wh
w(R,(17)) = o) 3)
"

The elements wj; are formed repeatedly according to the
same procedures during the execution of IT SIAR, as the
elements e;; are formed once.

Therefore, in contrast to IMCS, in the selection criteria
of IT SIAR, the objects of comparison are no longer indivi-
dual numbers (for example, model outputs), but the specified
matrices — the matrix of the standard E° = E (R° (I ) )) and ma-
trices of intermediate results W(Rsk (I_{},))A and W(RA,C (I jb))B
Moreover, the elements of the matrices of intermediate results
are in a certain way formalized assessment of ECHL experts.

Since in IT SIAR, it is necessary to evaluate the conformi-
ty of one object to another, namely the conformity of the gene-
rated intermediate or final research results with the reference
one, the evaluation criteria are naturally based on the concept
of relevance. Let’s introduce the A2, and A%, matrices of
differences of intermediate results W(ng (I jb))A, W(Rsk(l §b) '

among themselves and with the reference E°=E(R’(I})).
These matrices are as follows:

2(we) 2(we)
811 817!
2 _ (]2 — . . .
A,e,—(f)ij)WE— : o, (4)
2(we) 2(we)
61m 8mn

i=1,..m, j=1,..,n.

In equation (4), the elements (82)% are equal to the
squares of the differences between the elements of the matri-
ces W(RS,e ([ ;?,]))A and W(R‘_,e (Ijb))B respectively, and elements
of the reference matrix E(R* (Ib))
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The relevance of SR,,;in IT SIAR is called a measure of
the form:

s (B, =R () -ER@), @
s=1,...,5,k=1..,K,

for the results of group A and
Sk (W), =W (R (1) E( (1) ®)

s=1...,8k=1. K.

The system criterion of relevance in IT SIAR is called
expressions:
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or the results of groups A and B, respectively, where for
the sake of simplification W(Rsk(lib))A and W(Rsk(I;'b))B,
s=1,..,8,k=1,.,K.

Thus, the expression of the system criterion of relevance
in inductive SIAR has a simple and clear meaning. Here the
matrices W(ka (I;b))A and W(ka(l :b))B can be formed both
for any intermediate and final results R.Y,egl;_‘b) depending on
the result number % at the s-th step, and the index of the
analytical group (A or B), etc. At the same time, the matrix is
unchanged E° = E (RO ([ N )) throughout STAR.

The application of the principle of independence of re-
search by two groups and external addition in IT STAR [3, 4]
entails the need to construct one more criterion — an ana-
logue of the criterion of consistency from the IMCS metho-
dology for comparing intermediate results obtained by two
independent research groups A and B. For this, matrices

W(Rsk (I jb))A are formed for intermediate results obtained by
the group of analysts A, and matrices W(Rsk (I §b))B for results,
obtained by a group of analysts B. Procedures for construct-
ing matrices W(R_‘_k(l ;T,]))A and W(Rsk(l fb))B for intermediate
results ka(lib)A and Rsk(ljb)B respectively, must be the same

according to which the and the matrix E® = E (R" (I ) ))

In IMCS, the criterion of non-contradiction requires
that models of the same structure, the coefficients of which
are calculated on parts A and B on a given information
base, would give the most similar initial results, that is, that
the initial values of such models should have a minimum
discrepancy.

It is possible to use this property of this criterion in ap-
plication to I'T SIAR and introduce a special new concept for
this correlation.

To do this, similarly to (4), it is possible to define the
matrix A2

corel *
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i=1,..m, j=1,..,n,

where (SE)WW — the elements, which are equal to the squares
A
of the differences of the elements of the matrices W(RS,e (I 5 ))

B
and W(ka (I “b)) , that is, element by element:

(aé)ww = (w; _w’?)z'

Co-relevance of results in the IT SIAR inductive proce-
dure is called a measure of the form:

(12)

SR, (WAW?) = “W(Rsk (1,;‘))” - W(R, (1;))BH, (13)
s=1,...,8, k=1,.,K.

The system criterion of co-relevance in IT SIAR is the
expression:

n

e ) - E5 ),

=t j=1

(14)

where, as in (9) and (10), is introduced: the notation
WA =W(R,(13)) W =W(R,(13))", 82(W*W*)_ are the
8 elements of the matrix A%, of the discrepancies of the re-
sults W(Rsk (I N ))A and W(Rsk (I N ))B, formalized and agreed by
the ECHL in the matrices of the discrepancies of the results
W(R (L)) and W (R, (1)) =108 k=1, K.

From the standpoint of the theory of fuzzy sets, each row
of the matrix E can be interpreted as a linguistic variable,
that is, term A, and the constituent parts of this row — as
elements a;; from a set of possible values, aje A. For example,
in the now classic example [23], an expert assessment of the
answer to the question of whether water is very hot can have
the following form for n=10:

1072073074050 60708090100

In equation (15), the denominator is the water tem-
perature (°C), and the numerator is the number of positive
evaluations in the sense that it is really very hot water. That
is, the last and penultimate element corresponds to the term
<«boiling water».

Therefore, the prototype of the expert matrix (for exam-
ple only) should have the form:

E={e;/v,}, (16)
where v; — all possible values of estimates of gradations of
expert conclusions, which may contain the result for the
i-th element.

Let’s pay attention to the obvious fact that for all positive
research results, the denominators of all elements of one row
of matrix E will be the same, and, thus, the line of expert as-
sessments from the above example may look like this:

E ={0.0;0.0;0.0;0.1;0.2;0.5;0.8;0.9;1.0;1.0}. 17



The elements of line (17) are the ordinates of the mem-
bership function g(x) [20] (x is the input signal), and the
expert matrix will take on a simpler form (1).

5. Synthesis of the expert matrix based
on the fuzzy logic algorithm

5.1. The procedure for creating an unstructured system
for building an expert matrix

Below is an algorithm for the creation of a practical
non-structured system for constructing an expert matrix for
evaluating results, oriented towards the development of one
value e;; of the formalized matrix Ein the range of values [0, 1].

For the practical implementation of such a fuzzy system, it
is possible to look at a number of popular algorithms [13, 14]:
Mamdani, Tsukamoto, Sugeno, Larsen, a simplified fuzzy
inference algorithm. However, with the assurance of expert-
ly tested software products and the fact that ECHL, when
prompted by the basis of the rules of unimportant products,
will provide numerical values for estimates, for the prompt-
based system, the possibility of using Sugeno algorithms has
been adopted o or due to the algorithm of incorrect output.

With a simplified algorithm, the rules of our task will look
like this:

R, :ifxeA thenz =0,

R, :ifx e A, then z, =0,c,,

where x, z — input and output changes; A — specification of the
term-set (needs to be agreed upon in advance with all experts);
c1, ¢y — expert assessments (pure numbers in the range [0, 1]);
N — number of rules (equal to the number of experts multiplied
by the number of terms, however, if the experts’ assessments of
the specified parameter are equal, one rule is left).

The simplified fuzzy inference algorithm will take the form:

1. The first stage is to determine the stages of truth for
the implementation of the skin rule.

2. Second stage — additional numbers:

0(1=A1(x0),
(18)

3. The third stage is to be clear about the significance of
assessing the characteristics of the object of investigation (pro-
cess, phenomenon):

N

o.C.

i

2y =—. (19)

2061-

i=1

The rules for the Sugeno algorithm will take the form:

R, :ifxe A thenz =0,

Ry :ifx e A, then z, =o,cy,

where a4, oy — the power of the truthfulness for specific rules.
Thus, Sugeno algorithm for our main task can be present-
ed in the form of an ongoing procedure:
1. The first stage is like in the simplified algorithm.

2. The second stage — initially, similar to the simplified
algorithm, additional numbers o are calculated, after indi-
vidual rule outputs:

2z = 0L,%,,

................... (20)
Zy = 0%,

3. The third stage is finding a clear way out:
ZO:oc1zf+...+och;V. @1)

O+ F 0y

By creating an unvalued system (simplifying algorithm
or Sugeno algorithm), it is possible to calculate the residual
estimate for one element of the matrix E.

5. 2. The procedure for creating an expert matrix based
on fuzzy neural networks

However, one of the main disadvantages of fuzzy inference
systems is their inability to self-learn [23-25], and to adjust
them, it is necessary to re-involve experts at a complete func-
tional stop. To solve this problem, the ability to self-adapt
when changing expert assessments or receiving additional
information about a certain element (for example, a paragraph
of the source document D(R* (I b) ) of the matrix E is necessary.

Therefore, it makes sense to use the apparatus of fuzzy
neural networks - neural networks with clear signals, weights
and activation functions, but combining them using ¢-norm,
t-conorm, or other operations [26].

In this case, the inputs, outputs and weights of the fuzzy
neural network, for example, are real numbers from the ne-
cessary range [0, 1]. The fuzzy system training algorithm inte-
grated into applied software products (for example, MatLab)
is quite easy to use.

The main calculation formulas for the algorithm for con-
structing a fuzzy system using a neural network on a system
with two rules (the form of the entry corresponds to a sim-
plified algorithm of fuzzy logical inference) have the form:

R :ifxe A theny=z,

R, :ifxe A, then y=2z,.

The calculations were performed for the case when the
fuzzy concepts Ay and Ay have sigmoid membership functions:

1

TGl

1

TGk

A (%)
A,(x)

(22)

(23)

where a4, as, by and by — coefficients.
Then the degrees of truth of the rules are determined by
the relations:

1
a1=A1(x)=Wv (24)
1
aZ = A2 (x) = 1+ebz(x—a2) 4 (25)
and system output:
o= XAt 2 A (x)z+4,(x)z, (26)

o, +a,

A (x)+ 4, (x)



The error function in general looks like this:

A=A, (a1,b1,a2,b2,z1,z2)=

1
=§(Ok(al!bl)a2rb2721)z2)_yk)27 (27)
where k=1,.., N.

Using the approaches of the backpropagation algo-
rithm [26], it is possible to obtain the required correction
formulas for partial conclusions:
a5,
0z,

(X1 —
o, +0L,

z=z-"M =21—ﬂ(0k—yk)

(28)

Az(xk)
A () + 4, (")

where n — the learning rate constant.

(29)

3. 3. Software implementation of the ANFIS expert
system

The result of the software implementation of ANFIS (adap-
tive neuro-fuzzy inference system) in the Matlab system will
be the construction of a fuzzy information output system
trained on expert assessments (Sugeno algorithm).

As an example, for the verification of the proposed proce-
dure for the formation of matrix elements, the determination
of the initial concentration of suspended substances in the
water after the electrocoagulator during the purification of
wastewater of a poultry farm was taken [27].

This example can be interpreted as the task of obtaining
one element eje E of the integral standard matrix E of the
reference result R’ (I,?) i.e. considered as a small fragment
of a large investment project element. Similar tasks are often
encountered in complex information and analytical studies
assessing the possible long-term consequences of the influ-
ence of agro-industrial processing complexes on the envi-
ronment and human health. In our terms, the result of such
a study will be of an «elementary» (private) nature, i.e. enter
into the system expert matrix as an element. But our task is
to use this particular example to verify the effectiveness of
the procedure proposed above.

The task of the expert system is to calculate the concentra-
tion of particles suspended in water (C, mg/1) for possible com-
binations of selected technological parameters in the established
ranges of their values: current density at the electrodes (a) —
0.1-1.2 A/dm?; pH of water supplied for purification (3-7);
flow velocity in the interelectrode space (V) — 2—6 m/hour.
The controlled parameter of this process is the concentration
of suspended particles in the water supplied for cleaning (C),
which is 0.5-7 g/1.

Technological parameters and their ranges of change were
selected based on the recommendations of experts (techno-
logist, chief power engineer, chief mechanic, instrumentation
and automation engineer). Statistical data for electrocoagu-
lation treatment of poultry farm wastewater were obtained
experimentally [27] and are presented in Tables 1-3.

In particular, Table 1 presents the results of studies that
were included in the Training subset of data, Table 2 shows the

data of the Testing data of the general sample, and Table 3 con-
tains the Checking data. The presented statistical data reflect
the real situation in the poultry farm in the process of research.

Table 1
Experimental data: A — training input data subset
I, A/dm? pH V, m/h C g/l C, mg/!
1.2 3 2 0.5 4.54
0.1 7 2 0.5 0.13
0.1 3 6 0.5 13.69
1.2 7 6 0.5 8.18
1.2 3 2 3 25.47
0.1 7 2 3 27.29
0.1 3 6 3 41.86
1.2 7 6 3 44.64
0.65 5 4 1.75 18.97
0.65 7 2 3 27.26
0.1 5 2 0.5 2.78
1.2 5 6 3 43.49
0.1 7 2 1.75 12.11
0.1 5 6 3 43.58
0.65 7 6 0.5 8.72
1.2 3 6 1.75 25.84
1.2 3 4 3 32.88
0.65 3 6 0.5 13.11
1.0 4 3 0.8 7.35
0.7 6 5 2 25.13
Table 2
Experimental data: B — testing input data subset
I, A/dm? pH V, m/h C g/l C,mg/l

0.2 3.1 2.1 0.6 6.45
0.3 3.2 2.2 0.7 7.11
0.4 3.3 2.3 0.8 7.82
0.5 3.4 2.4 0.9 8.59
0.6 3.5 2.5 1 9.41
0.7 3.6 2.6 1.1 10.29
0.8 3.7 2.7 1.2 11.22
0.9 3.8 2.8 1.3 12.21
1 3.9 29 1.4 13.25
1.1 4 3 1.5 14.34
1.2 4.1 3.1 1.6 15.49
1.2 7 6 2.9 42.84
1.1 6.9 5.9 29 42.37
1 6.7 5.8 2.8 40.25
0.9 6.8 5.7 2.7 38.24
0.8 6.7 5.6 2.6 36.25
0.7 6.6 5.5 2.5 34.30
0.6 6.5 5.4 2.4 32.42
0.5 6.4 5.3 2.3 30.59
0.4 6.3 5.2 2.2 28.81




Table 3  tions were varied. As a result of 64 stages of iterative learn-
Experimental data: C — checking input data subset ing (Fig. 3), a root-mean-square error of 0.28268 mg/l was
3 obtained. This value, according to the technological aspects
L A/dm pt v, m/h Ce/l € mg/| of electrocoagulation treatment of poultry farm wastewater
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Fig. 1. Setting up ANFIS on training experimental data

But after entering the values of the control sample (Test-
ing data), the quality of work obtained using the default set-
tings turned out to be unsatisfactory — the root mean square
error was 12.6569 mg/1 (Fig. 2).

In the process of expert adjustment in the structure of the
fuzzy neural network, the number of neurons in each ball was
reduced by one and the parameters of the membership func-

Fig. 3. Results of expert iterative training of ANFIS

The quality of the ANFIS system was finally assessed
after the input of checking data. The root mean square error
was 0.34339 mg/1. This indicated that the system was not
«overtrained» and could be used for further research.

Thus, a software implementation of a fuzzy system for
determining the quality of electrocoagulation treatment of
poultry farm wastewater from suspended matter was ob-
tained (Fig. 4).

) 'FIS Editor: Electrocoagulation - X

File Edit View

““““““ Electrocoagulation

ph f(u)
X C gl "
v 1
/”
Cvh
FIS Name: Electrocoagulation FIS Type: sugeno

Fig. 4. Software interface of a trained fuzzy
system (Sugeno algorithm)



6. Discussion of the results of the synthesis of matrix
elements of expert evaluations of results in STAR

For the synthesis of matrixes of agreement of expert
evaluations (elements of such matrices) of results in system
information-analytical research, a procedure of application
based on a fuzzy system was proposed. The degrees of truth
of the rules were determined by relations (24), (25), and the
output of the system was determined by (26). At the same
time, the error function was generally described by equa-
tion (27). This does not differ from the approaches that were
used in works [13, 14], where the use of a simplified fuzzy
inference algorithm was also assumed.

Thus, using the apparatus of fuzzy neural networks, self-
adaptation becomes possible when expert assessments are
changed. This is not inconsistent with the practical data
presented in [25], which authors also used a combination of
neural networks with distinct signals, weights, and activation
functions using certain operations. In addition, the ability to
«retrain» such a unit without significant efforts by profes-
sional experts is quite effective and also has a positive effect
on the cost and time of the project. Another advantage of
the proposed procedure for applying the algorithm based on
fuzzy logical inference systems for constructing an element
of the expert matrix in STAR is the following. Accumulating
a database (knowledge) and/or using an information mon-
itoring system [3, 4], it is possible to «retrain» a fuzzy
system to obtain one element of the matrices W4, W5 and
EO periodically or according to a set of criteria. Moreover,
the involvement of experts in this process is not mandatory.
It is important to emphasize that the proposed procedure for
constructing an element of expert matrices fits well into the
general paradigm of inductive modeling of complex systems
and the group method of data handling, as one of the power-
ful tools in the field of artificial intelligence. The synthesis
of the optimal result in GMDH takes place according to
inductive combinatorial or multi-line procedures of gradu-
ally increasing the complexity of the model and step-by-step
selection of the best samples according to a special system of
criteria without human intervention.

The synthesized fuzzy system according to the proposed
procedure was used in the research project on electrocoa-
gulation processes without conducting complex experiments
in the design of automated control systems for wastewater
treatment complexes. Here, the basis was a fuzzy system, and
the neural network approach was used only for its adjustment.
The developed procedure for the synthesis of elements of the
expert matrix based on fuzzy neural networks was tested in
the Matlab system. As a result of 64 stages of iterative train-
ing (Fig. 3), a root mean square error of 0.28268 mg/l was
obtained. This value is considered acceptable according to
the requirements of the technological aspects of electrocoa-
gulation purification of wastewater of poultry farms from
suspended substances.

For large-scale projects, the application of the described
approach can be somewhat overloaded and less efficient in
the form presented above. However, for relatively small pro-
jects, using fuzzy logic is effective. Therefore, when forming
a rather complex matrix of complex information-analytical
research, a certain compilation of systems, similar to the one
used in the example of electrocoagulation assessment, will
probably be necessary. This is due to the diversity of SIAR,
and the need to use the knowledge of specialists from various
subject areas.

The impossibility of removing the mentioned shortcomings
within the framework of this study gives rise to a potentially
interesting direction for further research. They, in particular,
can be focused on finding out the optimality of documentation
detailing, since it is closely related to the dimension of such
leading technological elements as the specified matrices.

7. Conclusions

1. The procedure for applying the algorithm based on sys-
tems of fuzzy logical inference for the creation of a practical
unstructured system of synthesis of elements of the expert
matrix of evaluation of results in inductive technologies of
system information-analytical research is given. The pecu-
liarity of the proposed approach is that by accumulating a da-
tabase (knowledge) and/or using an information monitoring
system, it is possible to «additionally train» a fuzzy system
periodically or according to a set quality criterion. Moreover,
the involvement of experts in this process is not mandatory.
Based on the Sugeno algorithm, it became possible to calcu-
late the estimate for one element of the expert matrix.

2. The main calculation formulas for the algorithm for
constructing the elements ey, w; and w? of the matrix of the

standard (or benchmark) E° = E (RO (I},’)) and the matrices of
intermediate results W(RSk (I A ))A and W(ka (I A ))B are given.
The use of a neural network apparatus with clear signals,
weights and activation functions, as well as their combina-
tions, made it possible to implement the self-learning process
without the need to re-engage experts.

3. Using the Matlab application, a system for deriving
fuzzy information, trained on expert evaluations (Sugeno
algorithm), was built. In the process of experimental adjust-
ment of the structure of the fuzzy neural network, as a result
of 64 stages of iterative training, a result with a root mean
square error of 0.28268 mg/1 was obtained. The obtained
results from the point of view of technological aspects of
electrocoagulation purification of wastewater of poultry
farms from suspended substances are accepted as satisfactory.
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