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Abstract. In the proposed article, various methods of constructing an artificial neural network as one of the
components of a hybrid expert system for diagnosis were investigated. A review of foreign literature in recent years was
conducted, where hybrid expert systems were considered as an integral part of complex technical systems in the field of
security. The advantages and disadvantages of artificial neural networks are listed, and the main problems in creating
hybrid expert systems for diagnostics are indicated, proving the relevance of further development of artificial neural
networks for hybrid expert systems. The approaches to the analysis of natural language sentences, which are used for
the work of hybrid expert systems with artificial neural networks, are considered. A bulletin board is shown, its
structure and principle of operation are described. The structure of the bulletin board is divided into levels and
sublevels. At sublevels, a confidence factor is applied. The dependence of the values of the confidence factor on the
fulfillment of a particular condition is shown. The links between the levels and sublevels of the bulletin board are also
described. As an artificial neural network architecture, the «key-threshold» model is used, the rule of neuron operation
is shown. In addition, an artificial neural network has the property of training, based on the application of the penalty
property, which is able to calculate depending on the accident situation. The behavior of a complex technical system, as
well as its faulty states, are modeled using a model that describes the structure and behavior of a given system. To
optimize the data of a complex technical system, an evolutionary algorithm is used to minimize the objective function.
Solutions to the optimization problem consist of Pareto solution vectors. Optimization and training tasks are solved by
using the Hopfield network. In general, a hybrid expert system is described using semantic networks, which consist of
vertices and edges. The reference model of a complex technical system is stored in the knowledge base and updated
during the acquisition of new knowledge. In an emergency, or about its premise, with the help of neural networks, a
search is made for the cause and the control action necessary to eliminate the accident. The considered approaches,
interacting with each other, can improve the operation of diagnostic artificial neural networks in the case of emergency
management, showing more accurate data in a short time. In addition, the use of such a network for analyzing the state
of health, as well as forecasting based on diagnostic data using the example of a complex technical system, is presented.

Keywords: artificial neural network, hybrid expert system, diagnostics, emergency management, complex
technical systems.

Anomayin. Y 3anpononoganii cmammi 6ynu 00Caiodceno pisHi memoou no6y0osu wmy4Hoi HeupoHHOi Mepedci
6 AKocmi OOHI€EL 3i CKNAO0BUX HacMUH 2iOpudHOi ekcnepmHoi cucmemu 0 Oiaenocmuku. Bye npoeedenuii oensio
3apy6idcHOI Aimepamypu OCMAHHIX pPOKi8, Oe po321a0anucs 2iOpuoHi eKCnepmui cucmemu, 5K CKIA008d HACMUHA
CKIAOHUX MeXHIuHUX cucmem & obnacmi 6esnexu. [lepepaxosano nepegacu i HEOOMKU WNYYHUX HEUPOHHUX Mepedic, d
MAKOHC 8KA3AHI 20106HI NPOOIEMU NPU CMBOPEHHI 2IOPUOHUX eKCNePMHUX cucmem 01 0ideHOCMUKU, 00800AYU YUM
AKmyanbHiCmes NOO0AIbLUWOT PO3POOKU WIMYYHUX HEUPOHHUX Mepedxc 01a 2iOpudHux excnepmuux cucmem. Pozenanymo
nioxoou aumanizy npono3uyii npupooHoi MoBU, AKUL 3ACTHOCOBYEMbCA Ol POOOMU 2IOPUOHUX eKCHePMHUX CUCTEeM 3
wmyyHuUMU  HelpoHHuMu Mmepexcamu. Ilokasana odowika 02010WieHb, Onucawa ii cmpykmypa i npunyun pobéomu.
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Cmpykmypa Oowilku 02on0uienb Oiiumsbcsi Ha pieHi [ niopisui. Ha niopiensix 3acmocogyemvcsi Koe@iyienm
docmosiprocmi. [lokaszana 3anedcHicms 3Hauelnb Koe@iyicHma OOCMOBIPHOCMI HA GUKOHAHHA MIEL U IHWOT YMOBU.
Taxooic onucani 36'a3Ku Migic pigHaMU [ RIOPIGHAMU OOWIKU 020N0WeHb. B axocmi apximexkmypu wmyunoi HetpoHHOI
Mepedici 3acmoco8ana Mooelb «KIoY-nopiey, NOKA3aHo npaguno pobomu ueupona. Kpim yvoeo wmyuna neuponna
Mepedica MA€E 6IACMUBICING HABYAHHSA, 3ACHOBAHO20 HA 3ACMOCYBAHHI 61acmusocmi wmpagyy, AKuti 30amHull
po3paxogysamucs 6 3anedxcHocmi 6i0 agapitinocmi cumyayii. Ilosedinka cKkiaOHOI mexHiuHOI cucmemu, a makodc it
HeCHpasHi CMAanu MOOemombCs 3d 00NOMO20K0 MOOeNi, AKA ORUCYE CIMPYKMYpY i noeedinky oanoi cucmemu. [IJoo
onmuMizyeamu OaHi CKAAOHOT MeXHIYHOI cucmeMu, BUKOPUCIOBYEMbCS eBONIOYIIHULL AN20PUMM, 3d OONOMO20I0 K020
MiHIMIZy8anu yinbosy @QyHuryiro. Piwenna 3adaui onmumizayii cknaoaromoca 3 Ilapemo-eexmopie piutens. 3a80aHHA
onmumizayii ma HAGYAHHA BUPIWYIOMbBCA WIAXOM BUKOpUCMAHHA Mepedici Xonginda. B yinomy 2ibpuona excnepmua
cucmema onucyemMuCs 3a 00NOMO2010 CEMAHMUYHUX MepedC, AKI CKIaoaromuvcsa 3 eepuiut i pebep. Emanonny moodens
CKIIAOHOI mexniunoi cucmemu 30epieaioms 8 0643 3HAHb | YMOUHIOOMb Ni0 Yac npudbants Hosux 3Hanv. [lpu asapiinii
cumyayii, abo npu il nepedymosi, 3a O0ONOMO2010 HEUPOHHUX Mepedic BI06Y8ACMbCA NOWLYK NPUYUHU | CAMO20
KepysaibHO20 6NIU8Y, HeoOXIOHux Oas nixkeidayii asapii. Pozensmymi nioxoou, 63aemoliiouu mixc cobow, 30amui
noninwumy pobomy OiaeHOCMUYHUX WMYYHUX HEUPOHHUX Mepedc 8 pa3i Npomudeapiinozo Kepyeanusl, NOKA3yIqu
Oinbws mouni Oami 3a Kopomxuil mepmin. Kpim yvozo, npeocmagneno 3acmocysants nooiOHOI mepedici Onsl ananisy
cmamny npaye30amHocmi, a makodiC NPOSHO3Y8AHHS HA OCHOGI OaHUX OIAZHOCMUKU HA NPUKIadi HaeedeHol cKaaoHol
MEXHIYHOI cucmemu.

Knrwouosi cnosa: wmyuna netiponna mepedica, 2iOpuona ekcnepmua cucmema, OiaeHOCMUKA, Npomuasapiine
KepyB8aHHsl, CKIAOHA MeXHIuHa cucmema.

INTRODUCTION

Hybrid expert systems (HES) are very important in ensuring safe operation for any complex
technical systems (CTS) [1-5]. In [1] HES are used as decision support systems to reduce the risks
associated with pumping stations. For this HES combines procedural and declarative rules, based on
the judgment of experts, as well as encoded in the integrated production C (CLIPS) language
system and is associated with the software MATLAB software to display the fuzzy functions. In [2]
the prospects and trends of expert systems, which were presented at the World Congress of 3 expert
systems. In [3] conducted a statistical analysis of HES and their applications. This analysis includes
91 articles from scientific journals, conference papers and literature reviews. The results show an
increase in the number of recent publications, testifying to the popularity of the conquest of HES, as
well as the development of many new industrial applications that use HES in recent years. In [4]
examined trends in the development and applications of expert systems, including hybrid in medical
diagnostics. The data are presented on the basis of links 173 articles from 124 journals over the past
25 years. In [5] proposed a new expert system for monitoring the performance of enterprise content
management. It is based on an innovative hybrid technology, including the fuzzy cognitive maps
and analytic hierarchy process. Because these indicators are interrelated, expert knowledge is
extracted, modeled, are combined and processed in the proposed new HES. This makes it possible
to accurately predict the impact of changes in the benchmark system performance by simulating
different scenarios over time.

A common type of HES is a system, one of the constituent components of which are artificial
neural networks (ANN) [6-9]. ANN is based on a mathematical model that reproduces the nervous
system of a living organism. The properties of study and generalization of the ANN allow them to
achieve the most reliable diagnostic results. In the context of the changing external environment, as
well as emergency management, the ability of ANN to learn is a great advantage [10-12]. To train
the ANN needs no a priori information about the structure of the required functional dependence
[11]. Thanks to the training mode it is possible to quickly adjust to the changing reality of the
network, at the moment, as the calculation of the weighting factors expert, additional costs time
professionals. Another advantage of using the ANN relatively formalized expert by the dependent
variable, is more accurate approximation of an expert opinion [13]. Also, another advantage of
ANN is a generalization of the property allows the network after training and testing to give correct
answers to the various inputs, which are not data of the training set [10].

However, despite the above advantages, the ANN have disadvantages that can in various
cases, affect the accuracy of the results of the HES, in particular, the need to involve the training
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sample, the reliability and the dimensions of which have a great impact on the learning outcomes
and, consequently, on the diagnostic quality technical state CTS [10]. Another disadvantage is the
fact that the accumulated knowledge of the INS distributed between all of its elements, which
makes them virtually inaccessible to the observer. [12].

When creating a HES following issues can occur for the diagnostics in some cases [14]:

— not taken into account the high level of uncertainty of diagnostic information that is
obtained;

— there are no effective methods of integrating knowledge derived from diverse sources;

— existing knowledge acquisition methods usually have low adaptability and does not
involve the use of feedback mechanisms to establish new dependencies and adjustment rules in the
knowledge base (KB).

Thus, despite the widespread prevalence, as well as to eliminate deficiencies, the development
of ANN for HES is an actual task.

PURPOSE OF ARTICLES AND STATEMENT OF THE PROBLEM RESEARCH

The purpose of this work is to ensure the emergency operation of the CTS, with the most
effective diagnosis.

To achieve this purpose, it is necessary to develop and investigate the diagnostic ANN, which
will be an integral part of the HES necessary for emergency management of the CTS.

MAIN PART

HES work with the ANN is based on the use of natural language. There are two approaches
offers the analysis of natural language:

— syntactically oriented — on the basis of a detailed parsing of the proposal;

— semantically-oriented — the task of analyzing sentences of a natural language is presented
as a problem of recognizing the meaning of the sentence on the basis of the use of the KB.

Syntactically oriented analysis of natural language has significant drawbacks that limit its
application. more promising — semantically oriented analysis.

For the structuring of facts and hypotheses used ANN bulletin board. It is divided into levels,
which correspond to the levels of the hierarchy of domain objects.

Levels is divided into sublevels (see Figure 1): object name, attribute name and name of
value.

Object Level G
Object name, confidence factor Sublevel 0
Attribute name, confidence factor Sublevel 1
Name of value, confidence factor Sublevel 2
| |
Object Object Object Level 1
| |
Object Object Object Level 0

Figure 1 — The level scheme for the bulletin board

On sublevels term data is encoded and confidence factor K. K is a number from 0 to 100
which indicates the percentage of the probability of a particular event. Used in custody at the time
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of the formation of the frame slot value, as well as creating a rule. Below the threshold, the
reliability of the facts ignored. In custody K has a default value of 100, and a condition — the value
0. They are translated into the range from O to 1.

K in a set of conditions defined as K conjunctions of fuzzy logic L. Zadeh, i.e. as the
minimum value of a set of reliability values of the coefficients of all the conditions. K for instance
frame-slot, which is formed on the basis of the findings, the product is K set conditions and K
conclusion. In the case where a similar slot in a frame-copy is, the value of K will be located:

N=I+P-(1-1),
where N — the new value of the coefficient of reliability K; | — confidence factor K
starting fact; P — confidence factor K , created with the rules.
Ifa K smaller than the threshold in the condition, the condition is not met.

The numbers of the level and sublevel are interconnected, and constitute a context showing
the connection of an event with this level and its specific sublevels, where the processes of logical
inference in a HES and subsequent associative processing in the ANN take place.

In the current separately taken sublevel name codes and describe the context — are inputs
ANN. ANN output — the name of the code, which has such interpretations, depending on the ANN
mode: code name of the current sublevel, at a lower sublevel and a higher sublevel.

2 sublevel has a lower sublevel and sublevel 0 to a higher sublevel considered 0 sublevel next
level in the hierarchy. As the architecture of the ANN model will use «key-threshold». In this
model, the ANN recognizes the binary vector using the Hamming distance. Neuron is working

according to the rule:
n:{lﬁf(h0>4;
' | 0 otherwise,
where I:(Iij), i=1T, j=LM - vector key i-th neuron; b:(bij), i=1T, j=1LM -
input vector i-th neuron; f (b,l) — function showing an equal level in the vectors b and |.
The network is trained. This occurs due to the fact that each neuron has an input @, at which

the signal has a fine property by changing the threshold of the neuron zor key | [15].

The concept of «fine» or «weight» of a rule, which is the technical equivalent of value, is
introduced for each emergency combination of variables [16]. The fine of the CTS technical unit, at
the same time, is equal to the penalty of own disconnection, as well as the fine of daughter outages.

E, =E,,+E

daughter ?
where E; - fine technical unit; E ,, — a penalty of their own disconnection; E — fine
child outages.

The behavior of the CTS and its faulty states are modeled using a model that describes the
structure and behavior of the CTS. This model represents a three values <P, R,O> , Where P — a set

daughter

of variables that describe the state of the system; R — modes of operation; O - relationships that
bind a set of variables P, and describe the state of the system and operating modes R.

To optimize data CTS used an evolutionary algorithm for minimizing the objective function:
power consumption and performance of CTS.

The set of solutions of the optimization problem consists of a Pareto-vector solutions. They
cannot be improved at the same condition without degrading the other. Mathematical model of
optimization for specific effective energy consumption is as follows:
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1 — .
—— —max-—objective function,
gy (X)+ e max-— objective function

E, < f¢ (x) < E, —the first boundary condition;
gy (x) 2V, —the second boundary condition;
fo (x)- gy (x) =E, -V, — limitation,

where fE(x) — CTS function of energy consumption; g, (x) — CTS function of speed;
E,,E, — boundary values of energy consumption functions; V, — boundary values of speed
functions.

In the model of 4 components: the objective function, the boundary conditions and limitation.

The boundary conditions indicate the limits of allowable values of target functions: energy
consumption and CTC performance. The product of the limiting values for the target features shows
limitation [17].

To solve the problem of optimizing the use and learning of the Hopfield network. In this case,
an artificial ANN is trained by analyzing relational KB. As a result, the ANN becomes an
epistemological model of learning knowledge base, and is used for the prediction and research,
hidden in the KB, associative links.

The ANN Hopfield neurons in state —1 to 1, and also with the threshold O, the similarity
measure of the two truth vectors displayed:

12 =ngn(bli’b2i)zvij/zvij ,
! ] J
where b; and b, — i-th bit vectors b, and b, respectively; function sgn(x) takes the

value 1 if x>0, and zero — otherwise; v; — weight between i -th and J -th neurons.

During the operation of the network Hopfield energy function is minimized:

E ___zzvu iv

i=1 j=2
where S;,S; — the state of neurons i and j.

HES is described by semantic networks (see Figure 2), consisting of the vertices (concepts)
and ribs (semantic relations). There are two types of concepts: the terminal T and the abstract A.
Terminal concept — a word or phrase in natural language, and operators BAYAR language. Abstract
concept — the concept of class. Two types of semantic relations: entry and equivalence.

(1
Action:
T—fm)© e
C

o 6 ® O © é

1 subnode 2 subnode . N subnode

Figure 2 — An example of a semantic network

The semantic relations of occurrence in a concept reflect the composition of concepts of
types, are not symmetrical and consist of such semantic relationships as occurrence in concept | and
occurrence in C. The semantic relations of equivalence E reflect in the KB correspondences
between concepts, they are symmetric [15].

40



MU®POBI TEXHOJIOTIi, N\e 26, 2019

The diagnostics of HES Reference Model CTS stored in the KB, and clarified the acquisition
of new knowledge. The KB formed a real model, and a user requests communication takes place
with the reference model. Building CTS state diagnosing system based on HES is carried out taking
into account the characteristics of the external environment and adapt the specifics of HES models
this environment (Table 1).

Table 1 — Knowledge Base HES

Emergency | The values of variables | Actions to address .
L2 Spent time Cost
situation x | % | | X, emergency
a, H|l Al .| L D, T, C,
a, L H A Dz T2 C2
a, H|{L|.| A D, T, C,

In Table 1. H — the value of «high», A — the value of «average», L — the value «low», m —
the number of variables, N — the number of emergency situations.
In the case where the diagnostics of CTS behavior speaks of an emergency, or about her

background, using ANN is a search of the causes and control actions to eliminate the emergency.
[18]. Figure 3 shows the structure of the HES decision support used the decision-maker.

i The core of a HES i
' i

i
i Poll N Making Issuing i
i decisions * recommendation !
i i
| |

Decision maker KB

Figure 3 — HES Structure Decision Support
RESULTS

For example, use of ANNSs in HES take CTS consisting of 4 technical units. Compose using
Fuzzy Logic Toolbox ANN such CTS packet and simulate signals in an environment Matlab
Simulink (see Figure 4) and (see Figure 5).

Signals w;,w,,w,;,w,, —this performance technical units. Operability CTS shown in block
Display (W ). For example, have been taken the data obtained as a result of expert assessments:
w, =72, w, —61, W, —83, W, —70. As aresult, performance of CTS was 88.96.

Also check the possibility of using the work of HES forecasting technical condition CTS
conditioning on the basis of its performance diagnostic data obtained via the editor Anfis [19].

In Table 2 and Table 3 presents data on operability CTS, which was taken for training and
testing of the ANN.
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wi

N .

- .' % % '. » EB.BE
e W

Fuzzy Logic

| | Controller

wd
Signal Builder

Figure 4 — Scheme in Matlab Simulink environment

Signal Builder (ANN/Signal Builder) | (S S
File Edit Group Signal Axes Help L]
GH tRE| oo |—~Tn|EFeEE 0 om @ R
Group 1
L b Ry [ R prTTT s T
wi : : ; : : : : : : 1
7 |
7] — [ L [ L [ L [ L [ j
R
51
) i I i I i I i I i j
e
83
52 i i i ‘ i i i i i j
o
70
69 i i i i i i i i i j
0 1 2 3 4
Click to select signsl ‘

Figure 5 — Block Signal Builder

The results of the training and testing of ANN are shown in Figures 6 and 7, respectively. The
result of the forecast makes it clear that for given values of working capacity, the technical
condition of the CTS remains at a high level, even with a slight increase. Standard error of the data
in this case is 2,1286, which is not sufficiently acceptable the result, but at the same time, gives the
concept of efficient production of ANN sufficient HES in the diagnostics and subsequent prediction
of technical condition of CTS.

CONCLUSION

As a result of the work, the ANN was investigated and compiled as an integral part of the
HES, the main task of which is to ensure emergency management of the CTS. In the development
of ANN have been taken into account the various features associated with the operation of such
systems, to further obtain more reliable results of the CTS. They were simulated signals in the
environment Matlab Simulink, for example ANN calculates performance CTS. Overall performance
presented CTS eventually amounted to 88,96, indicating a high precision. In predicting the technical
state the CTS based on the diagnostic data, ANN of the HES showed high values of efficiency. The
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value of mean square error performance technical condition is 2,1286, indicating a sufficiently high

precision.

Table 2 — Data CTS operability for training ANN

Average testing error: 0.0001 3237

| ‘ | Help

| | Close

A

Figure 6 — The results of ANN training

90.5900 90.5567 90.2650 90.1550 90.1311
90.4546 90.6761 90.1934 90.3451 90.3935
90.5791 90.0975 90.0000 90.3557 90.4938
90.8941 90.0974 90.2234 90.2357 90.3019
90.5779 90.3411 90.8994 90.7894 90.1592
90.8100 90.7221 90.3411 90.0050 90.4923
90.3467 90.5742 90.7802 90.1255 90.1190
90.1234 90.5850 90.0001 90.3456 90.3209
90.0742 90.1111 90.0015 90.4567 90.3920
90.4568 90.4561 90.2346 90.4564 90.4920
90.6754 90.2233 90.6891 90.4567 90.3020
90.4662 90.5012 90.0993 90.5821 90.3920
90.3333 90.3851 90.1655 90.9363 90.4940
90.5671 90.2594 90.2356 90.2842 90.1111
90.6780 90.3302 90.1567 90.2940 90.4443
90.8899 90.0544 90.8765 90.5481 90.5553
90.1265 90.3821 90.7854 90.3018 90.6789
Table 3 — Data CTS operability for testing ANN
90.4211 90.0000 90.3431 90.3419 90.5912
90.3333 90.5545 90.3490 90.0970 90.5653
90.9899 90.5624 90.1000 90.8739 90.9000
90.5612 90.4567 90.0002 90.6342 90.1543
90.5690 90.5632 90.4221 90.4156 90.4333
Anfis Editor: P_p | s[5l i:hr
File Edit Wiew
Training data - o FIS output - * — ANFIS Info.
908
& # of input=: 4
a6 - # of outputs: 1
& # of input mis:
= & & L & @ 3333
£ 904+ & & &
o & & &
902 &
# & & Structure
% 5 10 15 ol | =
Load data e Gennl,r:;:)lgls — | [ TrainFIs — 1 TestFIS ]
Type: From: Optim. Methoo:
& Training Load from file hyhrid « | | | Plot against:
. @ file Load from worksp. Errar Tolerance: @ Training data
Testing
Checking worksp. o/ Grid partition Eﬂpochsz Testing data
E— Sub. clustering 3 Checking data
Load Data... Clear Data Generate FIS .. | Train Now | §jjjjjjj:jjjZIESIZNBZ:ZSQ\;{:]]]::E|
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10

11

12

13

44

-

Anfis Editor: P_p SRICE X
File Edit View
Testing data : . FIS output - * — ANFIS Info.
931
+ * * * * | #ofinput 4
# of outputs: 1
g2 # of input mfs:
= 3333
=8
=
o
91 r .
* *
. Structure
90 1 1 1 1 1 1 1 1 Cl Plut
1 15 2 25 3 35 4 45 =
Index
— Loaddata — | [ GenerateFIS — 1 TrainFIS —1 [ TestFIs ]
Type: Fratt Optim. Method:
. @) Load from file hyhricl - || Plot sgainst:
Training
. @ file Load from worksp. Errar Tolerance: Training data
@ Testing
_ Grid partition a o Testing data
Checking worksp. Epochs:
Sub. clustering 3 Checking data
Demo
Load Data... Clear Data Load ... | Train MNow | PTESE w|
Average testing error: 21286 H | Help | | Close | |
“ A

Figure 7 — ANN test results
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