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Poszensidaiomocs numanus KoHmpoao ma nonepeoyiceHHs 6u-
HUKHEHHIO HA036UMATHUX CUMYaUilli mexHozenH020 Xapaxmepy. 3a6-
4acHe 6UABNEHHA KPUMUMHUX CMAHIE, MOUHICMb Ma 00CMOsIpHicmb
napamempie cucmem MOHIMOPUHEY € 3ANOPYKOI0 3aN00i2anHs mex-
HOZeHHUM Kamacmpogpam piznozo pieHs.

3anpononoearo modenv HAO36UHAUHOI cumyauyii ax Heuimkoi
cumyauii, wo 6a3yemocs Ha MeoPii HeIMKUX MHONCUH MA ROHAMMIT
JIIH2BICMUYMHOL 3MIHHOL, BU3HAMEHA MHONCUHA NOKASHUKIG, SKI NOG-
Hicmio onucyiomov eépadcaioui paxmopu Hao36uMainoi cumyauii.
Mmuosrcuna noxasnuxie € 06°cOHanHAM AK KINTbKICHUX, MAK § AKICHUX
danux. Iloxazano, wo 3anpononosana Hewimka mooenv Y3200cy-
EMbCA 3 XAPAKMEPUCMUKAM MA YMOBAMU SUHUKHEHHA HAD36UMATL-
HOi cumyauii na 06’ekmax Kpumuunoi iHppacmpyxmypu i, 6 moti
Jice uac, 0a€ MONCaAUBICMb 00poOKU AK KIMbKICHUX MaK 1 AKICHUX
nokxasnuxie. Taxuil nioxio 0o3zeonse euxopucmosyeamu meuimii
eioHowenns 0 popmyeanns epyn nodionocmi i 6yoyeamu 6aszu
npasusL 6 cucmemax NiOMpUMKU npuiHamMms piuens 3 Yypaxyeam-
HAM noodionocmi cumyauil, wo nidsuuwye eexmueHicms cucmem
niompumxu npuiinamms piueis.

B excmpemanvnux ymoeax onepamusre npuiiHamms xeanigi-
KOBAHUX YNPABNIHCOKUX Pilleb € HAUBANCAUBIUIO10 3a0aKero, aKa
SUPIUYEMbCS, 6 MOMY HUCTI, 3a 00NOMO2010 CUCTEM NIOMPUMKU
npuitnamms piwens. Ockinoku 045 popmyseanns 6a3u npasu inme-
NeKMYAIbHUX CUCTEMU HeOOXIOHUM € 3anYHeHHs eKcnepmis, 6 po6o-
mi 3anpononosaio memoo npedcmasienis ma o0pooKu excnepmuux
danux, wo 003601€ GUHAMUMU XAPAKMEPUCMUKYU IX Y32009iCEHOC-
mi i o6pamu 6i0no6idnul Memoo 06podKuU. 3anpononosani nioxoou
00 M00e1106aHHA HA0IGUHATIHUX CUmMYauill 00360Mb NPOBOOUMU
idenmupixauiro cumyauiii 3 Memoro KOHmMpPOJII0, nonepeoyNceHns ma
Qdopmysanni xomnnexcy 0ili y eunaoxy nHacmamus HA036UMAUHOL
cumyauii, wo 0036oaume 30epezmu A0OCHKL JHCUMMA ma npupoo-
Hi pecypcu

Kniouoei cnoea: nadzeunaiina cumyauis, newimka cumyauis,
excnepmua inpopmauis, cucmemu NIOMPUMKU NPUUHAMMS piuiens
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1. Introduction

The development of technologies to ensure the safety
of critical infrastructure, especially in emergencies, is an
important component of the state’s economy and security.
Any emergencies of natural and anthropogenic nature can
cause significant material damage, lead to the environment
and human sacrifices [1]. Water pollution, which may ac-
company such emergencies, violates the standards set by the
International Federation of Red Cross and Red Crescent So-
cieties [2]. Especially devastating for the environment are the
accidents at such high-risk objects as enterprises in the chemi-
cal, metallurgical, petroleum, and other industries. The result
of anthropogenic disasters at such objects is a sudden failure
of machines, mechanisms, and assemblies during operation.
It is accompanied by serious disruptions in the production
process, explosions, the formation of fire sites, radioactive,
chemical, or biological contamination of large areas, the dam-
age and loss of life [3]. The major accidents in the chemical
industry are relatively rare, but the damage to workers, the
loss of property, business interruption, as well as harm to the
environment, are very serious [4]. According to data from the

Swiss Re Institute [5], 304 disasters occurred in 2018, similar
to those that occurred in 2017. Of those, 181 were natural di-
sasters (184 in 2017); 123 — anthropogenic catastrophes. The
overall economic damage from natural and anthropogenic
disasters in 2019 amounted to about USD 140 billion against
USD 176 billion in 2018. Natural disasters intensified due to
the imbalance of the environment; in some cases, it is indirect-
ly related to human activities [6].

Emergencies are characterized by the complexity of pre-
diction, sudden occurrence, the rate of propagation, incom-
plete and uncertain initial information, the nature of conse-
quences depends on a particular situation, and has a chain
character. The advance detection of emergency events (EE),
the accuracy and reliability of monitoring system parameters
is the key to the prevention of anthropogenic disasters of
different levels. Operators play a decisive role during emer-
gencies in different organizations. When abnormalities occur
in a production process, an operator is often pressed for time
to correct or evacuate before the situation becomes fatal [7].
Alarm systems play an important role in the industry to noti-
fy operators about an abnormal situation. There is a problem
of false signals and missed signals at actual enterprises, which



hinders the operator’s judgment when making a decision [8].
If an extraordinary event arises, it can turn into a variety
of possible emergencies due to the dynamic peculiarities of
emergency events. Before deciding, a decision-making person
should collect all the information (possible situations, possi-
ble losses caused by various possible situations, etc.). In a real
situation, given inadequate or incomplete information, espe-
cially in the early stages of an emergency, the decision-mak-
ing person can hardly assess all factors and make an adequate
decision [9]. The current automated systems are for the most
part either monitoring systems or simulate an EE propaga-
tion, or aimed at evacuation activities in an emergency. That
is why it is a relevant task to develop an intelligent decision
support system (DSS) for the detection and prevention of
emergencies and for supporting operative decision-making in
case of an emergency event under conditions of unreliable or
incomplete data. The development of decision-making sys-
tems requires the construction of appropriate mathematical
models of subject domains, control objects, taking into con-
sideration the experience of elimination and the necessary
activities under EE conditions.

2. Literature review and problem statement

The development of effective monitoring systems and
DSS implies the simulation of all stages and should include
control over the technological process indicators, the setting
of parameters in the emergence of an alarming situation,
modeling the propagation, as well as activities, in case of an
emergency. Paper [8] notes that the preassigned alarm values,
the order of the dynamic alarm, and the alarm algorithm are
the three main elements in the system of alert and alarm. The
authors proposed a strategy of signal optimization; however,
the issue of incomplete information arising under such con-
ditions is not considered.

In order to solve various decision-making tasks in an
emergency, study [9] suggests using a perspective-based
method for assessing alternatives. Given the existing de-
cision-making methods, based on the perspective method,
the ideal alternative is usually the one that has the largest
common perspective value. However, in the real world, a per-
fect alternative is not sometimes optimal for eliminating an
emergency as there are many other factors to consider during
the selection of alternatives, for example, the cost of an alter-
native, the number of resources to respond to emergencies,
etc. Therefore, there is an issue to make an alternative close
to an actual situation.

Work [10] proposed using, for modeling EE, virtual rea-
lity, immersive and interactive technologies. However, the
study is limited to designing the simulators for personnel
training in emergencies.

Papers [11-13] address modeling an EE considering its
spatial and temporal component. In work [11], the simu-
lation takes place under an assumption that EEs happen
within the limited territorial system only. Since the subject
area of the cited work is an EE of natural character, the
authors assume several sites of its occurrence. No situa-
tions of anthropogenic character were explored. Study [12]
addresses the EEs at transportation, associated with the
threat of explosions. A theoretical-set approach is used for
modeling, in combination with the producing models at the
known EE parameters. However, under actual conditions, it
is not always possible to define all parameters. In work [13],

the model of EE elimination is built on the assumption that
the information about an emergency is deterministic; an
emergency has n simultaneously existing factors of hazard.
The model employs statistical categories such as relative
frequency and mathematical expectation. At the same time,
constraints in the observation of EE, the inadequate accuracy
of measuring the environmental parameters complicates the
application of statistical approaches [11].

Even though there are different models, none of them is
generally accepted. Paper [14] suggests, in order to prevent
and predict emergencies or failures of systems, to use the
models of cause and effect leading to EEs. The authors pay
attention to the security principles of the system and analyze
the causes of accidents, but there is no emergency model. It
is noted that in order to detect relationships and influence
of hidden factors, as well as to identify systematic violations,
it is advisable to involve experts whose knowledge and ex-
perience is the basis to build a database and a rule base for
intelligent decision support systems.

An expert often analyzes the situation in general, ana-
lyzing the decisions that were taken earlier in similar situa-
tions [15]. He/she then either directly applies these decisions
or, if necessary, adapts them to the circumstances that have
changed for a particular problem. The simulation of this ap-
proach to solving problems, based on the experience of past
situations, resulted in the emergence of a logical inference
technology, based on precedents [15]. In some situations, the
inference method based on precedents demonstrates serious
advantages over a conclusion based on rules but, at the same
time, there are two issues: a search for the most relevant
precedents and subsequent adaptation of the found decision.

The methods for modeling and manipulating a knowledge
base, underlying intelligent DSS, can be grouped based on
4 categories:

1) a base of linguistic knowledge;

2) a base of expert knowledge;

3) ontology;

4) a base of cognitive knowledge [16].

Part of the findings of that study was to establish a strong
dependence of the linguistic knowledge base, experts’ know-
ledge base, and ontology, on the unstable expert knowledge.
At the same time, the problem of eliminating the instability
of expert knowledge was not considered.

One option to solve it is to use an averaged expert as-
sessment based on the weighted average significance of the
estimates given by the experts [17]. The proposed approach
could be used in the case when the derived results of process-
ing the expert information are represented in the form that
can be treated by statistical methods, which poses a problem
when the values are qualitative or fuzzy.

Our analysis of the literary sources has revealed that
existing models for solving the tasks of decision support in
an emergency are mainly reduced to modeling the processes
of the elimination of consequences and propagation of EEs
within a territory, actions of personnel in an emergency. The
issues related to analyzing those parameters that describe
hazardous factors, and methods of their processing taking
into consideration the unreliable and incomplete characte-
ristics of the information, have not been considered. At the
same time, a given issue is important when detecting an EE
and in the formation of qualified managerial decisions about
appropriate activities associated with its occurrence.

The task of building an EE model is solved mainly from
the point of view of constructing the spatially oriented



models taking into consideration the timeline component.
At the same time, controlling the condition of an object and
further identification of a probable EE, as well as decision
making in emergencies, requires its identification based on
the parameters of hazardous factors. The setting of param-
eters of a dangerous situation is important. The statistical
methods of an EE description have constraints on their appli-
cation for solving the set task. The issue of processing expert
knowledge has not been resolved.

3. The aim and objectives of the study

The aim of this study is to simulate an EE of anthropo-
genic character under conditions of fuzzy and incomplete
data, with the use of expert information, in order to construct
the decision support systems based on them.

To accomplish the aim, the following tasks have been set:

— to decompose the problem of preventing EEs and to
build mathematical models of EEs, defining the hazardous
factors related to emergencies;

—to construct a method to process expert information
considering the fuzzy character of the data;

—to implement the proposed models and methods nu-
merically.

4. Construction of the mathematical model
of an emergency to determine hazardous factors

The prevention of anthropogenic accidents is a complex
scientific and practical task. A set of issues constituting a part
of this problem includes the following:

— analysis of the experience of previous emergencies;

— forecasting and modeling of emergencies at each poten-
tially dangerous facility;

— control and evaluation of licensing conditions involv-
ing the activity and rendering of services related to hazar-
dous substances;

— compilation and evaluation of production plans in the
case of emergency: emergency and rescue operations, eva-
cuation, etc.;

— the construction of mathematical models for modeling
and analyzing EEs;

— the design and implementation of intelligent automa-
ted decision support systems for emergencies;

— the development and implementation of effective re-
sponse, monitoring, and alerting systems in the case of
emergency;

— the implementation of measures aimed at preventing
accidents during the production and transportation of hazar-
dous substances;

— training of personnel and population for activities in
the case of emergency;

— analysis and modeling of risks associated with the use
of hazardous substances.

Let us represent a mathematical notation of each hazard-
ous factor in the case of an emergency.

Let Y={y1, s, ..., yp} be the set of features whose values
set an EE. In this case, the values of the factors can be deter-
mined both based on regulatory data and with the involve-
ment of experts. In this case, if the estimates by an expert are
qualitative, then, to describe the links, one uses the relations
of a linear and partial order, equivalence of tolerance, or any

relations that do not possess such properties as connected-
ness, transitivity, etc.

Each y; attribute, describing EE, can be characterized
as follows:

—w(y;) — the hazardous influence of factor y; takes the
value «low», <below medium», «<medium», «above average»,
<«high»; experts estimate the influence in the interval [0,1] —
at w(y;)=0, we have a zero hazardous influence; at w(y;)=1,
the factor y; exerts maximum influence on EE;

—o(y;) — the significance of factor y; to identify an EE;
it takes the value «not important», «importance below ave-
rage», <average importance», «importance above average»,
«high importance»; experts estimate the influence in the
interval [0;1]: v(y;)=0 — the factor can be ignored at identi-
fication, but there is the influence of factor y; on EE; o(y;)=1
the maximum significance for EE identification;

—int(y,);int(y,) € [int;;int; ] — the factor y; intensity, int, —
the minimum value of the indicator, int;— the maximum
(critical) indicator value;

= q1(Y), -, qu(y;) — other parameters of the y; factor.

Given the above notations, the mathematical model y; of an
EE attribute can be recorded as an n-dimensional vector (1):

{w(%)’ v(yi),int(yi)}
b= . M
0.(9:)--a,(%)

The values w(y;), v(y;) are determined by experts based
on previous experience. Such data require the development
of procedures for the fuzzification and defuzzification. The
int(y;) parameter is determined by means of sensors, includ-
ing gas analyzers. The int,, int; parameters are determined
both as the fixed indicators on the basis of normative docu-
ments and are calculated by the specified procedures. Thus,
according to the resolution of the Cabinet of Ministers of
Ukraine [18], a threshold mass depends on the smallest dis-
tance from the elements of a potentially dangerous object to
the elements of the residential area or industrial objects. If
it does not exceed 500 meters for hazardous substances of
groups 1 and 2 and 1,000 meters for hazardous substances of
group 3, the threshold mass of hazardous substances is deter-
mined from the following formula (2):

gr:Qi*(RX/RP)27 (2)

where Q;, is the threshold mass of a hazardous substance,
Q; is the calculated or computed threshold mass according
to Order for class 2, Ry is the distance from a potentially
dangerous object to the boundary of the nearest element in
a residential area or industrial object, Rp is the limit distance
from a potentially dangerous object to the nearest industrial
object or an element in a residential area, from which the
norm of the threshold mass is recalculated (for substances
from groups 1 and 2, it is equal to 500 meters, for group 3
substances, R equals 1,000 meters).

When Q;, is less than 1 percent than the threshold mass
set or calculated according to the Order for class 2, the
threshold mass is taken equal to 1 percent irrespective of the
distance from a potentially dangerous object to the elements
in a residential area.

Given the fuzzy nature of the data, we shall represent
each emergency as a fuzzy situation.

Let Y ={y,¥,,...y,} be the set of features whose values
set an EE. A set of attributes should be constructed by ex-
perts for each type of EE. When modeling a system of control



and prevention at a chemical enterprise, the set of attributes
can include the territory of possible destruction, material
losses, depreciation of the equipment, etc., which are charac-
terized by such fuzzy concepts as a large zone of destruction,
average wear, etc. The fuzzy attributes y, (z el= {1,...,p}) are
assigned by the corresponding linguistic variable {y,,T,,D,),
where T, :{Y]i,YZ,...,T,; is the term-set of a linguistic vari-
able (a set of the linguistic values of an attribute), m; is the
number of terms, D, is the basic set of the y; attribute. To
describe the terms 77(]'6L={1,2,...,mi}), which correspond
to the values of the y; attribute, we use fuzzy variables
<7}i,Di,C~';>, that is, a T]’ value is characterized by a fuzzy set C';
in the base set D, [19]:

Ci={<n.(d)/d>}, deD. (3)

Thus, in terms of the theory of fuzzy sets, each EE § can
be considered as a fuzzy set of the second level (4):

§:{<u5(yi)/yi>}y y,-eY, 4)

where p (y;)= {< T (T].’)/T].’ >}, T! €T,

Using this approach makes’it possible to create a model
of the situation that would take into consideration both
the attributes, which are described in fuzzy terms and the
quantitative characteristics. Taking into consideration the
above notation, the identification of fuzzy situations can be
performed with the help of fuzzy inclusion, fuzzy equation,
and fuzzy similarity of situations. This will make it possible to
form methods of control, common for each class, to prevent
an emergency and, in the case of its occurrence, to choose
necessary measures for its elimination.

In terms of fuzzy logic, an EE is determined by the
following term-set of values for a linguistic variable: EE=
={«safe situation», «unstable situation», «average threat»,
«critical situation», «dangerous situation»}.

Building the membership functions for each fuzzy set and
determining the base set requires a unified approach as the
fuzzy logic system should be used for any EEs. That is why
we shall consider the interval X=[0;1] as the base set. De-
note via o the operator to convert a set of fuzzy attributes
yi(i el{t.. p}) to number ke[0;1], which characterizes the
degree of danger of a certain situation: oz :Y — [0;1].

Since the EE monitoring system is a real-time system,
control over the EE parameters can be executed both dis-
cretely and under a continuous mode. State the conditions of
control using the following expression (5):

Vti’tiﬂ[]:)’Tn]:EE(tiH)_EE(ti)Skkr’ 4)
where ¢, t;+1 are the control measurement points; [T,7;] is
the period of control, EE(¢;11), EE(t;) is the status of the situ-
ation at time points ¢+, t;.

In this case, the state of a control object SO(¢) at time ¢
takes the form specified by expression (4):

Vee[T,;T,], so(t)=G(as(t/6).15.}./(¢)). (6

where G is the operator of the control object description,
AS(t/ty) is the function of change in the state of a control ob-
ject at time ¢; compared to the initial state at time ¢y, {y,} €Y,
Y={y1,y2....yp} is the set of features whose values set an EE,
fso(t) is the function of the object’s state control.

Given the specificity of the subject area under conside-
ration and the need to engage experts in the formation of
arule base for the IDSS and the formation of a system of state
control rules, it is necessary to use the methods to process
expert information. In this case, expert opinions can be both
consistent and inconsistent.

5. A method to process expert opinions

Consider the issue of processing expert knowledge. Let
there be n experts X = {xi}z{x1,x2,...,x"}. The experts
are asked to estimate the set A=ia,(={a,a,,..a,} of
alternatives by determining them using the values from
the term-set T/ = {a{,a{,...,a,ﬁ}}.

Determine the optimal set of linguistic values for alterna-
tives as follows. Let there be, as regards the alternative aj, a
term-set T/ = {t{;,t;fz,...,ti’,; j} of linguistic values formulated by
expert x;. Then 77 =T/, i=1,..,n. An expert, in this case,
assigns the number {1 from the interval [0; 1], which cha-
racterizes the degree of conformity between the alternative a;
and the selected term /. In this case, we get a discrete mem-
bership function, built by a direct method. Experts’ opinions,
in this case, may coincide or be inconsistent. Accordingly,
the methods to process expert data are chosen. We shall use
the method, proposed in [20], to describe the alternatives and
determine the consistency of data provided by experts.

Merge the opinions by experts, obtained in line with the
procedure described above, for each alternative a;, into the
matrix nxk;.

tl ty, .t
Xy Hl(aj) l’L?z(aj) l’L}e(aj)
M=, | ui(e) wife) - wi(a) @
x, MI’(“;‘) HZ(“;) “Z(“j)

where xi,..., x,, are the experts, ¢/ is the term, p} (a ].) is the
membership function.

Denote W} (a j): w), the value of a membership function
of the alternative a; to the term ¢/ according to the opinion
by the x;-th expert.

Under such an approach, it is necessary to consider the
competence of experts. To address this issue, we shall use
the frequency of unmistakable expert assessments based on
statistical data. Let the expert x; participated in N expert as-
sessments, and in M of them, his/her results were true. Then
the weight of the x;-th expert is denoted via w(x;)=M/N,
in this case, 0<w;<1.

Thus, in accordance with fuzzy algebra, each alternative
will be set by the following expression:

a].:(Tj,uT(a].),wj), (3

where a ;s the alternative, T/ is the term-set of linguistic
values for the alternative @, 1, (a ].) is the set of membership
functions, w’ is the average weight of expert opinion in rela-
tion to the alternative a;.

We introduce several conditions for expression (7):

W k<K <k, Y, #0, Yu,=0, kzk, 9
i=1 i=1
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(10)

By mapping the estimates onto the axis (i, T), we receive
the well-grouped opinions if the membership functions have
a single clustering center. In this case, we call the assessment
of experts coherent. If under the same conditions, there are
several centers, the assessment of experts shall be called con-
ditionally coherent. The space built above is termed the ex-

pert space and is denoted by A", each point of which @/, the
estimation given by the x;-th expert to the g;-th alternative,
is described by a vector.

To rank the alternatives, we represent the experts’
information, provided by the x;-th expert, in the form of
a matrix A(x;):

A
a | My Ky o My,
(Ez) =dy | Ky My Moy

(11)

arz urﬂ unZ e “nk

where p;; is the membership function of the a;-th alternative
to the #-th term.

Introduce a quantity p;(a;) — the occurrence frequency of
alternative a;.

Arrange the alternatives in the following way. 7; denotes
the rating of the alternative a;, which is determined accord-
ing to the number of terms, for which the membership func-
tion of the considered alternative accepts a maximum value.
That is, the maximum rating 7 belongs to the alternative for
which 7, =q;-q,: p, =max p(a,).

The alternatives whose ranking was determined are elimi-
nated from the consideration. The sequence, derived by using
the proposed method, makes it possible to arrange alternative
variants of activities in the case of emergency taking into
consideration all factors that characterize the alternatives.
The proposed method of expert information processing can be
applied both for the coordinated and uncoordinated opinion
of experts as it is based on the comprehensive data assessment
and takes into consideration the competence of experts.

6. Numerical implementation of the proposed
models of emergencies and methods for processing
fuzzy expert data

Consider the numerical implementation of the models
and methods constructed in our study.

Build a vector that characterizes the y; factor’s hazardous
influence using ammonia as an example. In this case, w(y;)) is
the function of int(y;), where w(y;) and int(y;) are directly inter-
dependent: the higher int(y;), the higher w(y;). The importance
of factor v(y;) is determined by experts, the intensity of int(y;)
is determined by means of sensors-gas analyzers, int, =0, int; is
the threshold (explosive) concentration in the air, from 15 to
28 % (107...200 mg/1). Other parameters include:

— q1(y;) — the threshold weight of class 1 dangerous sub-
stance, which is equal to 500 t;

— q2(y;) — the threshold mass of class 2 dangerous sub-
stance, 50 t;

— q3(y;))={1, 8} — the categories to which a substance can
be attributed;

— q4(y;))={1, 3} — the groups to which a substance can be
attributed. The groups categorize the hazardous substances

based on the types of accidents, which can occur on the basis
of the properties of hazardous substances, and based on the
influence of hazardous factors of these accidents;

—q5(y;)=1 — the toxicity of a substance (¢s5(y;)=1 if the
substance is toxic, g5(y;)=0 otherwise);

— qe(y;)=4 — class 4 hazard,

— g7(y;))=0.45 MPa (4.5 kgf/cm?) — the maximum explo-
sion pressure of an ammonia-air mixture;

—qs(y)=0.0028 % (0.02 mg/1) — the maximum permissi-
ble volume of ammonia in the working area;

- q9(y1)=0,035 % (0.25 mg/1) — the maximum permissible
volume of ammonia in the air, which does not cause conse-
quences after being exposed for 60 min, gg(y;) [0.05 %; 0.1 %]
(10.35 mg/1; 0.7 mg/1]) — the maximum permissible volume
of ammonia in the air, life-threatening;

—q10(yi)=10.21%; 0.39 %] ([1.5 mg/l; 2.7 mg/1]) — the
maximum permissible volume of ammonia in the air, which
causes lethal effect when exposed for 30...60 minutes.

The above indicators that characterize the hazardous
effect of ammonia in the case of emergency are, according
to (1), the coordinates of a threshold value vector.

According to expressions (5), (6), control over the state
of a control object must be executed taking into consider-
ation the indicators of hazardous factors in Y={y1, y, ..., yp} —
the set of attributes whose values set an EE.

Thus, the totality of factors that describe an emergency
can be represented as a combination of quantitative and qua-
litative assessments, some indicators may not be available,
which is the cause of incomplete and fuzzy data. This fact
predetermines using the elements of fuzzy logic and fuzzy sets
in modeling and forecasting EEs.

We shall numerically verify the method of expert data pro-
cessing. Suppose a survey implies four experts X = {x,,x,, £, x,},
who assess six alternatives A={a,}={a,,a,,...,a,}, by deter-
mining their membership functions for terms T ={t,,z,,....ts}-
Assume w(x1)=0.8, w(x7)=0.6, w(x3)=0.8, w(x4)=0.7. The
alternatives are the options of activities in the case of emer-
gency, the terms are the cost of an alternative, the amount of
resources for responding to emergencies, etc. In this case, we
assume that the terms T = {¢,,¢,,...,¢s} are arranged in descend-
ing order of priority.

Based on expression (11), we form the alternatives
and values for the terms’ membership functions in a ma-
trix A(xy), ..., A(xs), which correspond to the opinions by
four experts.

6Lt oty ot ot
a, |05 06 07 08 0 0.1
a, |04 02 0 03 0 04
Ax)=a, |01 05 0 02 09 06
a,| 0 01 09 03 02 05
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a; |01 09 04 03 08 06

6oty oty t, oty t,
a |04 04 06 09 0.1 005
,1 03 03 01 02 02 04
0.05 03 02 02 08 0.5
a, | 01 01 08 03 025 04
a; | 0.8 02 02 04 05 07

51015 09 05 04 08 0.7




6, oty oty t, bt

. 106 05 0.75 0.7 0.05 0.15
a, |04 03 0 03 01 03

A(xs): a, |01 04 01 03 08 06
a | 0 01 09 03 02 05

07 02 02 06 04 0.7

as |01 09 04 05 08 06

6ttty t, Lt

a, | 04 05 05 08 01 0.1
a,| 03 02 01 02 02 04
A(x,)=a, {005 05 0.1 025 09 05
a,| 0.1 01 08 03 03 04
a; | 08 02 02 04 05 07
a; | 02 09 05 04 08 07

Process the expert information received from the first
expert. Perform ranking for each value of the set’s term, by
ordering the alternatives based on a decrease in the value
of the corresponding membership function. The resulting
sequences are summarized in Table 1.

Table 1

The sequences of alternatives, arranged in accordance with
the values of a membership function for the first expert

Term Alternatives
i as ai a <as, as> a4
to: ag ay as <ay, as> aj
t3: as aj ag as <a, az>
78 ay | <ay a4 as ag> | as
ts5: as ag as a, <ay, a;>
[ as <ag, as> aj as ay

The occurrence frequency of alternatives is given in
matrix P(x1).

Py (ai) P, (ai) P (ai) Py (ai) ps(ai)
a | 1/6 3/6 0 0 2/6
a, 0 1/6 1/6 2/6 2/6
P(x1):a3 1/6 1/6 2/6 1/6 1/6
a; | 1/6 1/6 1/6 1/6 2/6

a; | 2/6 1/6 1/6 2/6 0

a; | 1/6 6/6 1/6 1/6 0

Taking into consideration the technique to construct
the P(xy) matrix and by analyzing the obtained data, one can
conclude that the strongest alternative is as, since its relative
frequency is the greatest. In terms of the assumptions made,
this means that it is the best for two terms and, accordingly,
its ranking is the largest. In the second column, the alterna-
tives a; and ag take the same values of relative frequencies
and, consequently, these alternatives for three terms accept
the value of a membership function, following the maximum
value, and, for a single term, take a maximum value. However,
p3(ag)=1/6, ps(a;)=0. Therefore, ag has the advantage and
ranks second. Following a similar analysis of all columns, we
obtain the following ranking of the alternatives based on the

results from processing the data provided by the first expert:
as, de, dq, ds, dy, Aj.

Perform a similar procedure for A(xy). The results from
analyzing the alternatives are given in Table 2.

Table 2

The sequences of alternatives, arranged in accordance with
the values of a membership function for the first expert

Term Alternatives
t: as aq as ag as as
to: ag ay <as, as> as a;
i3 aj ay ag <as, as> as
[ ay <as, ag> aj <day, az>
ls5: <ag, az> as N as aq
te: <ag, a5> as <ay, as> ai

The occurrence frequencies are shown in matrix P(xs).

by (ai) b, (ai) p3(ai) Py (ai) Ds (ai) Ps a,.)
a|1/6 3/6 0 1/6 1/6 0
a,| 0 0 3/6 2/6 1/6 0
P(x1)—a3 1/6 1/6 1/6 2/6 0 1/6
a,| 1/6 0 3/6 0 2/6 0
< 2/6 2/6 0 2/6 0 0
as| 3/6 1/6 1/6 1/6 0 0

After analyzing all the columns, we obtain the following
ranking of the alternatives based on the results from process-
ing the data provided by the second expert: ag, ai, as, as, as, as.

Similarly, based on the data processing results, we obtain
the following ranking for the third expert: as, ag, ai, as, as, as,
for the fourth: ag, a1, as, as, ay, as.

Given the weight of each expert, the resulting alterna-
tives are ranked in the following way: as, ag, ai, a4, as, as. The
alternatives are arranged according to a sequence scale.

7. Discussion of EE modeling results

The proposed a model of an EE in the form of a fuzzy
situation using the representation of an attribute in the form
of vector (1) taking into consideration a hazardous factor is
substantiated by several reasons. Firstly, the representation
of an anthropogenic situation in the form of a fuzzy situation
is predetermined by the presence of the attributes defined
by the qualitative indicators, as well as a high probability of
the incomplete information regarding the control processes.
Secondly, the use of an n-dimensional vector as a model of
the EE attributes is predetermined by the characteristics
of hazardous factors. To prevent accidents, a prerequisite is
the advance detection of deviations from the normative or
permissible parameters. The comprehensive control, in accor-
dance with (5), (6), can be executed based on the comparison
of coordinates of the actual state’s vectors, as well as a control
vector, whose coordinates are the thresholds of the parame-
ters of the controlled processes. This approach makes it
possible to comprehensively characterize the processes being
dealt with and to identify a situation based on the hazardous
factors. Owing to the representation of an EE in the form of



a fuzzy situation (3), (4), we avoided the problems that arise
when the statistical methods are used to simulate an EE.
Using a model of the fuzzy situation makes it possible to
apply, in order to identify an EE, the relations of fuzzy simi-
larities and fuzzy inclusion. By determining the measure of
a situation similarity in this way solves the task of finding the
most relevant precedents, which is the advantage compared to
the approach suggested in [11]. A possibility to apply the sim-
ilarity relations to the proposed models makes it possible to
make decisions even under the condition of incomplete data,
which removes the constraints that exist in works [12, 13].
Thus, further studies should be aimed at building such rela-
tions in the subject area under consideration.

The method of processing expert data based on the
concepts of fuzzy logic, reported in this paper, is consistent
with the mathematical representation of an emergency in
the form of a fuzzy situation. This method can be used both
for the formulation of individual EE attributes and for rank-
ing the alternatives in decision-making. The application of
expressions (7) to (10) makes it possible to evaluate the
consistency of experts’ opinions. Based on processing the
data, compiled in matrix (10), regarding expert opinions, we
can rank the alternatives. Note that the use of fuzzy models
to represent alternatives with further data processing based
on the values of membership functions eliminates discrepan-
cies in expert estimates and resolves the issues related to the
statistical approaches outlined in [16, 17]. The introduction
of an experts’ competence coefficient allows adjusting the
conclusions depending on the experts’ experience. It should
be noted that the proposed approach makes it possible to take
into consideration all the criteria by which an alternative
could be assessed. This is achieved by generating a term set
for each alternative. The evaluation of alternatives based on
these criteria with their subsequent ranking makes it possible
to solve the problem of bringing the alternative selection to
actual, which is the advantage over the methods given in [9].
However, a given approach has a limitation as it is necessary
to have information about previous experience to determine
the qualification of an expert, and it is proper for a person
not to advertise his/her mistakes. In addition, this method
ignores the issue of ranking the term set of linguistic values:
the cost of an alternative, the amount of resources, and how
they relate to possible losses, etc.

The numerical implementation of the proposed approa-
ches confirms the possibility of using the developed methods
and models in real situations. Thus, the data from Tables 1, 2
demonstrate a technique to construct a sequence of alter-
natives based on a decrease in the value of a membership
function and make it possible to track the degree at which

any alternative dominates others. This principle is the basis
of ranking alternatives by a sequence scale. However, the
task of obtaining the values for membership functions is not
considered in this method. It should be noted that in order
to process large arrays of information for the proposed ap-
proach, it is necessary to use appropriate software.

8. Conclusions

1. We have constructed mathematical models that are
based on combining the theory of fuzzy sets and the theo-
retical-set approaches, which make it possible to represent
a situation in a combination of both the numerical parame-
ters and linguistic values. Such a representation, in contrast
to representing a situation in the form of clear sets based on
quantitative parameters only, makes it possible to identify
situations and to make decisions under conditions of in-
complete information. The specified task is solved through
a possibility to apply to such models the measures of situation
similarities. This, in turn, greatly simplifies the construction
of a rule base to identify the situations and make decisions.
The proposed model for representing an EE attribute is an
n-dimensional vector. The coordinates are the characteristics
of hazardous factors that were formed based on the norma-
tive indicators, monitoring systems, expert information. Such
an approach, combined with the representation of a situation
using fuzzy models, has made it possible to comprehensively
represent the object of control and to take into consideration
all the factors that describe it.

2. A method of expert information processing has been
suggested, which makes it possible to assess the consisten-
cy of experts’ opinions and to solve the task of ranking the
alternatives. It has been shown that such a method enables
the construction of a term-set of alternatives, taking into
consideration all the factors that exist in an alternative se-
lection. The principle of forming the terms sequence and the
algorithm for ranking the alternatives in accordance with the
values of membership functions makes it possible to form an
alternative choice as close to the real situation. The proposed
algorithm for ranking the alternatives by a sequence scale
enables the application, if a better alternative cannot be used,
of the second-best in terms of priority.

3. The numerical verification of the proposed methods
and models has shown the possibility of their application
to actual industrial objects. The numerical implementation
of a fuzzy expert data processing method has confirmed the
suitability of the proposed approach to processing both con-
sistent and inconsistent data.
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