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MATHEMATICAL MODEL FOR SELECTING PRIORITIES
FOR INDICATORS OF THE MONITORING SYSTEM
OF TECHNOGENIC, NATURAL AND ENVIRONMENTAL FACTORS

Software and hardware means of the automated system for monitoring environmental parameters in the zone
of influence of potentially dangerous industrial facilities, which are a source of dangerous factors affecting the
environment and human society, need a mathematical apparatus for the analysis and justification of the level
of priorities in the program for monitoring dangerous factors and indicators of environmental environmental
conditions. This mathematical model plays an important role in determining the order and sequence of collection
and analysis of data on the quality of air, water, soil and other aspects of the environment for an automated system.
Such automated systems of environmental monitoring allow not only to obtain information about pollution levels,
chemical composition, meteorological conditions and other environmental indicators, but also to form corrective
effects in the system of automated management of the state of the environment. This provides an opportunity to
assess the quality of the environment, carry out functional zoning of the monitoring area and take corrective
measures to reduce the impact of pollution and improve the ecological state of the environment.

The article is devoted to mathematical modeling and a systematic approach to determining priorities for
the development of a system of adaptive monitoring of man-made, natural environmental factors of industrial
enterprises. Features of the formation of an interval scale for indices and indicators of ecosystem disturbances
under the influence of industrial load are given. The peculiarity of the formation of this article is the substantiation
of the approach to the ranking of priorities based on the expert-analytical assessment of threats from man-
made loads on the territory of the industrial enterprise based on the quantitative assessment of indicators
of ecosystem violations. The developed model can be presented in the form of a comprehensive procedure
for the formation of recommendations to managers and individuals, which will allow to objectively evaluate
the options for supporting management decisions, analyze the possible results of their implementation, and
reasonably choose the optimal solution for improving the environmental monitoring system at the enterprise.
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Introduction. Problem Statement. When research and evaluation of working conditions. The

developing a program for monitoring the system of
man-made, natural and environmental factors in the
territories and districts of an industrial enterprise,
a problem often arises, which is associated with
the formation of priorities for monitoring and
evaluation of factors adversely affecting occupational
safety. To solve this problem, it is necessary to create
a fundamentally new toolkit for comprehensive
assessment of different in nature factors of qualitative
and quantitative nature in the system of adaptive
monitoring [1, 2].

Analysis of publications. Based on the analysis
of publications in the field of occupational safety,
an approach can be identified to justify priorities in
monitoring man-made, natural and environmental
factors of areas and areas of industrial enterprise,
based on methods common in probability theory,
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availability of probabilistic information is due to
the peculiarities of labor protection management
system — the probabilistic nature of accidents and
their consequences, the investigation of accidents,
occupational diseases, accidents, establishing the
degree of disability, and so on. This applies, first, to
the accounting of working conditions carried out as
a result of attestation of workplaces and information
on the economic consequences of injuries and
occupational diseases, without which it is impossible
to plan effective measures for labor protection.
Peculiarities of application of intellectualization the
process of the decision-making were substantiated
in the publication [3] without taking into account the
possible use ofthe monitoring system [4] of man-made,
natural and environmental factors in the territories of
industrial enterprises. Another approach is based on
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the methods of expert assessments. Peculiarities of its
application in view of environmental threats that are
not formalized in terms of quantitative assessments,
were considered to rank threats to biodiversity in
Ukraine in the article [5].

The main goal of the article is to develop a
mathematical model for determining priorities for
monitoring natural, ecological and man-made factors
that are significant and can be used in the decision-
making support system for ensuring environmental
safety in the natural-man-made geosystem of an
industrial-urban agglomeration.

Research results. The purpose of this article is to
substantiate the approach to ranking priorities based
on analytical assessment of threats from man-made
loads of industrial enterprises, based on quantitative
assessments of indicators of ecosystem disturbances
with subsequent impact on occupational safety
indicators [6-8]. An appropriate methodology for their
evaluation based on the application of stratification
methods and interval scoring is proposed. Consider
the structural and logical model of man-made impact
of industrial production, which is shown in Fig. 1.

Annex 9 to the "Procedure for Investigation and
Accounting of Accidents, Occupational Diseases
and Accidents at Work" (Resolution of the Cabinet
of Ministers of Ukraine Ne 337 of April 17, 2019)
presents a classifier of types of events, causes,
equipment, machinery, mechanisms, vehicles,
which led to an accident, acute occupational disease
(poisoning), accident. Events coded 3841 are
referred to man-made, natural and environmental
causes of occupational injuries.

Examples of defining prioritization for pollution
monitoring are provided in publications [2, 3, 4, 5].
To address this task, criteria for determining
prioritization are initially selected based on pollutant
properties and measurement feasibility. Below are
these criteria in summarized form:

1. The magnitude of actual or potential effects on
human health and well-being, climate, or ecosystems
(terrestrial and aquatic).

2. Susceptibility to degradation in the natural
environment and accumulation in humans and trophic
chains.

3. Potential for chemical transformation in
physical and biological systems, leading to the
formation of secondary (daughter) substances that
may be more toxic or harmful.

4. Mobility and movement.

5. Actual or potential trends in concentrations in
the environment and/or in humans.

6. Frequency and magnitude of impact.

The impact of industrial load
on the ecosystem
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Fig. 1. Structural and logical model of man-made
impact of industrial production on the ecosystem

7. Feasibility of measurements at various
environmental levels.

8. Significance for assessing the state of the
natural environment.

9. Suitability for widespread and consistent
measurements in global and subregional ecological
monitoring programs.

A large number of pollutants were assessed on
a scale of 0 to 3 for each criterion. Priorities were
determined based on the highest cumulative scores
(higher scores indicate higher priority). These priorities,
thus identified, were then divided into eight classes
(higher class, i.e., lower ordinal number, indicates
higher priority) with consideration of the environment
and type of measurement program (impact, regional,
"baseline", global). The resulting table (Table 1) of
pollutants with assigned priorities and monitoring
programs is provided below. Additionally, types of
measurements for monitoring programs were listed
for cases where pollutant measurement is challenging
(indirect monitoring). For this purpose, measurements
of the following parameters are needed:

a) Water quality indicators (coliform bacteria,
BODS5, COD, blue-green algae, their primary
productivity);

b) Soil quality indicators (salinity, pH, nitrite and
organic nitrogen content, humus content);

¢) Indicators of human and animal health,
indicators of plant damage (incidence of diseases,
genetic consequences, drug sensitivity);

d) Plant indicators of pollution.
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Detailed analysis of input information, based on
the principles of a systematic approach allows to
form a structure of man-made, natural, environmental
factors for specific typical causes of occupational
injuries.

The use of an index-indicator approach to capture
specific types of violations, including in the ecosystem
as a result of adaptive environmental monitoring
allows for a separate quantitative assessment of the
impact on the relevant components of the ecosystem
on a generalized scale.

Table 1
Classification of pollutants by priority classes [2, 3, 4]
- Type of pro-
Priority Pollutant Medium | gram meas-
class
urements
Sulphur dioxide
I plus suspended Air LR,B
solids
Radionuclides
©08r + 137Cs) | Food LR
. I, B (in the
1 Ozone Alr stratosphere)
DDT and other .
. Biota,
organochlorine h IR
uman
compounds
. . Food,
Cadmium and its
people, I
compounds water
111 Nitrates, nitrites Drinking I
water, food
O).(ldes of Air I
nitrogen
v Mercury and its Water, food ILR
compounds
Lead Air, food I
Carbon dioxide Air B
% Carbon Air I
monoxide
Petroleum
hydrocarbons Seawater R,B
VI Fluorides Fresh water I
Vil Asbestos Air I
Arsenic Drinking I
water
VI Microtoxins Food I,R
Mlc.rob101oglca1 Food LR
infection
Reactive .
hydrocarbons Alr I

Note. B — basic (global), R — regional, I — impact.

Expert assessment of indices and indicators can be
obtained using appropriate scales [9]. One of the most
acceptable for quantitative indicators of disturbances
in the ecosystem today is the interval scale. This scale
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in comparison with the nominal, ordinal and relative
scales makes it possible not only to organize typical
violations, but also to quantify and compare them.

As an interval scale for our case, you can choose
a logarithmic scale or a scale obtained by the method
of quadratic or cubic spline approximation [10, 11].

The method of constructing logarithmic scales that
reflect the degree of disturbances in the ecosystem in
the generalized indices B may be as follows:

(1

B In(1 / a) , )
In(s)

where: a is the coefficient of proportionality that
determines the limit value of the scale;
I — an indicator of typical disturbances in the
ecosystem, which varies from the level considered
acceptable for man-made load, to the value at which
the ecosystem is disturbed,
s — is the basis of the logarithm, which determines
the nature of the relationship between quantitative
indicators and indices.

To determine the parameters of the interval
logarithmic scale, you can use the formulas derived
from expression (1):

B=log, I -log,a,

(/e /@) 3)
e In(s) ’
from here 5" = Im—‘“, a=-—o

a 5B

Another way to convert types of indicators
violations to ecosystems, I in the evaluation index B
is the use of spline-functions of 2nd order. Form an
orderly grid of quantitative indicators of disturbances
in the system of adaptive monitoring in. The task
of interpolation in this case is to construct some
function — interpolant, which in the nodes of the
grid takes known values. To increase the accuracy of
the approximation, you can increase the number of
violations, which can worsen the situation as a whole.
In this case, with the increased size of the grid nodes,
the degree of interpolation function is created, in
accordance with the growing error in calculating the
values of this function, because, for practical reasons,
customs-polynomial interpolation is used. For each
interval of the grid we use a polynomial of the
2nd order, which will be called the spline function of
the 2nd order. The main advantage of spline functions
over conventional interpolation polynomials is the
stability and simplicity of calculations.

The quadratic dependence has the form:

B=a+b-(I-1_)+c-(I-1,) 4)

The coefficients a, b, and ¢ are calculated under
the conditions specified. If 7 =1, , then (4) implies

max ?
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equality @= B, . Equating the first derivative
B'(I)=0 atapoint I =1, , we obtain the value »=0.
The coefficient ¢ for the quadratic spline function is
determined by the rule of calculating the minimum
estimate of the index:

Bmin :a+c'(lmin _[max)25 (5)
c= (Bmin - Bmax)
(]min - ]max)2 ‘ (6)

In table 2 and in fig. 2 shows examples of 10-point
logarithmic and quadratic scales for the indicator,
which varies in the range from 1 to 150.

The methodology of substantiation of priorities
in the system of ecological monitoring is based on
the fact that the solution of the problem of expert
assessment can be fully formalized by calculation
methods, if possible by mathematical formalization
of indicators of all disturbances in the ecosystem.

In practice, it is also convenient to use cubic splines
B,(I) —splines of the 3rd order with a continuous first
derivative. In order to construct a cubic spline, it is

necessary to determine the coefficients a,, a;, a,, a;;,
which define the interpolation cubic polynomial:

0,(x) = B 5(x) = ayy + a,x + a,x* + a;x° (7
Let's mark:
B,(I,)=B; B,,)=8B,;h=1, -1. We get:
2
B3(I)= (Ii+1 71) (23(17]1)4“/1) ’Bi +
h
2
LM L)e '}(131141 —D+h). B, +
2
+([i+1 _122(1 — 1/) m; +
I - 1) -1
L ,)h(2 ) . (8)

The value m, = Bi(I,)is called the slope of the
spline in the node 7, .

B([)_(IH-I_]i)z(z'(]i_]i)+h).B n
3U;) = 3 i
Let's check: I IvO. ? N

+( i 1)( ';ﬁnl_ i)+ ).B’_+]+

Table 2

Logarithmic and quadratic scales of index estimation

The score determined by formula (1) The score according
s=10 s=5 s=2 s=1.75 to the formula (4)
1 7,823909 6,886717 2,771181 1,046294 1.008595
2 8,124939 7,317394 3,771181 2,284907 1.12888
5 8,522879 7,886717 5,093109 3,922263 1,484875
0 8,823909 8,317394 6,093109 5,160876 2,062
25 9,221849 8,886717 7,415037 6,798233 3,671875
50 9,522879 9,317394 8,415037 8,036845 5.95
75 9,698970 9,569323 9.000000 8,761387 7,721875
100 9,823909 9,748070 9,415037 9,275458 8.9875
125 9,920819 9,886717 9,736966 9,674202 9,746875
150 10.000000 10.000000 10.000000 10,00000 10
12
10 —_—
—————'________‘ _’-‘---‘-.-.-—.-
—
9 g %
g |/
E
‘ﬁ 6 _— /
x —
2.l 7
k-
Q
R
s |
. 0
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Logarithmic scales The value of the indicator of disturbances of ecosystems
‘ s=10 ——s=5 s=2 s=1,75 Quadratic spline function

Fig. 2. Scale for evaluation of indicators of types of violations in the system of ecological monitoring
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2
( i+1 [//32([ ) m,'+
MU NSUES MY
h2 l+l -
1.)’h h?
G g 5 = B, ©)
2
B(]i+1): (Ii+1 - ]i+1) (2'3([i+1 _Ii)+h) . Bi +
h
[) (2 ({l - 1+1)+h) BH1+
h

1+1132( i+l ) m’_ +

1 )h(211+l — Ii+]) . m[+1 —

2
:%'Bm =B.,. (10)
I)+h) B +

+

+( i+l

+( i+l

+( i+l

2Ly~ 1)-Q-U, -

BB(]:) i+] h3

2
NUNESHE I
L2Ui -0 QU, = 1)+ h)
3 Bl+l
h
2
LU= lh)3 (-2) B +
1) (Ihz 1)+([/+]_ ) 'm,'
2 2
" 2-(I, - 1), _21i+1) +(, - 1) m,,
h
2 2 2
After performing similar calculations, we obtain
B;(IHI) = mi+1'
If a polynomial of the 3rd order takes
at the points 7, and, I, respectively, the values

of B, and B, and derivatives at these points,

L, 2

i+l

(11)

i+l 2

respectively, m, and m,,, then this polynomial
coincides with the polynomial (8).

The slope of the interpolation cubic spline can be
set differently ways. The first, or simplified, method
is to use formulas for numerical differentiation of the
second order of accuracy with respect to the step 4.

Weput: 1, =1y; I, =1,; h:%.
B.,-B , .
ik /R ST N VA
T (12)
4.B-B,-3-B,.
2h ’
_3.B,-B,,-3-B,, (13)
N 2h

The second method can be used if there is a value
of the B, derivative B, in the nodes of our grid 7, . In
this case, you can put m, = B,,i =0,1,..., N

Both methods are local, because the spline is built
separately on each partial segment [/ ; /,,,] using formula
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(7). The continuity of the first-order derivative in nodes
is observed in such a construction, but the continuity of
the second-order derivative cannot be guaranteed, so
we assume that a cubic spline constructed by such an
algorithm has a defect equal to two.

The problem of determining the cubic spline
is significantly simplified by using the Hermitian
polynomial. A cubic Hermitian polynomial on the
interval /I, ,, I,/ is determined using the function B, ,,
B, and derivatives B, ,, B;. Since the values of the
derivatives in the General case may be unknown,
we denote them m, = B;(I,),m, , =B,(I, ). As in
the previous case of constructing a polynomial,
the variables m,are the slopes of the spline at the
corresponding points /..

The following conditions must be met:

1. Function continuity condition:

Qi(xi—l) = Bi—l; Qi(‘xi) = Bi . (14)

2. Continuity conditions of the 1Ist and 2nd
derivatives of the function:

Q'i(li) :Q'H-I(Ii); Q"i([i) :Q"H—](Ii)'
3. Boundary conditions:
Q'I(Imin):B;-nin; Q max(Imax) B
or Q"I(lmin) :Brl;'lin; Q"max(lmax) :Br"nax

Often use the boundary conditions of the species:

(16)

The spline we get is called a natural cubic spline.
Denote 4 =1,-1,_,.We write the Hermitian
polynomial or the interval /1, ,, I,].

(15)

Q"I(lmm) O 1 Q"max(lmax) :

B, - 1yYQd - ]1)+h)

o) =

i’
o U= IPU 1)
b (17)
- [11)(2(1 I)+h)
+ B h3
(1 I ) - 1)

h2
The conditions of continuity of the function and its
first derivatives are fulfilled: Q,(/, ,)=B.,; Q(B)=8;
Q' (i) =m_; Q' (I)=m,.
In order to determine the spline, you need to set the
conditions for the continuity of the second derivative:

(18)

In order to write these conditions in expanded
form, we define a cubic Hermitian polynomial in the
interval /1, I.,,/, where &, =1, -1,:

i+l

Q") =0".,(1).
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([_ [i+1)2(2([_1i)+hi+l) +

Qi+ (]) = Bi
l hi3+l
2
+m, ([ — [i+])2 (1 — [i) +
hi+1 (19)
2
g, U 1PCUL =D+ by
h
i+1
I-1yYd-1,)

+m/'+1 h2

i+1

Now define the derivatives of the second order
polynomials Q,(/) and Q,.,(/) at the point / =1, :

" 2m,, 4m, 6(B - B._))
) ] — i1 i i i-1/ .
R e = D)
" 4m, 2m,, 6(B,, —B)
Q i+I(Ii):_ h - h L+ hlz . (21)

i+l i+1 i+l

The condition of continuity of the second
derivatives has the form:

L 2 m s =
i i i+1 i+l (22)
B-B, B

i i+l _B'
h?

=3( o).

2
i hi+1

For a natural cubic spline, it is convenient to use
the condition:
(I )=0.

Q" (L) =0 Q"max max (23)

One of these methods involves assigning scores
to the types of ecosystem disturbances, which are
determined using information on the quantitative
characteristics of the indicator in the appropriate
interval scales. Quantitative data on indicators are
obtained as a result of observations by the information
and measurement system of environmental
monitoring. When using quantitative estimates, the
relevant indicators are normalized.

To analyze the structure of violations from
violations of machines and mechanisms, we use the
method of stratification, which allows their distribution
by strata. The obtained values of scores for the relevant
types of violations for the three classes of object can be
used to calculate a generalized expert score assessment
of threats from industrial facilities in the formation of
the environmental monitoring program.

A matrix of scores B, of ecosystem disturbances
of an industrial facility is formed for each object
according to the following scheme:

b]l b]Z bln
B - by by, by, (24)
bml bm2 bmn
Line matrix corresponds executions

anthropogenic load factors of industrial about

the objects, column matrix — appropriate types
of disturbances in the ecosystem caused by the
activities of industrial enterprises. The elements
of this matrix represent the scores obtained for the
corresponding type of violation in the ten-point
interval scale. Accordingly, for each stratum of
man-made load factors.

The components of the eigenvector w, (i =1,m)
are calculated in rows according to the formula:

w = [bn by by b,
w, = [b21 by by e by

]l/n

bl

]l/n ’ 25)

n

wm = [bml : bm2 : bm3 et bmn]l/n .

Normalization of factors of technogenic loading
objects is carried out by calculation of normalizing
coefficients k, (i =1,m) according to the formula:

ko= (26)

1 m
v

i=1

Then the priority vector is calculated ¥V, , which
consists of components (/ =1,L), that are integral
estimates of the corresponding first object for the

corresponding » stratums:

4

60l

=k

6ol

Weott T Kootz * Weorn +

6

W,

6olm>

ks Wes + o + K,

6013 6olm

Virr = Keont * Waort + Koo = Woomy +

6 6021 8t

+k8023 : w6’023 +...t kﬁ()Z”l : WaoZm’ (27)
I/eoL = keaLl ' weoLl + kBoLZ ' weoLZ +
+keoL3 ! WHDL3 t.t kaoLm ' WsoLm

Based on the calculated vector of priorities, V,, it
is possible to rank the object according to the degree
of man-caused load in the environmental monitoring
system with the definition of priority measures and
features of their implementation (volume, sequence
and periodicity) for a typical object.

Conclusions. This methodology can be presented
in the form of a comprehensive procedure for the
formation of recommendations of the head of industrial
enterprises and decision-makers on the formation
of the program of environmental monitoring and
decision-making on the prevention of occupational
injuries. Thus, the results of research conducted
according to the presented methodology can also be
used in the development of a comprehensive plan of
measures to minimize the impact of harmful man-
made, natural and environmental factors to justify the
priorities of the environmental monitoring system.
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Ilpocpamno-anapamui 3acodu asmomamu3z08aHoi cucmemy MOHIMOPUHSY NAPAMEMPI8 HABKONUUHbO2O
cepedosuwya 8 30Hi 8NIUBY NOMEHYIUHO-HeOe3NeYHUX NPOMUCTOBUX 00'ckmis, AKi € dxcepeniom Hebe3neyHux
gaxmopie en1ugy Ha 008K Ma AOOCLKUU COYiyM, NOMPeOYIOmb MAmMeMamuyHo2o0 anapany O1s aHauisy i
002pYHMYB8AHHSL PIGHS NPIOPpUMEmMI8 8 NPOSPAMI MOHIMOPUH2Y HeDe3NeYHUX YUHHUKIE MAa NOKA3HUKIE eKOl0-
2IYH020 CIMAHY HABKOAUWHBO20 cepedosuuia. L{a mamemamuuna mooens 8idicpae 8ax3CIU8y poib y GUHAYEHHI
nopsaoKy i nocaidoeHocmi 300py i aHanizy OAHUX NPO AKICMb NOGIMPs, 800U, TPYHMY MA THWUX ACNEKMi8
HAaBKONUUHBO20 cepedosuya Oisl agmomamu3oeanoi cucmemu. Taxi asmomamusosaui cucmemu exono2iu-
HO20 MOHIMOPUH2Y 00380JISIIOMb He MITbKU OMPUMYEAmMU 8I00MOCMI NPO PiGHI 3a0pyOHeH s, XIMIYHULL CK1AO,
MemeoponociuHi YMOBU MA THUL NOKAZHUKU HABKONUWHBO20 cepedosgulya, ane i hopmysamu Kopecylodi 6Niusu
8 cucmemi agmMoOMamu308aH020 YAPAGIIHHA CIMAHOM HABKOMUWHBO20 cepedosuwa. Lle naoae moociugicme
OYiHUMU AKICMb HABKOIUWHBOZO Cepedosulyd, nposecmu (QyHKYIOHAIbHe 30HYBAHHA MepUumopii MoHimo-
DUH2Y Ma BXHCUMU KOPe2YIOUUX 3ax00i8 OJisl 3MEeHUEHHS 8NIUBY 3a0PYOHEHHS Ma NOKPAWeHHs eKOI02IYHO20
cmamy 00BKILIA.

Cmamms npuceauena MamemamuyHOMY MOOEII08AHHIO MA CUCTEMHOMY Ni0OX00y 00 8USHAYEHHS NPiopu-
memie po3eumKy cucmemu a0anmu8HO20 MOHIMOPUHEY MEXHOLEHHUX, NPUPOOHUX (PAKMOPI6 HABKOIUUHBO2O
cepedoguuya npomuciogux nionpuemcms. Haeeoeno ocobnusocmi ¢hopmysanns inmepsanvroi wkaiu O
iHOeKci8 ma NOKA3HUKIG NOPYUIEHb eKOCUCEM, WO 3HAX00AMbCA N0 8NIUBOM NPOMUCTIOB020 HABAHMANCEHHS.
Ocobnusicmio popmysants 0anoi cmammi € 0OIPYHMYBAHHA NIOX00Y 00 PAHICYBAHHS NPIOPUMEMi6 HA OCHOBI
eKCNepMHO-AHAIMUYHOL OYIHKU 3A2p03 8i0 MEXHOLEHHUX HABAHMAIICEHb HA MePUMOpIi NPOMUCTI0B020 NiO-
NPUEMCINBA HA OCHOBI KibKICHOI OYIHKU NOKA3HUKIE nopyuiens exkocucmemu. Po3pobneny moodenv moowcHa
npeocmagumu 'y 6uenaoi KOMNIEKCHOI npoyedypu opmy8anHsa peKomeHOayil KepigHUKamM ma OKpemMum oco-
b6am, saKa 003601UMb 00 €EKMUBHO OYIHUMU 8APIAHMU CYRPOBOOY YAPABNIHCLKUX DilleHb, NPOAHANi3ye8amu
Moxcugl pesynibmamu ix peanizayii, oOIpyHMOBAHO GUOpAMU ONMUMAIbHE PIUEHHA U000 800CKOHALEHHS
cucmemiu eKoN02TUH020 MOHIMOPUHEY HA RIONPUEMCNEI.

Knrouogi cnosa: modenv, oxopona npayi, inmepeatbHa WKaid, MOHIMOPUHe, ITHMEPNOAYIUHUL NOAIHOM,
eKono2iyHull ghakmop.
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