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ABSTRACT

Context. The process of multi-criteria decision analysis for territorial planning and rational placement of spatial objects, based on
modeling the properties of the territory, is considered.

Objective. Development of technology for multi-criteria decision analysis for territorial planning based on the apparatus of the
theory of fuzzy sets and functions of geoinformation analysis.

Method. An object-spatial approach to the formation of a set of alternatives and criteria is proposed, according to which the pro-
cess of multicriteria decision analysis is divided into two stages: macro- and microanalysis.The macroanalysis stage involves the
assessment of the ecological and socio-economic properties of the territory using geomodeling functions. The paper provides a for-
malized description of the macroanalysis stage, including methods for assessing the qualitative and quantitative impact of spatial
objects on the properties of the territory and decomposing objects into thematic layers of criteria. At the stage of microanalysis, the
ranking of alternatives is performed taking into account the chosen decision-making strategy. The method of standardization of crite-
ria attributes using fuzzy set membership functions and the modification of the method for calculating the coefficients of relative
importance (weights) of criteria, taking into account the spatial heterogeneity of the preferences of the decision maker, are consid-
ered. A comparative analysis of the methods for aggregating the estimates of alternatives according to different criteria has been car-
ried out. A feature of the presented technology of geospatial multi-criteria decision analysis of decisions for territorial planning is the

possibility of its integration into modern geographic information systems.
Results. The procedure of geospatial multi-criteria decision analysis was implemented in the environment of the geographic in-
formation system ESRI ArcGIS 10.5 and was studied in solving the spatial problem of rational location of an enterprise.
Conclusions. The proposed object-spatial approach to multi-criteria decision analysis makes it possible to explicitly take into ac-
count the spatial heterogeneity of geographic data, which is the result of the influence of geographic objects on the properties of the
territory. The developed technology can be used to solve a wide range of problems related to determining the most rational placement

of various capital construction and infrastructure facilities.
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ABBREVIATIONS
AHP is an analytic hierarchy process;
DEM is a digital elevation model,;
DM is a decision maker;
DSS is a decision support system;
FAHP is a fuzzy analytic hierarchy process;
GIS is a geographic information system;
LMCA is a local multicriteria analysis;
MF is a membership function;
OAT is one-at-a-time
WLC is a weighted linear combination.

NOMENCLATURE

A is a set of alternatives;

Aisa fuzzy set;

At is a set of attribute data;

C'is a set of evaluation criteria;

D is a decision rule that specifies the order in which
actions are performed on a set of alternatives (selection,
ranking, sorting of alternatives);

d;. 1s a distance between the i-th alternative and the
k-th reference location;

dg; 1s a standardized distance for a pair of locations i
and k;

F is a procedure for criteria-based evaluation;

F, is a function of territorial influence;

Fv; is a influence function of the j-th object;
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{Fv;} is a set of functions of the territorial influence
of the j-th objects on the i-th local parts of the territory;

G is a decision maker’s preference system;

Gm 1is a set of geometric properties of the object;

gl is a linear object;

gp is a point object;

gpol is a polygon object;

H = {h;} is a set of local areas into which the territory
is divided;

L is a set of coordinates defining the geometry of the
object;

M is a number of territory objects;

N is a number of alternatives;

O = {o;} is a set of objects belonging to the territory;

P is a property of the territory;

P; is a set of properties of local areas #; of the territory;

P is a value of the influence of the j-th object in the i-
th point or local area 4; of the territory;

P; is a value of the influence of the j-th object at its
location;

Pr is a procedure for assessing the properties of the
territory;

R is a number of properties of the territory that must
be taken into account in the decision-making problem;

Rj is a influence range of the j-th object;

r; is a distance between the i-th point (local area) of
the territory and the j-th object;

T is a territory as an object of management;
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t is a number of map layers;

() is a integral estimate of the alternative;

w; is a global weight of the j-th criterion;

w;; is a local weight of the i-th decision alternative ac-
cording to the j-th criterion;

X is a universal set;

X; are the sets of characteristics of the territory that are
significant for solving the spatial problem;

Ha(x) is a fuzzy set membership function;

v() is a evaluation of the alternative by the criterion;

D . O is a function of aggregating the influence of

objects in the i-th point of the territory.

INTRODUCTION

Modern GIS are an important component of DSS due
to the advanced functions of storing, processing and ana-
lyzing geodata, modeling tools and visualization tools.
Spatial problems, in particular the problem of determining
the suitability of territories for accommodating enter-
prises, capital construction facilities and infrastructure,
are always multi-criteria in nature [1], therefore, spatial
DSS are often used in cases where a large number of al-
ternatives must be evaluated based on a set of conflicting
and incommensurable criteria .

GIS allows for the process of making optimal spatial
decisions due to the available functions of geoinformation
data processing. The capabilities of a GIS to generate a
set of alternatives and select the best solution are usually
based on the operations of Surface analysis, Proximity
analysis, and Overlay analysis.

Overlay operations allow you to define alternatives
that simultaneously satisfy a set of criteria in accordance
with the decision rule, but they have limited ability to
include the preferences of DM.

A feature of the spatial problems of territorial plan-
ning is the need to take into account the complex envi-
ronmental and socio-economic properties of the territory,
as well as the impact of objects on the natural and anthro-
pogenic environment. This justifies the need to take into
account expert knowledge and use methods based on ex-
pert assessments. The integration of multi-criteria deci-
sion-making methods allows expanding the capabilities of
GIS, structuring the problem in geographic space, taking
into account both qualitative and quantitative evaluation
criteria and value judgments (i.e., preferences for criteria
and/or alternatives) [2—4].

Geospatial multicriteria decision analysis will be con-
sidered as a combination of spatial modeling tools with
multicriteria decision making methods for evaluating and
analyzing alternative solutions to a spatial problem. It is
assumed that the problem is characterized by a finite, ex-
plicitly given set of alternatives. The goal of multi-criteria
analysis is to rank alternatives by a finite number of at-
tributes. At the same time, it is necessary to know the
importance (weight) of attributes and the evaluation of
alternatives regarding attributes. Most modern GIS do not
contain built-in full-featured tools that can implement the
complex procedure of multi-criteria decision analysis.
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Separate attempts to fully integrate tools for multi-criteria
decision analysis and GIS within the framework of a uni-
versal interface have revealed problems associated with
the lack of flexibility and interactivity of such systems,
which cannot provide the required freedom of action for
analysts [5]. Therefore, the development of a universal
technology for geospatial multicriteria decision analysis
that provides a solution to this problem is an urgent task
for researchers.

The object of study of this work is the decision sup-
port process for territorial planning.

The subject of the study is object-spatial models and
methods for assessing the properties of the territory and
geospatial multi-criteria decision analysis for territorial
planning.

The aim of the study is to develop a technology for
multi-criteria decision analysis for territorial planning
based on the apparatus of the theory of fuzzy sets and the
functions of geoinformation analysis.

1 PROBLEM STATEMENT

When performing a geospatial multi-criteria analysis
of decisions at the macro and micro levels, territorial spa-
tial factors or conditions in which the processes under
study take place should be taken into account. It is advis-
able to consider the territory as a complex system, and the
model for assessing the state (properties) of the territory,
formed as a result of the impact of objects located on it, as
the basis for decision-making. At the same time, the ob-
jectives of the assessment, methods and scales of assess-
ment, assessment criteria C={C;,C,,...,C,}, alternatives
A={ay,ay,...,a,,} and the procedure for criteria-based as-
sessment F' should be defined. In this regard, the proce-
dure for estimating the properties of the territory Pr,
which determines the data representation model and the
semantics of the spatial relations of objects, should be
developed and included in a formalized record of the geo-
spatial multi-criteria decision analysis:

(4,C,Pr,F.G,D). (1)

Most of the traditional approaches to the analysis of
spatial issues are extensions and adaptations of existing
decision making methods. As a rule, they take into ac-
count spatial variability only implicitly and assume the
spatial homogeneity of preferences and value judgments
of DM. For instance, when aggregating estimates of alter-
natives using the weighted sum method, it is customary to
calculate one weight for each criterion, despite the fact
that in spatial problems the weight of the criterion often
depends on the location of the alternative and may have a
local value at different points in the territory. For exam-
ple, the relationship between two properties of a territory
may be markedly different in one region compared to
another.

Based on the presence of the local weight wy, assigned
to the i-th solution alternative (in the i-th location with
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coordinates x;, ;) according to the j-th criterion, the ag-
gregation of the estimates of the alternatives v(a;), for
example, using the weighted sum method, should look
like:

V(A)= ﬁw[jv(aﬂ ) )

At the same time, an important task remains the de-
velopment of methods for determining the local weighting
coefficients of criteria that will take into account the spa-
tial heterogeneity of the territory.

2 REVIEW OF THE LITERATURE

An analysis of recent studies and publications demon-
strates that the synergy of multi-criteria decision making
methods and GIS is a fundamental tool for solving spatial
problems in many areas [6—8]. Over the past few decades,
significant progress has been made in the development of
methods for multicriteria analysis of the suitability of
territories [9, 10] and the choice of locations for spatial
objects [11-13]. This study continues the cycle of works
devoted to the problems of integration of geoinformation
technologies and methods of multi-criteria decision mak-
ing for solving problems of management and territorial
development [14—18]. They raise the issues of creating,
applying and optimizing the technology of geospatial
multi-criteria analysis of solutions for GIS applications.

Spatial problems are often characterized by incom-
pleteness and fuzziness of the initial data, as well as crite-
ria represented by qualitative values that are difficult to
formalize. Uncertainties arise due to the use of discretiza-
tion operations and generalization of a set of geographic
data. In addition, there are uncertainties in the value
judgments and preferences of DM. The most attractive
approach to solving such problems is the use in the meth-
ods of multicriteria analysis of the solutions of the «soft»
computing apparatus, the theory of fuzzy sets [19].

A review of scientific research over more than 20
years [3] showed that the following multi-criteria methods
are most often used in GIS applications: weighted WLC
[20], AHP [21], reference point methods [22] , and out-
ranking methods [23]. One of the most popular is the
AHP method, which is based on pairwise comparisons on
a ratio scale. In [24], its FAHP is presented, in which tri-
angular fuzzy numbers are used to account for uncertainty
in expert comparisons, and two approaches of FAHP
means Fuzzy Extent Analysis and a-cutbased method.

As a rule, the greatest contribution to the uncertainty
when using the AHP method is made by the criteria
weights determined by pairwise comparison. Weights can
be changed during analysis. Corresponding weight sensi-
tivity on multi-criteria evaluation results is generally dif-
ficult to be quantitatively assessed and spatially visual-
ized. In [25] developed a unique methodology to analyze
weight sensitivity caused by both direct and indirect
weight changes using the OAT technique (mostly known
as local sensitivity analysis). The method was integrated
into a comprehensive framework in the GIS environment.
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The framework was implemented as AHP-SA2 tool with
spatial visualization capability.

In [26] spatial uncertainty and sensitivity analysis of
land suitability maps is proposed. The resulting sensitiv-
ity maps delineate regions of weight dominance, where a
particular weight greatly influences the uncertainty of
suitability scores.

As noted earlier, most studies did not take into ac-
count the spatial heterogeneity of geographic data inher-
ent in decision-making, especially in the area of territory
management. In recent years, new research trends have
emerged associated with a paradigm shift from spatial
implicit to spatially explicit multicriteria analysis [27].
LMCA introduces the concept of spatial weight and spa-
tially explicit value function [28, 29]. In [30], the OWA
method is proposed, which can be used to take into ac-
count various risk-taking scenarios. In [31], local forms of
reference point methods were developed. The weighting
of criteria with a correction for proximity was proposed in
[32]. The calculation of local weights is based on the idea
of adjusting preferences according to spatial relationships
between alternatives and some reference locations. Thus,
the method explicitly recognizes the concept of spatial
preference heterogeneity.

An analysis of publications shows that most of the
works devoted to spatial multi-criteria analysis focus on
the procedure for evaluating alternatives, taking into ac-
count the uncertainty and spatial heterogeneity of decision
makers’ preferences. However, while paying little atten-
tion to the preparation of initial data, namely the evalua-
tion criteria and a variety of alternatives. To create a uni-
versal technology for multi-criteria analysis, it is neces-
sary to have a formalized description of the process of
decomposition of territory objects into separate thematic
layers and the process of evaluating the properties of the
territory as a result of the influence of objects located on
them. This study describes the methodology and gives
recommendations for the quantitative determination of the
territorial influence of objects and the calculation of the
integrated properties of the territory, as well as the rank-
ing of alternatives, taking into account locally adapted
decision-making methods.

3 MATERIALS AND METHODS
The properties of the territory can be considered as the
result of the action (influence) of individual objects o;
located on local sections 4; into which the territory is di-
vided. In this case, the territory 7 can be represented as

TcOxH.

One will consider the property of the territory P as a
set of local or aggregated characteristics of the territory
that are significant for solving the spatial problem, which
can be obtained as a result of calculations or expert as-
sessment. The set of connected objects of the territory
influences the properties of the territory through the spa-
tial influence functions F,:

FV
0= P. (€)
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In general, P can be represented by a set of n sets X; of
characteristics of the territory that are significant for solv-
ing the spatial problem, for example, these can be indica-
tors of the ecological, social or economic state of the terri-

tory:
P=UX.. “4)

Characteristics (or indicators for assessing the proper-
ties of the territory) can be local, complex or integral.
According to their type, indicators can be divided into
qualitative and quantitative, respectively, be measured or
calculated or determined by experts. The qualitative com-
position and the number of local indicators by which the
property of the territory is assessed can vary from several
units to several tens, and depend on the nature of the spa-
tial decision-making problem. For example, to determine
the location of a solid domestic waste landfill, it is neces-
sary to take into account more than several dozen quanti-
tative and qualitative indicators of the properties of the
territory, which may include landscape, environmental,
economic, social, and other characteristics [15].

A property of a territory is defined as an ordered set of
properties of local parcels:

P={P|P={P}},i=1+n,j=1+m. (5)

The magnitude of the influence of the j-th object at the
i-th point or local area of the territory determined through
the distribution function of the influence of this object as:

By =P Fy (1) (6)

The value of the influence function depends on the set
of properties of the territory (relief, slope, soil type, etc.),
as well as on the distance r; between the j-th object and
the i-th point of the territory. The territorial influence
function can be specified analytically, for example, on the
basis of equations describing known physical processes
(pollution transfer models, illumination distribution, etc.)
or socio-economic impact models. The Fv function can be
set as a value function built on the basis of expert esti-
mates.

The impact of a set of objects O on the i-th point (lo-
cal section) of the territory is determined by aggregating
the values of the influence of individual objects:

P =0 (Pj'ij('}j))' @)

In general, the influence aggregation function is non-
linear and may include logical operations.

Taking into account the representation of the territory
property model as a two-dimensional discrete system con-
sisting of a set of elementary sections /; or points of the
territory defined by x, y, coordinates, the property of the
territory can be represented as a function of the surface
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Py =/ p). Thus, from the point of view of geoin-

formatics, each of the properties of the territory can be
represented in in the form of a coordinate-defined surface
(for example, transport accessibility, pollution of the terri-
tory, flood damage, etc.). The application of an approach
based on the description of the properties of the territory
by means of the surface function allows one to solve the
problems of placing infrastructure objects at different
levels in the same way.

In a geographical context, the process of multi-criteria
analysis of spatial planning decisions includes a set of
geographically defined alternatives, usually local areas
(eg, land parcels) and a set of evaluation criteria, pre-
sented as thematic map layers. Estimates of alternatives
according to different criteria (attributes of criteria) are
determined in accordance with the model for evaluating
the properties of the territory. The analysis consists in
combining the attributes of the criteria in accordance with
the preferences of the decision maker, using the decision
rule (combination rule).

The diagram of the process of geospatial multi-criteria
decision analysis is presented in Fig.1.

Provided that the criteria layers are represented in a
raster data model, which has the form of a two-
dimensional xxy discrete rectangular grid. Each raster cell
is an alternative, which is described by its spatial data
(geographic coordinates) and attribute data (criteria
scores). The decision matrix in this case has the form
shown in Table 1.

The macroanalysis stage (Fig. 1) provides for the pro-
cedure for assessing the properties of the territory using
geomodeling functions. At this stage, data on the spatial
problem is collected, the objects are decomposed into
thematic layers, the qualitative or quantitative territorial
impact of the objects is calculated, the properties of the
territory are evaluated according to objects of the same
type, many criteria and alternatives are formed, taking
into account the restrictions imposed on the solution.

Microanalysis (Fig. 1) is a stage that involves the
analysis of alternatives using the methods of multi-criteria
decision making. At the stage of microanalysis, certain
decision-making strategies are formed, taking into ac-
count the preferences of the decision maker. A feature of
the stage is the integration of geomodeling functions and
decision-making methods.

Recommendations — the stage of visualizing the re-
sults of the analysis of decisions and providing recom-
mendations to decision makers. The results of the analy-
sis, as a rule, are visualized in the form of a comprehen-
sive map of a set of acceptable solutions formed in accor-
dance with the chosen procedure for analyzing alterna-
tives (selection, ranking, sorting, etc.).

Sensitivity analysis is crucial for model validation and
calibration, it is used as a tool to check the stability of the
final result to small changes in the input data (for exam-
ple, criteria weights) and to reduce uncertainty in the pro-
cess of geospatial multi-criteria decision analysis.
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Figure 1 — Diagram of the process of geospatial multi-criteria
decision analysis

Table 1 — Decision Matrix

Alternative Coordinates Criterion/attribute, C;
A; X Y C C, . Cn
A, X1 Y1 aj ajp an
A, X2 Y2 ) ay e A
As X3 Y3 a3 as . as,
Am Xm ym Am Am2 Amn

Weight, w; Wij Wi W Wiy

Let us consider in more detail the stage of macroana-
lysis of the process of geospatial multi-criteria analysis of
solutions (Fig. 1). Structuring a territorial system in the
form of a set of interacting objects involves the represen-
tation of an object in the form of a tuple of sets of
homometric, spatial and attributive properties, taking into
account the influence of Fv that it exerts on the territory:
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O0=(Gm,L,At,F,). (8)

Let’s take a closer look at the procedure for decom-
posing territory objects into thematic layers. Let be given
some finite set of objects O belonging to the territory. It is
necessary to select from the set of objects O a subset of
objects O,e O, which determine the properties of the ter-
ritory in accordance with the spatial problem being
solved. Further, the set of objects O, should be decom-
posed into subsets of objects O ,, which by their influence
determine the properties of the territory that are important
for the task (for example, the development of the transport
network, soil type, environmental safety, etc.), which

need to be combined into separate thematic layers of cri-
teria:

R R
0,=U0,, N0, #2. )

r=1 r=1

The decomposition of objects is performed based on
the analysis of their spatial and attribute information, as
well as the functions of influence on the territory.

The geometric properties of objects have the highest
priority in decomposition Gm ={gp, gl,.gpol}. The entire
set of objects O , is divided into three classes of point
objects according to a geometric featureX ;, linear K , and
polygonal K ; objects. A thematic layer can only contain
objects of the same geometric type (an object cannot be
both a point and a polygon), so classes have the following
properties: 0, = K, UK, UK,, K,NK,NK; =, where

Cw

K;={o;€0lo;~k}, i=123, 0,=U0; (10)

Jj=1

The priority of attribute properties of objects is next
after geometric ones. Each of the subset of objects O ;
belonging to a certain geometric type which is further
decomposed by the attribute criteria 4={Q, N}. Attribute
information consists of a set of qualitative properties O,
which determine whether an object belongs to a certain
thematic group (transport infrastructure, water bodies,
settlements, etc.) and N — a set of quantitative characteris-
tics of the properties of the object. For example, for ob-
jects belonging to the thematic group “Settlements”, you
can perform a decomposition by population.

At the last step, the decomposition is performed ac-
cording to a variety of types of Fv influence functions, i.e.
by functional attribute. At the same time, the type of in-
fluence that can be both positive and negative should be
taken into account.

After the decomposition of objects, an Mp map can be
obtained, which is a set of thematic layers L ;:

Mp={L;},i=1t, (11)
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L={0/}.j=1Ln.

¢ J

(12)

Each thematic layer is a criterion for the decision-
making task (Table 1). Schematically, the decomposition
of a set of objects into thematic layers is shown in Fig. 2.

Set of objects {Oj}

Set of thematic layers {Li}

Figure 2 — Diagram of the decomposition of objects into the-
matic layers

We will consider a stationary model of territories with
constant properties, in which P; = const and F, = const,
that is

Py =P;-F,(R;)- (13)

To build models of territorial influence, various types
of influence functions can be used, the parameters of
which can be determined from the physical principles of
distribution, experimentally or expertly. Often, a normal
distribution law is used for this, which accurately de-
scribes the spatial impact caused by a large number of
poorly correlated factors.

Expert assessment methods are most often used to de-
termine the parameters of models reflecting the spread of
social or economic properties of the territory.

The most effective mechanism for the formal descrip-
tion of models based on expert opinions is the theory of
fuzzy sets [19]. A fuzzy set of a universal set X is defined
as a set of ordered pairs:

/~1={(x,ua(x))|xeX},ua(x):x—>[0,1]. (14)

Membership function indicates the degree to which
element x belongs to a fuzzy subset 4. The larger the
Wi(x), the more the element of the universal set corre-
sponds to the properties of a fuzzy subset. The specific
value of the membership function is called the degree or
coefficient of membership. This degree can be defined as
a functional dependency. The definition of the territorial
influence model is, in fact, the definition of the influence
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of an object on a nearby territory in the form of an affilia-

tion function F, (r,-j):u(r--). We will consider the

)

membership degree as the intensity of the manifestation
of the function of territorial influence at a certain point of
the local area of the territory.

One of the simplest membership functions is a piece-
wise linear (triangular and trapezoidal) function. Expert
parameters of such membership function (territorial influ-
ence) are the easiest to determine. It is sufficient to de-
termine the value of the distance r;, at which the influence
of the object is practically unchanged, and the distance R,
at which the influence of the object can be neglected. A
continuous membership function approximating a trape-
zoidal one is a Gaussian-type curve. The generalized
Gaussian function has the greatest versatility, examples of
which are shown in Fig. 3.

P A

rij

-R 0
Figure 3 — Examples of graphs of territorial influence functions
based on the generalized Gaussian function

Defining the influence functions as the membership
degree to a fuzzy set makes it possible not to further stan-
dardize the attributes of alternatives, since their values are
already in the range [0, 1].

The impact of multiple objects O on the ipoint (local
area) of the territory is determined by aggregating the
impact values of individual objects (7). The function of
aggregating the impacts of objects at the i point of the
territory can have a different form and, as a rule, is deter-
mined from the context of a spatial problem.

The task of aggregating estimates can arise in two cas-
es: firstly, if necessary, to aggregate the influence of the
same type of objects forming a certain property of the
territory; secondly, to aggregate the influence of various
objects to obtain a comprehensive property of the terri-
tory. The same aggregation approaches can be used for
both cases.

Fuzzy logic operations can be used to determine the
resulting impact of objects belonging to the same class.

The fuzzy union (or OR) of the influences of objects
(Fig. 4 a) is defined as:

UE =max (R, P,,...,P,).

i=1

(15)

The fuzzy intersection (or AND) of the influences of
objects (Fig.4 b) is defined as:
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n
(£ =min(R,B,...B,). (16)

The use of the fuzzy intersection operation (16) leads
to the evaluation of the property based on the lowest value
of the influence of objects, the fuzzy union operation (15)
takes into account only the maximum values of the influ-
ence of objects on the nearby territory.

P P

i
H \
Y ; \
A ! \
AN J, \
3 r F \ r
- et d .

0 0

Figure 4 — Graphs of the resulting model: a — by the maximum
value of influence from individual objects; b — by the minimum
value of influence from individual objects

To obtain a complex (integral) assessment of the
properties of a territory from objects belonging to differ-
ent classes and having certain weights of importance, the
weighted sum (2) operation adapted to the model of the
properties of territories, that is, taking into account spatial
variations and the division of the territory into local areas,
can be used.

For the 4 surrounding and the local weight wh_,- for the j
criterion, a local form of the weighted sum operator of the
form can be determined:

P(4]) =Y v(ahwh. (17
j=1

The diagram of the process of assessing the properties
of the territory is shown in Fig. 5. It reflects the main
stages of the process, starting with the decomposition of
all objects significant for the spatial problem into layers
before constructing integral layers of the territory proper-
ties. If the objects of the same type of thematic layer have
different influence functions, then it is assumed that a set
of layers of territory properties is built separately for each
object, followed by their combination by one of the ag-
gregation operators to obtain an integral thematic layer.

At the stage of microanalysis, a wide range of deci-
sion-making methods can be applied. The main steps of
the stage are determining the weights of criteria and ag-
gregating the attributes of alternatives, which are esti-
mates of alternatives according to different criteria (prop-
erties of the territory), into a general integral assessment.
At the same time, it is important to take into account the
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preferences of decision-maker, which can be character-
ized by subjectivity, uncertainty and different attitudes to
risk. In addition, local adaptation of methods may be nec-
essary, in the case when there is a spatial heterogeneity of
decision-maker’s preferences in the problem.

4 EXPERIMENTS

Let’s consider an example of using geospatial multi-
criteria decision-making to select a suitable location for
an enterprise. Let’s assume that the main goals are to re-
duce construction costs and provide the enterprise with
human resources (labor). We will identify as the main
factors that can affect the reduction of construction costs,
the slope of the territory and the proximity of the transport
network. Potential sources of labor are nearby settle-
ments, while the main source is a large district center with
the largest population. Thus, in order to provide the enter-
prise with cheap labor, it is advisable to place it as close
as possible to populated areas, which will additionally
make it possible to reduce transportation costs for the
delivery of workers.

The decomposition of the territory objects important
for solving the problem according to geometric, attribu-
tive and functional features leads to the formation of three
thematic layers:

1) DEM is a raster layer, which is a representation of
the earth surface of the territory, in the form of a matrix of
cells, each of which is characterized by a certain height;

2) transport network — a layer of linear objects, repre-
senting paved roads;

3) settlements — a layer of polygonal objects repre-
senting the administrative boundaries of settlements lo-
cated on the territory under consideration.

Next, it is necessary to assess the functional impact of
these objects on the territory.

The slope is determined by the steepness in each cell
of the raster surface. The smaller the slope value, the flat-
ter the earth’s surface is. In GIS, the slope can be calcu-
lated as the rate of elevation change from one DEM cell
to another.

The Euclidean proximity metric can be used to deter-
mine the distance to roads and settlements. In GIS, the
Euclidean distance between two objects O,(x;, y;) and
O5(x2, ») 1s defined as:

d(0,0) =(x1 =%, +(31 —12 - (18)

Performing the calculation according to (18) trans-
forms the vector layer of objects into a raster layer, which
is a continuous surface of a given property.
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Figure 5 — Diagram of the assessing process of the territory properties

Let’s standardize the raster layers of criteria using the
fuzzy set membership functions built on the basis of ex-
pert evaluation. The values of the alternative attributes
will be transferred to the range [0, 1], where the unsuit-
able areas are marked with zero, and the areas with the
maximum degree of suitability are marked with 1. A gen-
eral view of the membership functions used in the ex-
periment is shown in Fig. 6. Detailed information about
thematic layers, influence functions, control points of
membership functions used to standardize attributes, as
well as weights of the importance of criteria is given in
Table 2.

Let’s consider two scenarios of multi-criteria analysis
of solutions. In the first scenario, the global weight of the
importance of the criteria will be used, i.e. a constant
weight w; is set for the j criterion (Table 2). The integral
estimate will be obtained by the weighted sum method:
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Figure 6 — Membership functions used to standardize attributes:
a — linear monotonically decreasing; b — piecewise linear de-
creasing

In the second scenario, local importance weights will

be used [32]. So the weight distribution of the “Slope”
criterion will be recalculated depending on the distance
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from the transport network. In this case, the location of
the linear road object is the reference location. Similarly,
the weight of the criterion “Distance to settlements” will
have a local value, depending on the proximity of the dis-
trict center (reference location).

The weight of the proximity-adjusted criterion, wy;, as-
signed to the i alternative of the relative j criterion is de-
fined as:

S
d:
W =W ik

AT
Ly di
iz

(20)

Standardized distance for a pair of locations i and :

min {d }
dsi =—— @1

1

The distances to the reference locations will be calcu-
lated using the Euclidean distance metric.

Thus, the local weight will be obtained by modifying
the global weight of the criterion, taking into account the
distance d;, normalized by the average distance of all
alternatives to the reference location. An example of cal-
culating local weights for five alternatives is given in Ta-
ble 3. According to (20), the global weight of the criterion
is changed by redistributing the total weight nw;, depend-

Local weights will be used to calculate the integral
evaluation of alternatives using the weighted sum aggre-
gation operator (2).

5 RESULTS

Scenario 1 and scenario 2 were implemented in the
ArcMap 10.5 GIS environment. The results of geospatial
modeling are presented in Fig. 7. Thematic layers of crite-
ria (Table 2) based on the proposed influence functions
and in accordance with the macroanalysis procedure
(Fig. 1 and Fig. 5) were transformed into raster layers of
slope, distance to the transport network and distance to
settlements. Next, the layers were standardized in accor-
dance with the membership functions shown in Figure 6.
Standardization was performed using the functions of
Raster Calculator and Reclassify of the Spatial Analyst
library. As a result, a standardized slope raster (Fig. 7 a),
a standardized distance raster to the transport network
(Fig.7 b) and a standardized distance raster to settlements
(Fig.7 c) were obtained.

The complex applicability map according to scenario
1 (Fig. 7 d) is constructed using the weighted sum opera-
tor based on the global weights of the criteria given in
Table 2.

Scenario 2 assumed the calculation of local weights.
Standardized rasters of the distances of alternatives to the
district center and the transport network were obtained
based on the expression:

maX {dl } - di

. . . . . . l
ing on the spatial relationship (proximity) between the dsif = - : (22)
reference location and the alternative solution. m? x{di ) ml_m it}
Table 2 — Characteristics of thematic layers (criteria) of a spatial decision-making problem
Criterion Thematic layers Influence function Standardization Weight
control points of the mem-
bership function (Fig. 6)
a b
Slope raster F=f(xy) 5% 15% 0,4
Distance to transport linear 2 2
network E, :\/(x—xgl) +(y—ygl) 0 500 m 0.3
Distance to polygonal 2 2
settlements E, :\/(x—xgpol) +(y—ygpol) 0 10 km 0.3
Table 3 — Proximity-adjusted weights
Alternatives Euclidean distance Standardized Weight
d; distance dg; global w; local w;;
Al 6 0.33 0.3 0.172
A2 3 0.67 0.3 0.345
A3 5 0.40 0.3 0.207
A4 2 1.00 0.3 0.517
A5 4 0.50 0.3 0.259
Mean 4 0.58
Minimum 2 0.33
Sum (w)) 1.5 1.5
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Figure 7 — Results of spatial modeling in accordance with the initial data of scenario 1 and scenario 2: a — standardized layer of the
slope of the territory; b — standardized layer of distances to the transport network; ¢ — standardized layer of distances to settlements; d
— integrated suitability map (scenario 1); e — raster of local weights of the criterion ”’Settlements adjusted for the proximity of the
district center”; f — raster of local weights of the criterion “Slope adjusted for the proximity of the transport network™"; g — estimates
of alternatives according to the criterion “Slope adjusted for the proximity of the transport network™; h — estimates of alternatives
according to the criterion “Settlements adjusted for the proximity of the transport network™; proximity of the district center; i — com-
prehensive applicability map (scenario 2)
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The minimum distance min {d;; } taken as the size of
i

the raster cell, which, when modeled for all maps, is 27
m. The average value of standardized distances is ob-
tained using the Get Raster Properties tool of the Data
Management library. The global weight w ; (20) for the
criteria of scenario 2 is assumed to be 0.5. The field of
local weights for the criterion “Settlements adjusted for
the proximity of the district center” is shown in Fig. 7 e,
and for the criterion “Slope adjusted for the proximity of
the transport network™ in Fig. 7 f.

Estimates of alternatives according to the criteria “Slope”
and “Settlements” were multiplied by the corresponding
local weights adjusted for proximity, the results are pre-
sented in Fig. 7 g and Fig. 7 h respectively. The final
complex applicability map was obtained using a locally
adapted version of the weighted sum operator (2) and is
shown in Fig. 7 i.

6 DISCUSSION

For all scenarios of geospatial analysis, the previously
considered macroanalysis procedure was applied (Fig. 1),
which includes the decomposition of objects into thematic
layers and the assessment of the properties of the territory
based on the model of the territorial influence of objects.
Scaling of criteria is performed using piecewise linear
membership functions. As a result, the values of the crite-
ria attributes were transferred to the range [0, 1], where 1
is the highest, and 0 is the lowest degree of suitability of
an alternative according to a given criterion (Fig. 7 a, b,
c¢). This makes it possible to further aggregate alternative
estimates by various methods, such as using fuzzy overlay
(union or intersection operations) so with the weighted
sum operator.

In scenario 1, the weighted sum and global weights
method is used for aggregation. The weight of the “Slope”
criterion is assumed to be 0.4, however, as can be seen in
Fig. 7, and most (92.6%) of the studied territory has a
degree of suitability equal to 1 according to this criterion,
therefore it has little influence on the final result. The
criteria “Distance to the transport network” and “Distance
to settlements” have an equal weight of 0.3 and have the
same effect on the prioritization, which leads to a scat-
tered distribution of alternatives with a high rating
throughout the territory. As a result, alternatives with high
suitability were concentrated around sections of the road
network located within the boundaries of settlements
(Fig. 7 d). The plots with a degree of suitability of 0.8 and
higher accounted for 5.56% of the entire research area.

The results of the experiment in scenario 2 showed
that the local weights calculated for the criteria “Slope
adjusted for the proximity of the transport network” and
“Settlements adjusted for the proximity of the district
center” have a significant impact on the ranking of alter-
natives. They allow us to quantify the spatial displace-
ment to the focal (important for decision-making) objects.
Thus, in the considered spatial problem, the solutions
with a high rating shifted towards the district center
(Fig. 71).
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The proposed algorithm made it possible to calculate
the local weight at each point (section) of the territory,
redistributing the global weight of the criterion depending
on the spatial relationship (proximity) between the focal
location and the alternative solution. The resulting raster
of weights is then used to aggregate estimates of alterna-
tives by the weighted sum operator. Note that an impor-
tant parameter of modeling is the size of the raster cell. It
is assumed that it must be the same for all criteria for cor-
rectly performing the overlay operation. It should be cho-
sen taking into account the analyzed distances and the
necessary modeling accuracy. Thus, for scenario 2, plots
with a high degree of suitability of more than 1.0 ac-
counted for 6.59%, and more than 1.2—0.98% of the entire
study area.

The use of local weights provides an alternative repre-
sentation of complex preferences and reduces the number
of criteria, which in turn significantly simplifies the stage
of microanalysis and integration of the model into the GIS
environment. In addition, the approach based on local
weights simulates cognitive reasoning, which makes the
analysis procedure more transparent and understandable
for the decision-maker.

CONCLUSIONS

The urgent task of developing a model of the process
of geospatial multi-criteria analysis of decisions on terri-
torial planning and rational placement of capital construc-
tion and infrastructure facilities has been solved.

The scientific novelty of the obtained results lies in
the fact that an approach to multi-criteria decision analy-
sis is proposed, which is based on a model for assessing
the properties of territories and spatially adapted decision-
making methods. The properties of the territory are evalu-
ated based on the influence functions of adjacent objects.
A universal technology has been proposed that allows for
spatial analysis without restrictions on the maximum and
minimum sizes of land plots. Taking into account the spa-
tial variation of the properties of the territory and the dif-
ferent degrees of detail of objects, allows to increase the
accuracy of spatial analysis, as well as its practical value.

The practical significance of the results obtained lies
in the fact that the technology of geospatial multi-criteria
analysis of solutions has been developed, which is based
on existing functions of information geoprocessing and
can be fully integrated into the GIS environment. The
results of the simulation allow us to recommend the pro-
posed model for use in practice, in particular for the tasks
of rational placement of important infrastructure facilities.

The prospects for further research are to improve
the model of the geospatial multi-criteria decision analy-
sis process in order to take into account various decision-
making strategies, in particular in conditions of risk and
uncertainty.
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MOJEJIb ITPOTECY TEOIMMPOCTOPOBOI'O BATATOKPUTEPIAJIBHOT' O AHAJII3Y PIIIIEHb
3 TEPUTOPIAJIBHOT'O IIVTAHYBAHHS
Ky3niuenko C. [I. — kaH/. Teorp. HayK, JOICHT, IckaH (aKyIbTeTy KOMIT IOTEPHUX HAYK, YIPABIiHHS Ta aaMiHicTpyBaHHs Ofe-
CBHKOTO JI€PXKAaBHOTO eKOJIOTiuHOro yHiBepcuteTy, Oneca, YkpaiHa.

AHOTAUIIA

AKTYyaJbHicTb. PO3MIIIHYTO mporiec 6araToKpuTepiaibHOrO aHaji3y pillleHb 3 TEPUTOPIANbHOTO IUTaHYBaHHS Ta PaliOHAIBHOTO
PO3MILICHHS MPOCTOPOBHUX 00’€KTiB, 3aCHOBAHWI Ha MOJAEIIOBaHHI BIACTUBOCTEH TepHTOpii. MeTa poboTH — po3podKka TEXHONOTil
0araTOKpUTEpiaJIbHOTO aHAII3y PIlIeHb 3 TEPUTOPIANTFHOTO IUIAHYBAaHHS HAa OCHOBI amapary Teopii HeWiTKUX MHOXHH Ta (QyHKIii
reoin(popManiifHOro aHamisy.

MeToa. 3anponoHOBaHO 00’€KTHO-NIPOCTOPOBHH MiAXix K0 GopMyBaHHS MHOXXHHH aJbTEpHATHB Ta KPUTEPIiiB, BIIIOBIIHO 10
SIKOTO TIPOIIEC 0araTOKPUTEPiaIbHOTO aHAI3y pillleHh PO30MBAETHCS HA JIBA €TAIM: MaKpo- Ta MikpoaHais. ETan MakpoaHanmi3y me-
pendayae OLiHIOBaHHS €KOJOTIYHHUX Ta COL[aTbHO-EKOHOMIUHHX BIIACTUBOCTEH TEPUTOPIT 38 JOMOMOTo10 QYHKIIIH reOMO/IeTIOBAHHS.
VY pobori gaHo ¢popmainizoBaHuil ONKC eTany MakpoaHai3y, BKIIOYA0Yd METOH OLIHKH SKICHOTO Ta KiJIbKICHOTO BIUIMBY IIPOCTO-
PpOoBHX 00’€KTiB Ha BIACTUBOCTI TEPUTOPIi Ta NIEKOMIO3UII1 00’ €KTIB HAa TEMaTHYHI MIapy KpuTepiiB. Ha eTami MikpoaHalizy BUKOHY-
€ThbCS paH)KyBaHHS aJbTEPHATHB 3 ypaxyBaHHIM 0OpaHoi cTparerii IpUHHATTA pimeHb. PO3TIsiHyTO MeTon cTaHAapTH3alii aTpuly-
TiB KpUTEPIiB 3a JOMOMOror0 (GYHKIIH HAJIEKHOCTI 0 HEYITKOI MHOKHHH, a TaKOK MOIU]IKalis METOAY PO3PaXxyHKY KOe]ilieHTiB
BIZTHOCHOT BaXJIMBOCTI (Bar) KpUTEPiiB 3 ypaXyBaHHSAM IIPOCTOPOBOI HEOMXHOPIAHOCTI IepeBar ocodH, ska npuitmae pinteHus. [Ipose-
JICHO TIOPIBHSUIFHMI aHAai3 METOAIB arperyBaHHs OI[IHOK AJIbTEPHATUB 32 Pi3HUMH KpuTepisMu. OcoOIMBICTIO IPECTaBICHOI TeX-
HOJIOTIT Te0NpOCTOPOBOro 0araTOKPHUTEPIaTbHOrO aHaNi3y pillleHb 3 TEPUTOPIANTBFHOTO IUIAHYBAHHS € MOXJIMBICTB ii iHTerpauii y
CydacHi reoiH(opMaIliiiHi CHCTEMH.

PesyabraTn. [Ipouenypa GaraTokpuTepianbHOTo aHaii3y pillleHb peatizoBaHa y cepeloBHI reoindopmaiiinoi cuctemu ESRI
ArcGIS 10.5 ta gocmimkeHa npu BUPiLIeHHI TPOCTOPOBOT MPOOIEMHU palliOHATIBHOTO PO3MILLICHHSI i JIPUEMCTBA.

BucHoBkH. 3amponoHOBaHUK 00’ €KTHO-POCTOPOBUI MiAXi 10 6araTOKpUTEPialbHOTO aHAII3y PIMICHb TO3BOJISAE SBHO BPaXo-
BYBaTU MPOCTOPOBY HEOTHOPITHICT reorpadiuHiX JaHUX, KA € pe3yIbTaTOM BIUIMBY Ha BIACTUBOCTI TEPUTOPIi pO3MIILICHUX HA Hilk
reorpadidanx 06’ekxTiB. Po3pobieHa TexHomorist Moxke OyTH BHKOpPHCTaHa IPH BHUPIIIEHHI IIMPOKOTO KOJIA MpoOJIeM, OB’ I3aHUX 3
BHU3HAYCHHSIM PaIliOHATFHOTO PO3MIIICHHS Pi3HUX 00’ €KTIB KaIliTAILHOTO OYJIBHUITBA Ta IHPPACTPYKTYPH.

KJIFOUOBI CJIOBA: reorpadiuni in$popmMauiliHi cCHCTEMH, IPOCTOPOBE MOJICIIIOBAHHS, OaraTOKpUTEpiaIbHUI aHai3 pillleHb,
HEYiTKi MHOXHHH.

VK 004.942
MOJIEJIb ITPOIECCA TEOITPOCTPAHCTBEHHOI'O MHOTOKPUTEPHUAJIBHOI'O AHAJIU3A PELIIEHUAN
11O TEPPUTOPUAJIBHOMY IINIAHUPOBAHUIO
Ky3unuenxo C. /. — kaHz. Teorp. HayK, JIOLEHT, JeKaH (aKyJbTeTa KOMIBIOTEPHBIX HayK, YIPaBICHHS U aJMIHUCTPHPOBAHUS
Ozecckoro rocy1apcTBEHHOTO 3KOJIOTMYECKOro yHuBepcurera, Onecca, YKpauHa.

AHHOTANUA

AKTYyaJIbHOCTB. PaccMOTpeH mpoliecc MHOMOKPUTEPUAIbHOIO aHalU3a PELICHUI 110 TepPUTOPUATBHOMY IIAaHMPOBAHUIO U pa-
LHOHANBHOMY Pa3MEIEHHIO MPOCTPAHCTBEHHBIX 00BEKTOB, OCHOBAHHBINA Ha MOJETHUPOBAHUH CBOUCTB TeppuTopuu. Llenb paboTel —
pa3paboTKa TEXHOJIOTHH MHOTOKPUTEPHAILHOTO aHAIHM3a PEIIeHNH 0 TepPUTOPHATIBHOMY IIIaHUPOBAHHIO HA OCHOBE amapara Teo-
UM HEUYETKUX MHOXECTB U QYHKIMI reonH()OPMAI[IOHHOTO aHAIN3a.

Metona. IIpemioxeH 00BEKTHO-POCTPAHCTBEHHBIH MOAX0A K ()OPMHUPOBAHUIO MHOXKECTBA aTbTEPHATHB M KPHTEPHEB, B COOT-
BETCTBHHU C KOTOPBIM IIPOIIECC MHOTOKPHTEPHAIBEHOTO aHAIH3a PelIeHNH pa3OMBaeTCs Ha JBa JTara: MaKpo- ¥ MHKpOaHAIn3. JTamn
MaKpoaHaIn3a MPEeAIoNaraeT OeHNBAHUE YKOJOTHIECKAX U COIMANbHO-9KOHOMHYECKUX CBOWHCTB TEPPUTOPHH C IOMOIIBIO (QyHK-
Ui reoMoieNTpoBanus. B pabore maHO (hopManm3oBaHHOE OIMCAHME ITAlla MAaKpOaHA W32, BKIIIOYAst METObI OIEHKH KaueCTBCH-
HOTO ¥ KOJIMYECTBEHHOTO BIIMSHUS IPOCTPAHCTBEHHBIX 00OBEKTOB Ha CBOWCTBA TEPPUTOPUH H JICKOMITO3MIIMN OOBEKTOB Ha TEMaTH-
YecKue CJIou KputepueB. Ha sTarme MUKpoaHann3a BBIIONHIETCS PAaH)KHPOBAaHUE aNbTEPHATUB C yYETOM BHIOPAaHHOW CTpaTEeruy MpH-
HATHA pelleHud. PaccMOTpeH MeTos cTaHgapTH3auuy aTpuOyTOB KPUTEPHUEB C NMOMOLIBI0 (QYHKIHI IPUHAUICKHOCTH K HEYETKOMY
MHOXECTBY, a Takoke MOAU(UKAIMA MeToa pacyeTa Ko3(hGUIMEHTOB OTHOCHTEIEHONH BaXXHOCTH (BECOB) KPUTEPHEB, C YYETOM IPO-
CTPAHCTBEHHON HEOMHOPOJHOCTH MPENIOYTEHHH JHIla, TPUHUMAIOMIETO pemeHus. [IpoBeneH cpaBHUTENBHBIA aHAIN3 METOJOB ar-
PETHPOBaHU ¢ Pa3IuIHOIl (popMoi KOMIpOMICCa MEXKTY OIEHKAMH albTepPHATUB 110 Pa3HBIM KpUTEpHsiM. OCOOEHHOCTHIO MPECTaB-
JICHHOM TEXHOJIOTUH I'€ONPOCTPAHCTBEHHOIO MHOTOKPUTEPHAIBHOIO aHaau3a PELICHUH 10 TePpUTOPUAILHOMY ILUIAHUPOBAHUIO SB-
JISIeTCSI BOSMOXKHOCTB €€ HHTET ALY B COBPEMEHHBIE TeOHMH(pOPMAOHHBIE CHCTEMBI.

PesyabTarsl. [Iponenypa reonpocTpaHCTBEHHOIO MHOTOKPHTEPHAIBHOTO aHAIM3a PELICHUH peann3oBaHa B cpene reouHdop-
mannoHHoi cuctembl ESRI ArcGIS 10.5 u uccnenoBana npH pelieHuy pOCTPAaHCTBEHHONW NPOOJIEMBI PAllMOHATIBHOTO Pa3MEIeHUs
TIPEATPHUSTHSL.

BriBoabl. [IpeanoxeHnHbIi 00BEKTHO-IIPOCTPAHCTBEHHBIH MMOIX0/1 K MHOTOKPUTEPHATIHLHOMY aHANIU3Y PEIICHUH I03BOJISIET SIBHO
YYUTBIBAaTh MPOCTPAHCTBEHHYIO HEOJHOPOJHOCTh reorpaduueckux JAaHHBIX, KOTOpasl SBISETCS Pe3yJIbTaTOM BIHSHHUS HAa CBOMCTBA
TEPPUTOPHH PACHONIOKEHHBIX Ha Hel reorpauIecKux 0ObeKTOB. Pa3paboTaHHas TEXHOIOTHS MOXKET OBITh MCIONB30BaHA TIPH pe-
IIEHUH IIUPOKOTo Kpyra npobiieM, CBI3aHHBIX ¢ OIpe/ielIeHIeM HanOoliee PaloHaTIbHOTO Pa3MEIIeHUS Pa3IHIHBIX 00BEKTOB KalH-
TaJILHOTO CTPOUTENECTBA U HHPPACTPYKTYPEL
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