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Abstract. The article discusses methods for modeling composite materials using graph
theory. For this purpose, the method of structure-oriented and structure-invariant modeling of
composite materials was analyzed. As a basis for such modeling, it is supposed to use structural
descriptors — quantities that describe the structure of the material at different scale levels, including
the molecular one. Structure-oriented modeling of hierarchical systems, which, in particular, are
composite materials, can be carried out on the basis of regression statistical modeling, which takes
into account the possibility of implementing the previous structural level at the next one, and, in
particular, the molecular level at the microscopic or mesoscopic level. A form of experimental-
statistical models, which includes descriptors of several structural levels was proposed. A simplified
approach, which takes into account the regularities of two levels: molecular and subsequent (micro-
and mesoscopic) was considered. Examples and algorithms for constructing a representative graph
for cross-linked and branched polymers, as well as silicate materials, were considered. It is shown
that the representing graph of cross-linked polymers is infinite stochastic. An experimental
procedure for constructing a discrete model based on microphotographs of a hardening binder was
considered and implemented. For a quantitative description of this graph, an incremental scheme
was used, as well as topological indices obtained as a result of the transformation of topological
indices of graphs of low molecular weight compounds. For the purpose of transformation, there is a
transition to probabilistic characteristics — shares and average (normalized) values. The transformed
topological indices are supposed to be applied in the statistical model of the composite material.

Keywords: discrete models of composites, hierarchical organization, crystallization structure,
topological indices.

Introduction. In modern materials science, there are several approaches to the problem of
obtaining materials with the required properties. A necessary stage of each of them is the study and
modeling of the "recipe-technology-properties” relationship. The modeling method traditionally used
in building materials science relies on a direct approach, in which the physical or direct performance
characteristics of composite materials are compared with recipe-technological factors. With the help of
a set of mathematical statistics algorithms, and, in particular, nonlinear regression, performance
characteristics are compared with recipe-technological factors. This approach is the main scheme of
experimental-statistical (ES) modeling in materials science [1] (Fig. 1).

In this article, the considered scheme was phenomenological, it is characterized by a number of
advantages, but has some disadvantages. During the study, in accordance with the above scheme, a
sufficient level of correlation of operational properties with recipe-technological factors was found, so
there was no need to use time-consuming and technically sophisticated methods for studying the
structure and properties of the material. At the same time, different-scale structural characteristics of the
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material partially or completely fall out of the scheme, and there is a difficulty in bringing the models to
each other (“to the canonical form™), their classification. In addition, for the traditional method it is
impossible to directly track cause and effect relationships in the "composition-technology-properties
chain. The main reason for the given shortcomings is the incompleteness of the given chain. The
complete chain of modeling, which allows to investigate cause-and-effect relationships, looks like this:
""composition-technology-structure-properties”. The modeling procedure based on the full sequence is
characterized as structure-oriented modeling [2]. It necessarily includes multi-scale structures of
composite materials as the main "carrier" of cause-and-effect relationships in the above sequence.
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Fig. 1. The main directions of modeling methods in materials science:
a — traditional approach; b — structure-oriented research; ¢ — the structurally invariant method;
1 — low level of correlation; 2 — high level of correlation; 3 — determination of the invariant
characteristics of the structure (structure invariants); 4 — determination of invariant characteristics of
a set of properties from experimental data (obtaining property invariants); 5 — ambiguous mappings

One of the difficulties of structure-based modeling is the need to somehow numerically identify
the structure of the material. In addition, visual analysis, which is often used in the description of
microphotographs, does not allow one to objectively distinguish some structures from the background
of others. Thus, it is necessary to switch to the use of invariant characteristics of the structure, which
may be similar for visually different structures or structural invariants, and to structurally invariant
modeling methods. Part of the structural characteristics of the material at different scale levels can be
described typologically. For this purpose, in the considered structure, the first category of elements of a
similar nature (composition, size, geometry, etc.) and those elements that can be compared to the
connections between them (the second category) were distinguished. Such a process can be
implemented in many ways, some of which are discussed below. The first elements are assigned to the
vertices, and the second — to the edges of the graph [3]. Thus, for modeling, the considered material is
replaced by a graph or network as a mathematical model. In contrast, for example, to chemical graphs,
the material graph is an infinite stochastic one, with some invariant properties that can be described
numerically. It should be noted that when moving to graph models, the geometric aspect of the system is
partially or completely neglected, since the graph is a topological object, that is, for the corresponding
description, it is important, for example, not the length of the connection, but its presence. However, the
transition to graph models reflects an important aspect of material structure that is relatively easy to
quantify. For this, topological indices can be used, which are widely used in theoretical chemistry when
solving the QSPR problem (Quantitative Structure-Property Relationship) [4]. Options for reflecting the
structure of the material by graph models and methods for adapting existing topological indices to
application in the case of obtained infinite stochastic graphs are reflected in this article.

Analysis of recent research. Discrete models of the hierarchical structure of complex systems
are quite common [5]. The range of coverage of modeling using graphs is extremely large: sociology
[6], biology [7], chemistry [8, 9], electronics and electrical engineering [10], etc. The reference in this
work is the use of graph theory in chemistry. There are several areas of application of graphs in
chemistry, one of them is related to the topological description of relatively small molecules of a
certain structure [11]. To date, topological indices are widely used for predicting the biological activity
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and other properties of such molecules [12], for virtual screening of chemical compounds in order to
obtain formulas of compounds with a high level of activity and other properties. The procedures for
calculating topological indices for small molecules are integrated into modern software systems [13].
Topological indices or, in general terms, molecular descriptors of polymer molecules have been
periodically developed [14], but sufficient systematicity has not been achieved. Meanwhile, many
topological indices for low molecular weight compounds can be easily transformed and applied in a
new form to graphs representing the structure of polymers [15], as well as to graphs of meso-, macro-,
and microstructures. The present work is devoted to the construction of discrete models of composite
materials and the development of indices describing such structures.

Targets and goals. The main goal of the study is to develop methods for quantitative description
of the multilevel structure of composite materials using graph-theoretic models and topological indices.
Relevant tasks: analysis of the features of experimental-statistical modeling of the hierarchical
structural organization of materials using structural descriptors, construction of graph-theoretic models
of the structural organization of composites at the molecular and mesoscopic levels, development of a
technique for obtaining discrete models of the emerging structure of a material based on the results of
microscopic examination, as well as development of a scheme transformation of existing topological
indices to describe stochastic infinite graphs representing a discrete material model both at the
molecular and mesoscopic levels of organization.

Objects and methods of research. The object of the study was microscopic preparations of
hardening gypsum binder dough as models of composite compositions, during hardening of which
crystallization processes predominate.

A gypsum binder (gypsum G-5-B-1l (DSTU B V. 2.7-82:2010) produced by Ivano-
Frankivskcement) was used for microscopic study of the hardening processes. The water-gypsum ratio
was taken equal to 1 (taking into account the observation under the conditions of a microscopic
specimen). The drug was the original binder, brought into contact with the aqueous phase, placed on a
glass slide. Observation and taking pictures were carried out on a setup based on a MIN-8 microscope
with a total magnification of 70 times. The observation was carried out for 80 minutes, the images
were recorded with a period of 3 minutes, after 60 minutes — with a period of 10 minutes. In a series of
images, those were identified that reflect the main features of the hardening process. Two of them were
used to build discrete grip models.

Research results. Structure-oriented modeling of composite materials is impossible without
taking into account its hierarchical structure, from the atomic-molecular level to the microscopic (10°-
10 mm), further — to mesoscopic (10°-1 mm) and macroscopic (10-10°> mm) (Fig. 2). Moreover, the
properties are affected by all structural levels that can be changed under operational conditions [16]. In
a conditional state of rest, the interaction between the levels weakens in favor of the intralevel ones,
and under operating conditions, the interlevel interaction increases. The key point of interlevel
interaction is the intermediate mesoscopic level.

The presence of several large-scale levels of material organization creates prerequisites for the
use of certain forms of ES-modeling. Structure-oriented ES-modeling should be based on a set of
quantitative characteristics of the material structure — structural descriptors of several hierarchical
levels (1):

(Xl,XZ,...,X‘,...,X")E((xll,xé,...,xlml)...,(xli,xiz,...,xr‘ni ),...(x{‘,x;‘,...,x;n)), 1)
where i=1,...,n,i — hierarchical level number. One of the forms of ES-models that have an advantage

for hierarchical systems with two adjacent structural levels of organization (simplifying assumption) is
a quadratic polynomial in various products of structural descriptors of these two levels (2):

Y(X) =l + 2. X%+ D by XXX )
i i ko
Arbitrary physical and operational characteristics of the composite, such as strength,

adhesion, thermal conductivity, and vapor permeability, can serve as responses Y (X) in such

modeling. Form (2) meaningfully reflects the implementation of the primary structural level X' in
the structures of the secondary X ?.
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Fig. 2. Simplified diagram of the hierarchical structural organization of a building composite material

The molecular level can be considered as the primary structural level, and the micro- and
mesoscopic levels can be considered as the secondary one.

The topological description of the structure of different scale levels can be based on different
content, the vertices and edges of the graph can correspond to different objects.

At the primary structural level, graphs of organic and inorganic polymers, especially cross-linked
and highly branched ones, are of most interest for materials science (Fig. 3). In them, the vertices
correspond to repeating fragments of high molecular weight, for phenol-formaldehyde resin [17] they
correspond to phenyl fragments connected to each other by repeating low-molecular fragments that
play the role of bridges, in the case under consideration, to methylene fragments. In copolymers and
composites, the vertices can belong to different classes.

Fig. 3. Phenol-formaldehyde resin (bakelite) molecule fragment and its representation using graph
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The oxygen bridge acts as a structural equivalent of a graph edge, which is typical for both
organic and inorganic polymers, for example, silicates and aluminosilicates (Fig. 4). On figure 4,
the oxygen bridging atom corresponds to an edge of the representing graph, silicon-oxygen
tetrahedra (aluminate octahedrons and similar structures) correspond to the vertices of the graph.
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Flg. 4. Basic pr|n0|ples of discrete modeling of silicate structures:
a — replacement of the oxygen bridging atom by a graph edge; b — stochastic organization of silicate
structures (glass); ¢ — a chain of linked silicon-oxygen tetrahedra in a pyroxene chain; d — the graph
representing this chain

Examples of interpreting the structures of fragments of macromolecular compounds using
graph theory show the relative simplicity and ease of transition to graphs. An important problem in
materials science is the correct application of such a transition scheme for other, larger-scale
structural levels of material organization. Here, as in the first case, many transition schemes can be
implemented that differ in meaningful interpretation. The development of examples of such an
interpretation, especially in connection with experimental data, is of significant interest.

One of the discrete material models for structural levels is quite obvious. Let it be a matter of
composite materials with coarse filler, the particles of which are suspended in the matrix material.
The vertices of the representing graph can be associated with coarse filler particles, and the edges
with transitions through two interfaces (particle 1 — matrix material — particle 2). Moreover, the
transitions can be realized only along the segments connecting the centers of mass of the filler
particles. An example of transition to a discrete model is shown in Fig. 5. It should be noted that
discrete models of the porous structure of materials can be built in a similar way.

One of the discrete models of structural organization can be built on the basis of experimental
data from a microscopic study of the hardening processes of gypsum and cement binders. In the
process of hardening, the binder particles undergo physical and chemical transformation, in the
initial period affecting its surface layers, as a result of which fine-crystalline neoplasms are formed
on their surface. At the moments of completion of the setting between the particles (more precisely,
between their central parts, nuclei), a network of contacts is formed, evolving from coagulation to
phase [18]. Thus, the formed crystallization structure has the features of a discrete system, the
characteristics of which change during the setting period. The vertices of the graph in it correspond
to the centroids of the cores of the binder particles, corresponding to the maximum intensity of the
planar model system (Fig. 6). The connecting particles of neoplasms correspond to the edges of the
representing graph. It should be noted that some particles undergo complete dissolution and the
number of vertices of the corresponding graph changes, as well as the number of edges.
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Fig. 5. Discrete models of the macrostructure of a composite material:
1 — matrix material; 2 — particles of small fillers and additives; 3 — coarse filler particles

In the structure of a hardening cement stone, the vertices can be compared to unreacted
cement grains surrounded by layers of a silicate structure, and to the edges — large crystals of the
aluminate phase.

The most characteristic features of discrete graph models of the first, molecular and second,
mesoscopic (microscopic) levels is the fact that they are infinite stochastic, reflecting the
probabilistic-statistical organization of the material structure at the considered scale levels. The
analysis of such graphs should be built taking into account the fact that the structural descriptors of
the levels under consideration are given in a probabilistic way, using distribution functions and their
characteristics — moments and cumulants.

10 MKxM

Fig. 6. Discrete models of processes of structure formation of a model system. The given numbers
of images correspond to the following periods from shuttering:
10 — 30 min; 15 — 45min

The simplest and closest to the experimental results is the model of structurally additive
properties at different scale levels. Thus, an incremental scheme is used to build a statistical model
of a polymer. For its implementation, the number of vertices, the number of bonds of various types
and other simple fragments are taken into account, each of which is characterized by a certain
contribution to the property. The incremental contribution makes it possible to calculate the
molecular refraction, the enthalpy of formation, and other similar characteristics (Fig. 7). The
number of vertices can be determined from the recipe, the number of bonds and other various types
allow you to determine the chemical and physico-chemical methods of analysis. In practical
applications, not the number of vertices and bonds is used, but the mole fractions of monomers in
the mixture and the fraction of diatomic fragments in the polymer.
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The incremental scheme, with appropriate modifications, turns out to be useful for determining a
number of characteristics of polymer-based composites. These include, for example, thermal
conductivity, heat capacity, and vapor permeability [19]. However, the main performance properties of
composite materials, such as strength and adhesion characteristics, are not structurally additive. To
model and predict structurally additive and structurally nonadditive properties, other structural
descriptors, the so-called topological (topochemical) indices [11], used in theoretical chemistry when
solving the QSPR (Quantitative Structure-Property Relationship) problem, can be used.

:@
Je
‘@

—) 0

Fig. 7. Determination of properties according to the incremental scheme. The values on the right
indicate the numbers of the respective fragments and the factors of the respective contributions

Topological indices are determined for chemical graphs — discrete models of molecules with a
relatively small number of atoms and low molecular weight. The corresponding graphs are finite
deterministic. The initial information is matrices of several types representing the corresponding
graphs. Let us consider examples of such matrices. The graph shown in Fig. 3 G(V,E), where V is
the set of vertices and E is the set of edges of the graph G, the adjacency matrix A (3) corresponds,
the unit element corresponds to the presence of the graph edge and connection in the modeled
structure, 0 to its absence. Such a matrix and the distance matrix D, whose elements are equal to the
length of the shortest path connecting any two vertices, are the main source of information for
constructing topological indices — structural invariants of the system being modeled.
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Of interest is the problem of transforming these and other topological indices for application
to random infinite graphs representing the (network) structure of organic or inorganic polymers.
The same transformed indices can also be used to display the structure of some intermediate level —
Macroscopic or mesoscopic.

The method of calculating information indices based on information theory and, in particular,
on the Shannon entropy formula [20] (4) is transferred to the graphs of the considered types most
simply (with the least changes):

n
H=-3 p;log, p; . (4)
i=1
Based on (4), the information content of the graph ICy is calculated (5):
IC, =2 p;log, p;, (5)
i=1

ere p, =— — the probability that the selected fragment (vertex, edge) corresponds to the i-th set,
here p, =L _ the probability that the selected fragment (vertex, edge) ds to the i-th
n

taking into account the k-th environment (neighboring fragments up to the k-th order). In this case, the
vertex under consideration is taken alternately without environment (k=0), with its first environment
(immediate neighbors, IC1 k=1), second environment (IC2), and so on. The proportion of vertices of
each of the i-th class p, is determined. The considered approach can be significantly extended and, in
particular, applied to both polymer graphs and structural graphs. With this approach, statistical
information about nodes and their environment in the case of polymers can be obtained, for example,
as a result of physicochemical studies, for material microstructures — using microscopic methods.

Along with the information content IC, they can calculate the derived quantities — SIC, (structural
information content) and the binding information content BIC,, which characterizes the relation
IC, to it’s maximum value IC, . =log, n, where n —the number of graph vertices, a similar ratio is
for the number of edges m (6):

SIC, = (6)
log, n
BIC, = IC, , (7)
log, m
Similarly, complementary information content is defined CIC, as deviation IC, from IC, .. (8):
CIC, =log,n-1IC, . (8)

If information-theoretic indices, including those given here, actually do not need adaptation
when passing to stochastic infinite graphs, then in other cases such adaptation (to varying degrees)
IS necessary.

A slight transformation is required for the procedure for calculating the index by Narukami
and Katayama [21], which is equal to the product of the degrees of the vertices of the corresponding
graphs (9):

p@G)=]]d- (9)
k=1
In another notation, this index has the form (10):
P (G)=1"2"3%...i", (10)

where n, — number of vertices of degree i.
When using infinite stochastic graphs n, for research, it is necessary to use not the number of

. . N. . . .
vertices, but their share from 1: n, =WI’ where N — is the total number of vertices, N;— is the

number of vertices of degree i.
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To transform a series of topological indices, it is necessary to introduce a valuation that
allows one to pass to values that obey the limit theorems of probability theory, while such indices
go over to converge to constant values when passing to infinite graphs.

Thus, the Plat topological index [22] is equal to the sum of the degrees of each edge of the
molecular graph (i.e., the number of edges associated with the vertex under consideration), and

accounting can be carried out not only for the first neighbors F*, but also for subsequent ones, up to
the k-order (11):

= idegk (). (11)

During passing to stochastic infinite graphs, it is necessary to introduce a normalization on the
number of edges and pass to the average degree of edges m (12):

F o :%idegk(ei). (12)

The properties of probabilistic graphs are described by the distribution function of structural
descriptors or by a set of its characterizing values — moments and cumulants. The values of the
classical Plath index can be considered as a mathematical expectation; for this and other indices,
higher moments can be defined, for example, variances (13):

S(F,) == 3 (deg*(e)-F,)" (13)

i=1
Another topological index, the Wiener polarity number, is equal to the number of pairs of
atoms in the graph separated by three bonds along the shortest path (14):

P :%Zf(dij), (14)
ivj
where d;; — elements of the distance matrix, the function f is given as (15):
1 g=3
f(9)= { (15)
g+ 3

During passing to infinite graphs, it is necessary to normalize to the number of pairs of

vertices %n(n —1). The modified Wiener polarity number [8] looks like (14):

= (n 2 PRICHE (16)

The developed methods for modifying topological indices for infinite stochastic graphs are
largely universal and applicable to many other topological indices. It should be noted that a similar
conclusion can be drawn for other molecular descriptors that take into account not only the topological,
but also the geometric structure of both the molecular graphs of polymers and the macrostructure of
composite materials. In the latter case, rich information about the topological structure of the meso
(macro-) level can be obtained from the study of microscopic preparations. Such a study can be carried
out, for example, in the manner shown here in the processing of microphotos.

The above and many other topological indices, adequately transformed for random infinite
graphs, can be used for experimental and statistical modeling of composite materials under
operational conditions.

Conclusions. The work shows that structure-oriented modeling of hierarchical systems,
which, in particular, are composite materials, can be carried out on the basis of regression statistical
modeling (a variant of experimental statistical modeling), which takes into account the possibility of
implementing the previous structural level at the next one, and, in in particular, molecular at the
microscopic or mesoscopic level.

Methods for discrete (graph-theoretic) modeling of the structural organization of composite
materials at several structural levels, including the molecular one, are considered.
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A method for restoring representing graphs for hardening binders is proposed.

The vertices are associated with the binder particles, and the edges of the graph are associated
with the system of crystallization contacts. An example of an experimental study of a model system
of a hardening composite with subsequent restoration of the representing graph is given.

For the numerical description of infinite stochastic graphs obtained for polymer composite
materials and composite mesostructure graphs, a scheme is proposed for transforming the
topological indices of small graphs (representing a compound molecule in chemical applications)
into the required ones. One of the approaches to such a transformation is the transition to
normalized values.

The obtained indices, along with the incremental scheme, are proposed to be used to model
the properties of composites under operating conditions.

Reference

[1] V.A. Voznesenskiy, V.N. Vyrovoy, V.Y. Kersh, Sovremennyye metody optimizatsii
kompozitsionnykh materialov. Kiyev: Budivel'nik, 1991.

[2] V.Y. Kersh, AYV. Kolesnikov, S.A. Tverdokhleb, "Strukturno-funktsional'noye
modelirovaniye stroitel'nogo energoeffektivnogo kompozitsionnogo materiala™, Problemy
sovremennogo betona i zhelezobetona, vol. 9, pp. 232-249, 2017.

[3] A.A. Zykov, Osnovy teorii grafov. Moskva: Vuzovskaya kniga, 2004.

[4] KH. D. Khel't'ye, V. Zippl', D. Ron'yan, G. Fol'kers, Molekulyarnoye modelirovaniye.
Teoriya i praktika, Moskva: BINOM, Laboratoriya znaniy, 2015.

[5] F.S. Roberts, Diskretnyye matematicheskiye modeli s prilozheniyami k sotsial'nym,
biologicheskim. Moskva: Nauka, 1986.

[6] M. Kilduff, W. Tsai, Social networks and organisations. Sage Publications, 2003.

[7] A. Wagner, D. Fell, "The small world inside large metabolic networks", Proceedings of
the Royal Society, vol. 268, pp. 1803-1810, 2001. https://doi.org/10.1098/rspb.2001.1711

[8] R. King, Khimicheskiye prilozheniya topologii i teorii grafov. Moskva: Mir, 1987.

[9] N.S. Zefirov, S.1. Kuchanov, Primeneniye teorii grafov v khimii. Novosibirsk: Nauka, 1988.

[10] L.O. Chua, Pen Men-Lin, Mashinnyy analiz elekt ronnykh skhem (algoritmy i
vychislitel'nyye metody). Moskva: Energiya, 1980.

[11] S. V. Kurbatova, Ye. A. Kolosova, Ye. Ye. Finkel'shteyn, Topologicheskiye indeksy v
khimicheskikh raschetakh : uchebnoye posobiye. Samara: Samarskiy universitet, 2014.

[12] E. St'yuper, U. Bryugger, P. Dzhurs, Mashinnyy analiz svyazi khimicheskoy struktury i
biologicheskoy aktivnosti. Moskva: Mir, 1982.

[13] http://accelrys.com/products/collaborative-science/biovia-materials-studio.

[14] P.V. Solov'yev, "O vzaimosvyazi fiziko-khimicheskikh aspektov struktury i svoystv
polimerov. Problemy poligrafii i izdatel'skogo dela”, lzvestiya vysshikh uchebnykh
zavedeniy, vol. 1, pp. 67-76, 2011.

[15] A.A. Khvostov, S.G. Tikhomirov, I.A. Khaustov, A.A. Zhuravlev, A.V. Karmanov,
"Matrichno-grafovaya model' protsessa destruktsii polimernykh materialov”, Vestnik
VGUIT, vol. 3. pp. 50-55. 2018.

[16] V.I. Solomatov, V.N. Vyrovoy, A.N. Bobryshev, Polistrukturnaya teoriya
kompozitsionnykh materialov. Tashkent: FAN, 1991.

[17] Y.G. Doronin, M.M. Svitkina, S.N. Miroshnichenko, Sinteticheskiye smoly v
derevoobrabotke. Spravochnik. Moskva: Lesnaya promyshlennost’, 1979.

[18] V.B. Ratinov, F.M. lvanov, Khimiya v stroitel'stve. Moskva: Stroyizdat, 1977.

[19] A.A. Askadskii, Computational Materials Science of Polymers. Cambridge International
Science Publishing. 2001.

[20] M.I. Stankevich, LV. Stankevich, N.S. Zefirov, "Topologicheskiye indeksy v
organicheskoy khimii", Uspekhi khimii, vol. 3, pp. 337-366, 1988.

Bulletin of Odessa State Academy of Civil Engineering and Architecture, 2022, no. 87, page 65-75


https://doi.org/10.1098/rspb.2001.1711
http://accelrys.com/products/collaborative-science/biovia-materials-studio

BUILDING MATERIALS AND TECHNIQUES

[21] H. Narumi, M. Katayama, "Simple topological index. A newly devised index
characterizing the topological nature of structural isomers of saturated hedrocarbons”,
Mem. Fac. Eng. Hokkaido Univ., vol. 16, no. 3(72), pp. 209-214, 1984.

[22] J.R. Platt, "Prediction of isomeric differences in paraffin properties”, Phys. Chem, vol.
56, no. 3, pp. 328-336, 1952.

TOMOJIOTTYHI XAPAKTEPUCTHUKHU CTPYKTYPU KOMIIO3UIIMHNUX
MATEPIAJIIB

'Konecnuxos A.B., X.T.H., IOIICHT,
kolesnikovandrey2791@gmail.com, ORCID: 0000-0001-8737-0933
lCemenona C.B., X.T.H., JIOIICHT,
semenovablacksea@gmail.com, ORCID: 0000-0002-5309-5854
LOniiinuk T.IIL., X.T.H., IOIIEHT,

tanoley@ukr.net, ORCID: 0000-0002-4469-6797

Kupnienxo I'.A., acucteHr,

galahimia@gmail.com, ORCID: 0000-0001-9377-1530
'MaxkoBennka 0.0., acucreHT,

moon.makelen@gmail.com, ORCID: 0000-0002-3135-4333
Y0oecvra deporcasna axademisn Gydienuymesa ma apximexkmypu
4, Byn. inpixcona, Omeca, 65029, Vkpaina

AHOTalig. Y cTaTrTi pO3rNITHYTO METOAM MOJICIIOBAaHHS KOMIIO3WIIHHMX MaTrepialiB 3a
J0TIOMOT010 Teopii rpadiB. 3 I[i€I0 METOI aHAMI3yeTbCS METOJ CTPYKTYpHO-OPIEHTOBAHOTO Ta
CTPYKTYPHO-IHBapiaHTHOTO MOJICJIIOBAHHS KOMIIO3HMILIHHMX MarepiaiiB. 3a OCHOBY TaKOTO
MOJICJIFOBAHHS Tepe0ayaeThCsl BUKOPUCTAHHS CTPYKTYPHUX JAECKPUOTOPIB — BEJIWYMH, LIO
ONUCYIOTh CTPYKTYpy Marepially Ha pIi3HMX MacmTaOHUX pIiBHAX, y TOMY 4YHCIi 1 Ha
MOJIEKYJISIpHOMY. CTpYKTypHO-OpIEHTOBaHE MOJIENIOBAHHS 1€PApXIYHUX CHUCTEM, SKHUMU €
KOMIIO3UIIIAHI ~Marepiadd, MOXe MPOBOJUTHCS HA OCHOBI PErpeciiHOro CTaTUCTHUYHOTO
MO/ICJIIOBAHHS, B IKOMY BPaXOBY€ThHCSI MOKIJIMBICTh pealli3alii NoNepeaHbOro CTPYKTYPHOI'O PiBHS
Ha HACTyMHOMY, 1, 30KpeMa, MOJEKYJISPHOTO Ha MIKPOCKOMIYHOMY a00 ME30CKOIMYHOMY.
ITponionyeThCcst opMa €KCIEPUMEHTAIbHO-CTATUCTUYHUX MOJEJEH, 10 BKIOYA€E JECKPUNTOPU
KUIBKOX CTPYKTYpPHUX PpiBHIB. Po3rnsijgaerbcss CHOpOIIEHMH MiAXid, y SKOMY BpaxOBYHOThCS
3aKOHOMIPHOCTI JIBOX pIBHIB: MOJIEKYJISIPHOIO 1 HAcCTYHHOro (MIKpO- 1 MeE30CKOIIYHOIO).
Po3rnsmaroTeess MpUKIAgU Ta aNTOPUTMH CKIIQJaHHS TPEACTABIAIOUOro Tpada Uil 3MIMTHX Ta
po3rajy’keHUX MOoJiMepiB Ta CHUJIIKaTHUX MarepiaiiB. [lokazano, mo rpad, skuil mpeacTaBise
3MIUTI MOJTIMEPH — HECKIHUEHHUHN CTOXaCTUYHUHN. PO3IsimaeTbes 1 peatizyeThes eKClepuMeHTaIbHA
nporenypa noOyJoBH TUCKpPEeTHOI Mozeni mo MikpodortorpadisM TBepitoyoro B'sxkydoro. s
KUIBKICHOTO ONHUCY LBOTO TIpada 3aCTOCOBYEThCS 1HKPEMEHTHA CXeMa, 1 HaBiThb TOIOJIOT1UHI
iHAEeKCH, 10 OTpUMaHi  BHACHIJOK TpaHcopmalii  TOMOJOTIYHUX  1HAEKCIB  rpadiB
HU3bKOMOJIEKYJSIPHUX CHOJYK. 3 METOK TpaHcopmallii BiIOYBaeThCA MEpexia 10 IMOBIPHICHUX
XapaKTepUCTUK — YacTOK Ta CepelHiX (HOPMOBaHUX) 3HaueHb. TpaHc(opMOBaHiI TOIMOJOTIUHI
1HAEKCH nepeadayaeTbes 3aCTOCYBATH O CTATUCTUYHOI MO/ KOMIIO3HIIIHOTO MaTepiaiy.

Kiro4oBi cjioBa: 1ucKpeTHI MOAEi KOMIIO3UTIB, i€papxiyHa oprasisallis, KpucTaji3aliiiHa
CTPYKTYpa, TONOJIOT1YH1 1HIEKCH.
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