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The task of comparing the capabilities of computing systems with each other and forming various ratings
has many possible goals. Here, there is the identification of trends, the promotion of proven general-purpose
architectures, and the demonstration of superiority in a certain class of tasks, etc. It is, of course, not enough to
describe the achieved performance for all these purposes, various rankings and comparisons use different levels of
abstraction and generalization up to that level, which would allow to associate the identified performance indicators
with certain features of the system. In practice, descriptions of the architectural peculiarities of systems in ratings
are rather scarce, and the authors of the work solve the problem of development a formal description of computer
systems of a relatively high level, which, at the same time, would allow to increase the required level of detail,
corresponding to the goals of applied research. Such a hierarchical system description model has been proposed
and tested on well-known systems from the Top50 and Top500 lists.

Keywords: model of a supercomputer system, description of the architecture of supercomputer systems,
comparison of performance of computing systems, performance ratings.
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Introduction

The problem of a detailed description of the architectures of computing systems for their
comparative analysis is sufficiently manifested when considering the current ratings of computing
systems. Indeed, the desire and need to highlight significant characteristics that affect achievable
performance are understandable, but, the key obstacles to the high detail of such descriptions
are: firstly, the available information about systems is largely limited, and for advanced systems
there is know-how and trade secrets, and, secondly, the real goals of the ratings, which are, to a
greater extent, in a competitive way than in a research one. The logical result is that the data
on the configuration of top supercomputer systems, presented in the world ratings, are limited
to a description of an administrative and marketing nature and the most basic description of the
configuration [1], in fact, consisting in a description of the scale of systems and the generations
of components used. The Russian Top50 rating demonstrates a significantly larger backlog, but
in its form it is not suitable for comparing two different architectures, but only allows you to get
more rating slices on the results of using certain components on the HPL.

A common weakness of the existing ratings is a narrow focus on ranking according to a
certain criterion. Importantly, within the framework of the problem being solved, it is also
necessary to take into account the principles of co-design, according to which the choice of a
software and hardware platform is carried out based on the characteristics of the problem being
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solved, and vice versa, for a certain configuration, recommendations can be made on what kind
of applications can potentially work on it with higher efficiency. From here, a fundamentally
important conclusion is made — the developed methods of comparative analysis should be able
to operate with various benchmarking results and should be described in a way for joint and
complex analysis, this is their fundamental difference from traditional ratings with ranking by a
fixed parameter.

In the Sectionwe give a brief overview of the state o f the art. Sectionintroduces the
new method of system description and model. Sectionprovides details on the approbation of
the proposed approach on well-known systems from Top50 and Top500 lists. In the final section

we summarize the paper.

1. Related work

World ratings are characterized by the fact that, on the one hand, they actually allow
to see trends in the HPC systems market, on the other hand, in view of the large number
of participants and applicants, rating compilers often deliberately limit the details in the
participant’s application so as not to scare participants away, and on the other hand, to cope
with the flow of heterogeneous information.

Regional ratings allow much more ordinary systems to get into the area of attention. In view
of the relatively low rate of renewal, it is necessary to speak about global trends based on regional
ratings with caution, but, at the same time, such ratings reflect the distribution of computing
resources in the region by industry.

One possible way to look at supercomputer ratings is with regard to their specialization.
There is no rating that accurately reflects the capabilities of systems in relation to solving specific
applied problems. Therefore, in order to determine the properties of systems that are important
and outline characteristic of systems that perform best on the class of problems of interest,
one should, first of all, evaluate the systems participating in the ratings according to the closest
benchmarks. In particular, regarding I/O — 10500, regarding working with memory — Graph500,
regarding machine learning — MLPerf. Regarding the descriptive part of the architectures, only
basic information about the system and its components is available in the Top500 rating. This
is enough to build sections and analyze trends in the use of certain technologies, however, the
lack of information about the structure of the system, the structure of its nodes and memory
subsystems makes it impossible to use it to compare systems. A formal description of the model
is not available in the literature. So, we evaluate its capabilities and parameters based on the
results of discussions with Top500 authors at supercomputer conferences of previous years.

In the Top50 rating, the situation is significantly different: the concepts of nodes are
highlighted, their basic characteristics are identified by processor models, the categories of
networks and their topologies are highlighted. So, there is a good foundation for analyzing
architectures. The model is described in detail in [1]. However, the model used has a number of
significant drawbacks — a weak description of the memory hierarchy, no description of intranodal
connections, etc.

The description model, that is being developed within the Algo500 project [2][3], should
also be mentioned. At the moment, the project uses a hierarchical description model based
on XML [4], while it is designed in such a way that it allows to get by with a minimum of
descriptions of components and their properties, and does not involve the introduction of new
nested entities (for example, to describe a computational group or an interconnect between
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GPU). Unfortunately, in our opinion, this significantly limits the prospects for the development
and application of such a model, as well as its processing in the event of a significant increase
in the number of attributes and the described systems. The questions of system modelling are
also touched upon in many adjacent areas like simulation of Database Systems and others,
but they target different of the project aims. Some other models are discussed in [6], which more
correspond to the models of computing. Thus, regarding the research goals, the model used in
the Top50 rating seems to be the most developed of the existing ones, however, it is not suitable
for solving the problem of comparing architectures.

2. Proposed method

To describe the configuration of computing systems, it is proposed to use a hierarchical graph
shown (Fig. . Green shades of vertices correspond to compute items on various layers. Shades
of grey depict various levels of interconnects and networks, blues are for accelerators, including

GPUs, yellow stands for RAM, and orange is for the local on-node storage.

Tierl — |

L K

Compute node

HPC system |

Interconnect

Tier2 —

1+ vertex

Tier 2a —
Tier3

Tier3a —

Tier4d

Tier4a —

Tier5 |-

groups inside nodes groups of homogeneous nodes

components

1+ vertex
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Compute group
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GPU-GPU
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Further detail, such as a description of GPU groups and details of the internal architecture of accelerators

Fig. 1. Graph tiered hierarchical model for describing supercomputers

HPC system

Computeinterconnect 1,2
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Compute node group
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Computeinterconnect 1

Compute node group
type 2

Computeinterconnect 2

Transportinterconnect 1

Transportinterconnect 1

Fig. 2. Inheritance of properties from groups of computing nodes to the system as a whole
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Such graphs are called models because they are modelling the general features of acrhitecture.
Of course, we should not consider this as a model of the system itself. The model of architecture
consists of objects located at the vertices of the graph, connected by links — edges. Each object
and relationship has attributes. The vertices are divided into the tiers. The examples of attributes
for different vertex objects are given in Tab.

e Tier 1. The level of the computing system is the root vertex of the graph, which describes
the system itself and its characteristics as a whole.

e Tier 2. The level of description of groups of nodes. Fach vertex corresponds to a group of
nodes of the same configuration. The edge parameter I corresponds to the number of nodes
of the type it belongs to.

e Tier 2a. The level of description of inter-node connections at the level of groups of nodes
and, transitively, above (Fig.:

— computer network (for MPI transfers, etc.);

Table 1. Preliminary attributes of vertex objects for the objects of top tiers and interconnect

Tier 1. System description

— Name

— Place of installation

— Date of described configuration

— Date when the configuration is expired

— Peak performance (FP64, FP32, FP16, ...)
— Achieved performance (FP64, FP32, FP16,
— Power consumption

— Resource manager and version

— Links to other system descriptions

— Link to previous configuration

...) on the relevant tests/criteria

Tier 2. Node type description

Tier 2a. Inter-node interconnect

— Manufacturer of the base server

— Base server model

— Communication network

— Transport network

— Service network

— Intergroup interconnect

— Operating system (family, type, kernel, ...)

— File system (family, version)

— Name

— Family

— Bandwidth

— Latency

— Topology

— Carrier (copper, fiber)

— Number of interfaces per node

Tier 3. Compute group configuration

Tier 3a&4a. Intra-node interconnect

— CPU model and number

— GPU model and number

- RAM

— Local storage

— Memory access model (SMP/NUMA)

— Interconnects:
CPU-CPU, CPU-GPU, GPU-GPU,
CPU-NIC, CPU-IO, GPU-I/O, GPU-NIC

— Name

— Version

— Bandwidth

— Latency

— Topology

— Number of interfaces per unit

— Developer of the standard
— Type
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— transport (network file system);
— service network (image management, monitoring, etc.);
— internodal connection between accelerators.

e Tier 3. The level of the computing group. Each vertex corresponds to a computational
group of a certain type. Computing group refers to the central processor and controlled or
accelerators, directly addressable memory, local storage on the node. The arc parameter J
corresponds to the number of computational groups on the node that it connects.

e Tier 3a. The intra-node communication level on the node. For example, QPI/Infinity/X-
BUS for two or more CPUs per node, or NVLink/Infinity for GPU-to-GPU communication.

e Tier 4. The level of description of the computational group components. At the moment,
the central processor, graphics accelerator, other type of accelerator, RAM, local storage
(top) are allocated.

e Tier 4a. Level of description of intra-group relations:

— communication between the central processor and the graphic accelerator;
— communication between graphics accelerators;

— communication between the CPU/GPU and network adapters;

— communication between the CPU/GPU and local storage.

Tier 5. Provided for a more detailed description of the components. For example, a graphics
accelerator chip or a memory hierarchy on an accelerator can be described separately.

It is supposed that the level of detail is such as is required for the analysis of the model, that
is, in principle, it is allowed to use an incompletely described model. For example, if there is no
information about intra-site connections, their description can be omitted, while the description
of the system will remain correct, but with a lower level of detail.

The storage of performance data is intended to be in a format such that:

e saving a lot of measurement results for each configuration;

e selection of subsets of the system components that were involved in performance

measurements;

e construction of various ratings, slices according to customizable criteria.

3. Experimental evaluation

We have tested the model on 20 leading systems from the top of Topb50 and Top500 lists,

with 10 from each. Let us consider several of these well-known systems in terms of the model.

3.1. Frontier, Oak Ridge National Laboratory, USA

Frontier is the most productive system in the world according to Top500 edition No. 59
dated 06.2022. The system is based on HPE Cray EX235a, and consists of 9,408 nodes (Fig..

Each node (Fig. contains one 64-core AMD “3rd generation optimized” processor, 4 AMD
MI250X graphics accelerators and 512Gb of DDR4 memory. Logically, the cores are divided into
4 NUMA groups, each of which works with a separate accelerator, consisting of two integrated
GPUs. Each node has two local NVMe SSDs of 1.92Th each.

The nodes are interconnected by a proprietary Slingshot-11 interconnect, 4 interfaces per
node. CPU-GPU and GPU-GPU are interconnected by AMD Infinity Fabric.

3.2. Summit, Oak Ridge National Laboratory, USA

The Summit system ranks fourth in the Top500 list of edition No. 59 dated 06.2022.
2022, 1. 11, Ne 4 9
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Frontier (ORNL, USA)

9 408
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4

—

HPE Cray EX235a

Compute
HPE Slingshot-11

v

Compute group

CPU-CPU GPU-GPU
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1 4 1 2
RAM SSD
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512 GB 1.92TB

CPU-GPU GPU-GPU
Infinity Infinity

Fig. 3. Description of the Frontier system model
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Fig. 4. Frontier system node architecture [9]

The system is based on IBM POWER SYSTEM AC922, contains 4608 computing nodes,
each of which contains 2 IBM POWER9 CPUs and 6 NVIDIA GV100 GPUs (Fig. . The
structure of the node is remarkable (Fig.@, the computing groups are pronounced, however, the
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| Summit (ORNL, USA)
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Fig. 5. Description of the Summit system model

X-BUS bus that unites them is SMP. The 22-core processors used are interesting, they already
have NVLink support built in them, which avoids the traditionally used PCle.
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Fig. 6. Summit supercomputer node

In addition to DDR4 memory, non-volatile NVRAM is also available on the node. The
computing nodes of this system are interconnected by an EDR InfiniBand interconnect.

3.3. Selene, NVIDIA, USA

The Selene supercomputer was built by NVIDIA in accordance with the DGX
SuperPOD principle from DGX A100 nodes. By the way, one of the leading Russian
Christofari Neo systems is built using the same SuperPOD technology.

The Selene system consists of 560 nodes, each of them with 8 high-performance NVIDIA
Ampere A100 GPU accelerators allowed this system to take the 8th place in the TOP500 edition
of June 2022.

Each node (NVIDIA DGX A100) is hybrid, and contains 2 AMD Epyc Rome 7742 CPUs
and 8 NVIDIA A100 GPUs connected by an NVLink interconnect (Fig. . The AMD Epyc
Rome 7742 processor contains 48 cores. The NVIDIA Ampere A100 GPU accelerator consists of

2022, T. 11, Ne 4 11
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108 multiprocessors (SM), each of which can execute 64 CUDA cores or 4 “tensor” cores. Each
node is equipped with 1024Gb of DDR4 RAM in NUMA mode, 2 x 1.92Tb local NVMe SSDs
and 4 x 3.84Tb NVMe SSDs. The computing nodes of this system are interconnected by an
HDR InfiniBand interconnect using the Fat Tree topology.

| Selene (USA)

99

NVIDIA
DGX A100

Compute group

CPU-CPU | | GPU-GPU
Infinity NVLink

RAM
DDR4
512GB

CPU-GPU
PCIE

GPU-GPU
NVLink

CPU-NIC
PCIE

CPU-GPU
PCIE

GPU-GPU
NVLink

CPU-NIC
PCIE

Fig. 7. Description of the Selene system model

Let us consider more spreading architectures that have developed historically as a result of
multi-stage development. Both described systems can be found in the top of the Top50 list of the
most powerful installations in Russia. Good news is that most of system holder from the Top50
list are open for discussions and are interested in developing the tools aimed at improving the
efficiency of systems at all levels [16].

3.4. Lomonosov-2, Moscow State University, Russia

Lomonosov-2 with a performance of FP64 2.478 PFLOP/s (FP64 4.95 PFLOP/s peak)
achieved on the HPL, the Lomonosov-2 system [17], installed at the HPC center of Moscow
State University [18][19], ranks the sixth in the Top50 list of the current edition (No. 37 dated
09.2022) [20][21].

| Lomonosov-2 (MSU) ‘

1519 160 16 18

T-Platforms
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Service
GB Ethernet

Service
GB Ethernet

Service
GB Ethernet

Service
GB Ethernet

Transport
FDR InfiniBand
Compute
FDR InfiniBand

Compute group

T-Platforms
A-class

T-Platforms
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T-Platforms
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CPU-CPU
QPl

CPU-NIC
PCIE
CPU-GPU
PCIE

CPU-NIC
PCIE
CPU-GPU
PCIE

CPU-NIC
PCIE
CPU-GPU
PCIE

CPU-NIC
PCIE

CPU-GPU
PCIE

Fig. 8. Description of the Lomonosov-2 system model
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The system has been the leader in the list of Russian supercomputers for many years and
consists of a number of heterogeneous nodes based on the A-Class and V-Class of the T-Platform
company. The nodes are predominantly uniprocessor, except for one segment (Fig. . There
are no local disks on the nodes. The computing nodes of the Lomonosov-2 supercomputer are
connected by an FDR InfiniBand interconnect, the transport network is FDR InfiniBand, and
the service network is GB Ethernet.

3.5. cHARISMa, Higher School of Economics, Russia

In the tenth place in terms of performance achieved on HPL FP64 927.4 PFLOP/s (FP64
2027.27 PFLOP/s peak) in the Top50 list of the current edition (No. 37 dated 09.2022) is the
cHARISMa system [22], installed at the HSE [23]. The system is heterogeneous, consisting of

cHARISMa
16 10 \3 11 6
Node A Node B Node C Node D Node E
Service Service Service Service Service
GB GB 6B @ GB
Ethernet Ethernet Ethernet Ethernet Ethernet
Transport Transport Transport ISP Transport
EDR EDR EDR EDR [EDIK
InfiniBand InfiniBand InfiniBand InfiniBand InfiniBand
Compute Compute Compute ColELS Compute
EDR EDR EDR [EDIR EDR
InfiniBand InfiniBand InfiniBand i3 InfiniBand
2 2 / 2 1 / 2
Compute Compute Compute Compute Compute
group group group group sroup
4 y v v \ 4
CPU-CPU CPU-CPU CPU-CPU CPU-CPU CPU-CPU
arl QP QPl Qpl QPI
GPU-GPU GPU-GPU l GPU-GPU GPU-GPU
NVLink NVLink NVLink NVLink

RAM
384 GB

RAM
384 GB

RAM
768 GB

RAM
384 GB

RAM
512 GB

CPU-NIC SSD 960 GB
PCIE
CPU-GPU
PCIE

2

CPU-NIC
PCIE

CPU-GPU
PCIE

5D 240 GB 55D 240 GB CPU-NIC SSD 240 GB

1
CPU-NIC
PCIE PCIE
CPU-GPU CPU-GPU
PCIE PCIE

Fig. 9. Description of the cHARISMa system model

SSD 240 GB

CPU-NIC
PCIE

CPU-GPU
PCIE

five types of nodes, both based on Intel and AMD processors (Fig. @) Most part of the nodes
are equipped with GPU like NVIDIA A100 and V100, small part are classic dual-processor
servers. Heterogeneity is due to different classes of computational problems that are solved on
the supercomputer. Each node type has two SSD drives in RAID 1. Computing nodes of the
cHARISMa are connected by two aggregated EDR InfiniBand NICs (2*100Gb/s), and also has
Gigabit Ethernet service and monitoring networks.
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Conclusion

A Dbasic version of the model of supercomputer systems has been developed for their
comparative analysis. The developed model is hierarchical and supports the introduction of
additional levels and relationships between levels.

Basic versions of models of supercomputer systems architectures make it possible to calculate
the characteristics of supercomputer systems, in particular, higher-level parameters from the
parameters of lower levels. It also makes it possible to calculate the characteristics of the
components of supercomputer systems according to given general characteristics, in particular, by
limiting the sample of systems by a certain parameter, as a result of screening, only records with
a finite number of components remain, all of whose characteristics are known. The proposed
approach allows processing the results of calculations: all performance results are stored in
accordance with the model, which allows a comprehensive comparison of systems.

The model was tested on the leading and latest promising systems in Russia and the
world: the top 10 Russian computing systems from the Top50 rating of the current edition were
considered and described; reviewed and described the top 10 computing systems of the world
from the Top500 rating of the current edition. Some of the models are given in this article. At
this stage, the number of systems considered, does not allow for meaningful analysis of described
systems but for some general conclusions. The description of the systems is carried out in order
to test the approach and to provide its further adjustment. We will gladly report the analysis
results next year after analysing considerable number of other outstanding systems.

From the point of view of the development of the proposed model, testing showed the
feasibility of a detailed consideration at the next stage of work of the following aspects:
description of the hierarchy of memory and the means of exchange with memory; ability to
describe the nesting of the GPU (revealed on the example of AMD MI250X in the Frontier
system, etc.).

From the point of view of the development of comparative analysis methods, it is necessary
to ensure work with the promising criteria identified in the previous sections: for computing
nodes, groups of nodes and systems as a whole — the specific amount of memory per computing
core; for processors and accelerators — the specific amount of cache memory per computing core,
the number of channels for working with memory.

In addition, it is necessary to ensure the possibility of ranking in the generated slices and
ratings simultaneously by several characteristics.

The research is carried out using the equipment of the shared research facilities of HPC
computing resources at Lomonosov Moscow State University.
The study was carried out within the framework of the scientific program of the National

Center for Physics and Mathematics (“National Center for Supercomputer Architecture Research”
project).

This paper is distributed under the terms of the Creative Commons Attribution-Non
Commercial 4.0 License which permits non-commercial use, reproduction and distribution of
the work without further permission provided the original work is properly cited.
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NEPAPXNYECKAA MOJAEJIb APXUTEKTYPBI
CYIIEPKOMIIBIOTEPHBIX CUCTEM
JJI1Ad CPABHEHUA I PAH2KVPOBAHN A
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3a/tada cpaBHEHUS BO3MOYKHOCTEN BBIUYUCIUTEIbHBIX CHCTEM MEXK Ty Co00i 1 (OPMUPOBAHUS PASIUIHBIX Peii-
THUHTOB MPECJIEIyET MHOYKECTBO BO3MOXKHBIX IeJieii. 37eCh U BBISIBJIEHUE TPEHJIOB, U MPOIBUKEHNE OTPAOOTAHHBIX
apxXUTEKTyp OOIIero Ha3HAYEHMS, U JIEMOHCTPAIUsI [IPEBOCXO/ICTBA Ha, OIIPEIEJIEHHOM Kiiacce 3aad u ap. OHoro
JIMIITb OMUCAHUS JIOCTUTHYTOM MPOU3BOAUTEILHOCTHU JIJIsl BCEX ITUX IeJiel, KOHEUYHO, HEeJOCTATOYHO, B PA3JIMIHBIX
peiliTHHTaX M CpaBHEHWSI UCIIOJB3YIOTCS PA3/IMIHbIE YPOBHU aOCTPAKIIUU U OOODOINEHNsT O TOTO YPOBHSI, KOTOPBIN
OBl [TO3BOJIUJI CBSI3aTh BBISIBJIEHHBIE [TOKA3ATE/IM TPOU3BOAUTEILHOCTH C TEMU WJIM UHBIMU OCODEHHOCTSIMU CHCTe-
Mbl. Ha mpakTuke onucanus apXUTEKTYPHBIX OCOOEHHOCTEN CHCTEM B PEATHHIraX JIOCTATOYHO CKYJIHBI, M aBTOPa-
MH pabOThI PelraeTcs 3a/1a49a MO0 COCTABICHUIO (POPMABHOTO OMUCAHWS BBIUYUCIUTETHLHBIX CUCTEM OTHOCUTEHHO
BBICOKOI'O yPOBHsI, KOTOPO€ IIPU 3TOM IO3BOJIUIO Obl yBEJIUYUBATHL TPEOYEeMbIil yPOBEHD JIETAJU3AINNA, COOTBET-
CTBYIOIIUI [EJISIM [PUKJIAIHBIX ucciaenoBanuii. Takas mepapxudeckass MOJE/b OIKUCAHUS CUCTEM IPEIJIOKEHA U
ampobupoBaHa Ha M3BECTHBIX cucTreMax u3 crmuckoB Tom50 u Top500.

Karoueswie caosa: modeav cynepkomMnviomeproti Cucmembl, ONUCGHUE APTUMEKMYPDL CYNEPKOMNBLIOMEPHLLT
cucmem, CpasHEHUE NPOU3BOOUMEALHOCTIU BHIYUCAUMENLHBIT CUCTEM, PEUMUH2Y NPOU3BOOUMEALHOCTNU.
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CorsacHO TumoTe3e «HEHPOHHON 3PDHEKTUBHOCTH» MOKA3ATETN HHTE/LIEKTA CBA3AHBI CO CHEIUPUICCKIMUI
MIPOCTPAHCTBEHHBIMUA OCOOEHHOCTSIMY ONTUMAJIBLHON (PYHKIIMOHATHLHON aKTUBHOCTH MO3ra. 1aK KaK MMEFOTCS HC-
CJIeZIOBaHUsI, HE MOJTBEPKIAIONINE TAKON B3aNMOCBSI3H, aKTyaJbHBIM OCTA€TCsI MCCJIEIOBAHIE BOIIPOCA €€ YCTOM-
quBocTu. [loaTOMY OCHOBHAsI 3ajada WMCCJIEJOBAHUS 3aKJIOYAETCsl B IIOMCKE METPUK KOHHEKTUBHOCTH DI B
COCTOSTHUM TIOKOsI, YCTONYINBO KOPPEIUPYIONINX C MOKA3ATEISIMU BEPOATBHOTO U 3PUTETBHO-TIPOCTPAHCTBEHHOTO
KOMITOHEHTOB HHTEJIJIEKTa. B KadecTBe MOTEHIMAIbHBIX MEp B3aUMOCBS3U HMCCJIEAYEMBIX [apaMeTPOB BbIODAaHBI
ko3 durmentsr Koppessituu [Iupcona, Cimpmena, nosuxopudeckuit KO3 UIMEHT KOPPEJISIUU U UX YCTOWYM-
BBbIE aHAJIOTH, BBIYUCJIEHHBIE Ha OCHOBe ycedenwmsi, meroma MCD, meroma 3nakoB. Jljist OmeHKH yCTOMYMBOCTH K
BBIOPOCAM IIPUMEHSIICSI KPUTEpHii 1103/1eMeHTHOro yaaseHnus: (leave-one-out test, LOOT), na ocHOBe KOTOpOro
paccUYnTHIBAJICS B3BENIEHHBIN pOOACTHBIN aHAJIOr KO UIMEHTOB Koppessdnuu. [lo crernern OTKIOHEHUsT OT €ro
HMCXOHOTO 3HAYEHUsI, PACCIUTAHHOTO Ha BCell BBIOOPKE, MOXKHO CY/INTh O IyBCTBUTEIBHOCTH K BhIOpocam. [loka-
3aHO, YTO K0P DUIMEHTHI KOPPEJISIIINK, OCHOBAHHBIE HA PAHTaX U UCIOJIL3YIONINE yceueHrne, HanboJiee yCTONINBhI
K BbIbpocaMm. B pesysibrare BbISBIEHBI yCTONYUBBIE 3HAYUMBbIE KOPPEJISIIIUU MEXK/1y IOKA3ATeJsIMA UHTEJIJIEKTa 1
KOHHEKTUBHOCTBHIO DI B cOCTOSIHNY TOKOsI, CBUIETEILCTBYIONINE O MOTEHITNAIBHO M (MEKTUBHON MPETHACTPOI-
Ke PYHKIMOHAIBHBIX HEHPOHHBIX ceTeil ¢ 00beIMHEHNEM JIOKAJIBHBIX U JUCTAHTHO PACIPEIETeHHBIX HEHNPOHHBIX
arcaM0Jieil.

Karoueswie caosa: 931, cocmosanue nokos, KOHHEKMUBHOCTIL cemell M032a, UHMEALEKM, Mepbl Ha 2padar,
pobacmrocmsb, KOPPEAAUUA.
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BBenenue

TpeH,ZLOM IIOCJICJHUX JIET ABJIAIOTCA MCCJICJOBaHMA B3aIMOCBA3U SCI)(beKTI/IBHOCTI/I KOI'HUTHUB-
HOIt AedTe/IbHOCTH YeJIOBEKa 1 CprKTypHO—q)yHKHHOHaHbHOﬁ OpraHnmn3ali akKTUBHOCTH MO3ra. B
PaHHUX HUCCJICOTOBaHUAX C HUCIIOJIB30BaHHUEM MeETOda HOBI/ITpOHHO—SlVII/ICCI/IOHHOfI TOMOI‘pa(l)I/H/I
ObLIO 06Hapy>KeH0, 9TO y4YaCTHHUKHU C 0oJ1ee BLICOKUMU DaJjljIaMu Ipu TECTUPOBaHUUN MHTEJIJIEKTA
C HUCIIOJIb30OBaHHUEM IIPOI'PECCUBHBIX MATPUIL Pagena XapaKTepu3oBaJIUChb MeTabOINYeCK MeHee
3anaTHOI7'I 10 HOTpe6JIeHI/IIO TJIIOKO3bI aKTHUBHOCTBIO MO3Tra IIO CPpaBHEHHIO C TeMM, KTO HNMeEJI

bosiee Huskme Gastbl. Ha ocHOBe 3TMX JaHHBIX OblLia cHOPMYJINPOBaHa THIOTE3a «HEHPOHHOM

*Crarhbsi pEeKOMeHJ[0BaHa K IyOJMKAIMU MPOrpaMMHBIM KoMuTeToM MexkayHapoaHoit kondepennuu <«Data

Analytics and Management in Data Intensive Domains — 2022».
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3 DEKTUBHOCTHY UHTEJIEKTA, KOTOPAsi B HACTOSINEE BPEMS SIBJISIETCS OJTHUM M3 TIOIXOJIOB K 110~
HUMAaHUIO CBSI3U MeK/1y (DYHKITMOHUPOBAHMEM MO3Ta U KOTHUTUBHONI JesdTesbHOCThI0. CoryiacHo
9TOI TUITOTE3€e, MO3T JIIOAe#l ¢ BRICOKMM MHTE/JIEKTOM paboTaeT Oosiee 3p(HEeKTUBHO TIPU BBITIOJI-
HEHUU CJIOKHBIX KOTHUTUBHBIX 3aJ1a49 10 CPABHEHUIO ¢ (PYHKIIMOHAJIHLHON AKTUBHOCTHIO MO3ra
pu 0ojiee HUBKOM MHTEJIJIEKTE.

s TpoBEepKH TOM T'MIIOTE3bI UCIOJIB3YIOTCH PA3HBIE METO/bI U3MEPEHUs U aHAJIM3a, JJIEK-
TpUUECKOil (3s1eKTposHIledaIorpaMMa 1 MarHuTosHiedasorpaMMa, coorsercreeHHo D9 u
MB3T') u merabosmdeckoii (HanpuMep, HO3UTPOHHOMN U (DYHKIIMOHAJIBLHOM MarHUTHO-PE30HAHCHOM
romorpacdun, coorsercreeHro 19T u GMPT) akrusHOCTH MO3ra U pasHble CIOCOOBI TECTUPO-
BaHUsI HHTeJIeKTa. B Xo/e aTux uccienopanuit Ob110 0OHapyKeHo, 910 3ddheKTnBHOE DYHKITH-
OHUPOBaHHNE MO3r'a MO2KET OTpazKaTbCsd HEe TOJIBKO B 60.HI)I_HGI71 MJIA MEHbIIIEel cTelleHn aKTHUBall11
MO3Tra, HO M B IOKA3aTe/ X (DYHKITMOHAJIBHON CBSI3U MEXK/y PA3JIMIHBIMU ODJIACTSIMHU MO3Ta, B
TOM 1ucjie mpedPOHTATBHBIX [3| WU B3aUMOIEHCTBUN PP POHTAIBHBIX U TEMEHHBIX OTJIEIOB
WM TeMEeHHBIX U IeHTPaJbHO-BUCOYHBLIX [5]. TakuM o6pa3soM, MHTE/JIEKT desoBeKa He JIOKAJIH-
30BaH B KaKOW-JMOO OHOM 0bJacTH MO3ra, a MPEeJCTaBIeH PACIPEICCHHON CeThbI0 HEHPOHHBIX
ancambiiell Kak JUHAMUYIECKON CUCTEMBbI, KOTOPYIO MOXKHO M3yYaTh C IOMOIIBIO METOJIOB OICHKH
GYHKIINOHAJIBHON CBSI3H.

CrpykTypy U AuHAMUKY DYHKIIMOHAJIBHBIX U3MEHEHU 9TOH CJII02KHON CUCTEMBI U TATTEPHOB
KOHHEKTUBHOCTH BHYTPH HEE MOXKHO H3Yy4YaTb C ITOMOIIbIO CETEBOI'O MOJIEJTMPOBAHUS, B OCHOBE
KOTOPOT'O JIEXKUT MaTeMaTudeckas Teopus rpadon. lanHas Teopus IpeijaraeT psij CeTeBBIX
METPHUK, KOTOPBIM MOXKHO IMIPHUJIATH COMEPKATEIbHBIN CMBIC/I, C T€M ITOOBI BITOCIEJICTBUU CYIUTH
O BJINAHUUN TOIIOJIOI'MU CETU Ha OCO6€HHOCTI/I KOI'HUTHUBHOI'O IIOBEJCHMNA 1 OIICHUBATDL 3(1)(1)6KTI/IB—
HOCTBb KOIHUTHUBHOI JedATeJIbHOCTU.

B coorBercTBUUM ¢ THIIOTE30l HEHPOHHON 3DDEKTUBHOCTA YPOBEHDb KOTHUTUBHBIX CIIOCOOHO-
cTell KOppeJInpyeT C aKTUBHOCTHIO MO3Ta BO BpeMs KOTHUTHUBHOW HArpy3ku. YTo Kacaercs B3a-
UMOCBSI3U AKTUBHOCTU MO3Ta B COCTOSIHUU TIOKOSI I HHTE/JIEKTYAJIBHBIX CIIOCOOHOCTEl UeIOBEeKa,
B JIATEpaType MMEIOTCs HPOTHBOPEYHBBIe Pe3y/ILTATHI 10 3TOMY HoBoxy. Tak, B paborax [6]
YTBEP2KJIAETCS O BBISIBJIEHHONW YCTONYINBON CBSI3U METPUK KOHHEKTHBHOCTHU B aJiba JTUAIIA30HE C
HEBepPOAJbHBIM UHTEJLUIEKTOM, U3MEPEHHBIM € ITOMOIBI0 Marputl, PaBena. Pesynbrars, moydeH-
Hple B [8], oKasBIBAIOT, UTO IPU BLINOMHEHNH TecTa Bexciepa 1Q oTpuIaTebHo KOppenpyeT ¢
ob1mIeit MOIHOCTEI0 DI’ U MOTOKUTEILHO — € OOIMUM ITOKa3aTe/IeM KOHEKTUBHOCTH 0Oe3 3HATH-
Moit nuddepeHIuany 3Toil CBA31U B 3aBUCHMOCTH OT YaCTOTHOTO JIMAIIA30HA.

C ncrnosib30BaHmeM MAaTPHUIl CBA3HOCTH st gaHHbeix GMPT B cocrostHMM MOKOsT ¢ TpUBJIE-
YeHneM K MCCJICJOBAHUIO 884 9eoBeK ymatoch o6bacHuTh okosto 20 % mucnepcuu obmiero mu-
TeJIIeKTa, OJHAKO HU OJJHA aHATOMHUYeCKas CTPYKTYpa MO3ra WJN CeTh He ObLta BblieseHa [9].
B pamkax emie 60/1ee KpyITHOMACIITaOGHOTO ncc/eioBanus ¢ ucnosbzosanuem GMPT [10], Bxitio-
yaroriero 1200 cyObeKToB, Tak»Ke He ObLIO OOHAPYKEHO CYIIECTBEHHBIX CBsA3€il MEXKJy IIOKa-
3aTeJISIMU JIMHAMUKHU COCTOSTHHUSI TIOKOsI MO3Ta U OOINEro, KPUCTAIN30BAHHOTO U (DJIFOUIHOTO
NHTEJIJIEKTA.

B cBsi3u ¢ 9TUM 1EJIBI0 HACTOSIIIIETNO HCCJIEIOBAHNUS CTaJl MOWCK YCTOWIUBBIX KOPPEJISIUil
MEXK/JIy METPUKAMU CBSI3HOCTHU, TIOJIYIEHHBIX C IOMOIIBIO u3Meperust 991" B COCTOSTHUN TIOKOs, 1
BepOAJIBHBIX WM HeBEePOAIbHBIX KOMIIOHEHTOB HHTe/IeKTa. Mbl paccMoTpesn 7 MeTPpUK KOHHEK-
TUBHOCTH, IIPEJIIIOJIOKUTEIFHO XapaKTePU3YIOINX HEHPOHHYIO 3D DEKTUBHOCTh MO3Ta, a TaKXKe
4 cybrecTa, UCIONB3yeMbIe TIPH ONPEJIETEHUN CTPYKTYPbl MHTEJIJIEKTA COTJIACHO METO/INKe AMT-

xayspa, JiBa U3 KOTOPBIX IPeJHA3HAYEHbI /I OeHKN BepbaibHbix crocobnocreii (1Q3, 1Q4) u
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nBa — 3puresbHo-ipocTpancTBeHHbIX (IQ7, 1Q8). st obecrieuennst pe3yabraToB, yCTORIMBBIX
K BBIOpPOCaM, MbI HUCCJIENOBAIN KOPPEISIUOHHBIE MEePhl, OCHOBAHHLIE Ha PAHrax, 3HaKaxX ¥ IIPo-
HeJaypax ycedeHHUsl, a TaKzKe MPOLEAypPy BBIUMCIEHUs] KOPPEISAIUHE ¢ IIOMOIIbI0 OyTCTpena st
TECTOBOII U KOHTPOJIbHON BBIGOPOK, MCNOJIb30BaHHY0 B [7]. TloyueHHble pobacTHBIE TPOIELY-
PBI UCIOJIb30BaHBI [IJIsT IIOUCKA YCTOMYMBBIX CBsI3€il METPUK KOHHEKTHBHOCTU C TIOKA3ATEJISIMU
HHTEeJLJIEKTA.

Pabora oprannzoBana cjieLyomum 06pa3oMm. PaSJ:LeJICO;Lep}KHT OIINCAHUE UCCJIETYEMbIX I10-
KazaTeseil u ocobeHHOCTel cOopa MaHHbIX. B pa3;:Leneco;:Lep>KHTCH OIIMICaHUEe IIPOIIECCa ITOCTPO-
CHUSI Fpacba (6I/IHapHOFO " B3BEIIECHHOI'O Ba,pI/IaHTOB) 1 BbIYHUCJ/IEHUA METPUK KOHHEKTHUBHOCTH,
a TaKXKe MPOIEIyPhl aHAIN3a PODACTHOCTU KOPPEJISIIIMOHHBIX Mep. B paB,ILe.HeOHI/ICbIBaIOTCS{
BBIUUC/IUTE/ILHBIC SKCIIEPUMEHTBI U UX Pe3y/IbTaThI. HOJIBOIUT UTOTU IPOJIEIAHHO

paboOTHI.

1. COop 3KcnepmMeHTAJIbHBIX JTaHHBIX

99" perucTpupoBaj I B COCTOSHUU CIIOKOWHOI'O OOJPCTBOBAHUS C 3aKPLITHBIMHU IJIA3aMU C
ITOMOIIIBIO AIMAPATHO-IIPOIPAMMHOT0 3JIeKTposHIIedamorpaduaeckoro kKomiiekca «Mumap-201»
(OO0 «Munap», Caukr-Ilerepoypr, P®) B 19 orsenenusix (Fpl, Fp2, F7, F3, Fz, F4, F§, T3,
C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2), pasmemennsix 1o cucreme 10-20. Pedepenrubim
OBl OO'bEeIMHEHHBIN YIITHON 3JIEKTPOJI.

YaacTku, comepxkaiime apreakTHYIO aKTUBHOCTh, CBSI3aHHYIO C JBUXKEHUEM IJia3 U/ Ha-
HPSI>KEHUEM MBIIII U T.I1., YIS METOJOM HE3aBUCUMbBIX KOMIIOHEHT.

Koaddunuenr unresuiekra (IQ) orpaxaer 3pdeKTUBHOCT BBINOJIHEHUsT PA3JIUIHBIX KO-
PHUTUBHBIX Oleparuii (aMsiT, IIOHUMAHWsI, CDABHEHMUsI, AaHAJIN3a, CAHTE3a U T.J) B OrDAHUYEeH-
noe Bpemsi. Jst onpenestenns 1Q mcoyb3yeTcss OTHOIIEHNE MEHTAJIbHOIO U XPOHOJIOIMYECKOIO
BospacTa, T.e. 100 6a/10B COOTBETCTBYET HOPME: CpPEIHEMY KOJIMYECTBY HPABUJILHO PEIIEHHBIX
3aJaHUI B COOTBETCTBYIONIEH BO3PACTHOMN IOIYJISIIIAML.

OHUM 13 MIUPOKO MPUMEHSIEMBIX METO/IOB, HCIIOJIb3YyeMBIX B Poccun j1j1s1 m3mepenust o01ero
HUHTEJIEKTa U €ro OTAE/IbHLIX KOMIIOHEHTOB, SIBJISIETCS TECT CTPYKTYPhLI MHTEJIEKTa AMTXays-
pa [11]. O6mmee Bpemst TecTupoBanus cocrapiser 90 MUHYT. Pesy/bTaThl TecTa HO3BOJISAIOT MOJTYy-
9UTh Pa3BEPHYTHIN MPOGUIbL BEPOATBHBIX, apU(PMETHIeCKNX U 3PUTEIbHO-ITPOCTPAHCTBEHHBIX

UHTEJUIEKTYAJIBHBIX CIIOCOOHOCTEH UCIBITYEMOrO.

Tabmuna 1. CydrecTbl CTPYKTYPBI HHTETEKTa AMTXayIpa

U nentudpukarop CyTb 3aga4u Uccnenyembie ciocobHOCTU

1Q2 YIAJUTDH JINITHEE CJIOBO U3 IISATH C1I0COOHOCTH K OIEPUPOBAHUIO
CJIOB BepOaIbHBIMU TTOHSITHAMUI

1Q3 MTOHSITh CMBIC/T CBSI3U B IEPBO#l mape | KOMOMHATOPHBIE CITOCOOHOCTH

CJIOB U HA OCHOBAHWH 9TOT0O YKa3aThb | omepaluii ¢ BepOaIbHbIMI

IIPOILYIIIEHHOE CJIOBO BO BTOPOI ACCOTUAIUSIMU
mnape CJioB

1Q7 HaiiTu puUrypy, COOTBETCTBYIOILYIO KOMOMHATOPHBIE CIIOCOOHOCTH
TaKoii ¥Ke, HO pa30buTOl Ha oreparuii ¢ TPOCTPAHCTBEHHBIMU
HECKOJIbKO JacTeit MpU3HaAKaMU 00bEKTOB

1Q8 COTIOCTABUTDH KYOBI CO CIEIUATIHLHO IIPOCTPAHCTBEHHOE BOOOpasKeHIe

0003HAYEHHBIMU TPAHIMHI
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B mamem nccseioBannm 66N HCIOIB30BAHbI PE3y/IbTAThI JBYX BepbasbHbIX cybrectos (1Q2
u 1Q3) u aBYX 3pUTESbHO-IIPOCTPAHCTBEHHBIX (HeBepbasbHbix) cybrecro (IQ7 u 1Q8), comep-
JKaHNe KOTOPBIX TPEJICTABICHO B TabHII.

B uccrenoBannn npuanmanm yaactue 107 obygaronuxcst (25 myzkans n 82 kenmuabl) HoBo-
cubUPCKOro rocynapcrBeHHoro rexundeckoro yuusepcurera (HI'TY). Bospacr yuacTHEKOB Ba-
pbupoBascs or 17 no 41 ser (mean = 18.73, SD = 2.76).

2. Metoapl ucciemoBaHusd

2.1. IlocTtpoenue rpacga n BbIYHUCIEHNE METPUK KOHHEKTUBHOCTHU CETeil MOo3ra

CunxpoHu3aIms MeXKIy AByMs DI '-KaHasaMu MoKeT OBbITH OlleHeHa Ha OCHOBE IToKa3aTe e
B3aMMOCBSI3M MEXKIy Iapoil CUIHAJIOB Ha olpeleaeHHoi dacrore. OQHIM M3 TAKUX IIOKa3aTesei
sysiercst MunMas korepearaocts (IMOCH), koTopas onpeesnsiercs caemytonm obpazom. CrHa-
Jasia Jij1s (KOMILJIEKCHBIX) npeobpasoBannii Pypoe x;(f) u ;(f) BpeMenubIx psaaos &;(t) u Z;(t)
KaHAaJIOB 7 M j, COOTBETCTBEHHO, OIPEJIEIsSIETCS] KPOCC-CIIEKTP

Sij () = {@i(£)z5(f)),

rjae * o3HauaeT KOMILJIEKCHOE CONpsizKeHre, a () O3HavdaeT oxkujaeMoe 3Hadenue. [Janee, MHIMAsK

KOT€PEHTHOCTD OIPEIE/IAEeTCA CJIEIYIONNM 00Pa3oM

Im(S;;
’iCOhij(f) = —m(S’ (f)) s
Sii ()55 (f)
rae Im(S;;(f)) — munmas gactb S;j(f). OObIYHO HCHONB3yeTCs aOCOMIOTHOE 3HAYEHHE MHI-

MOl KOT'€pEHTHOCTH, TIOCKOJIbKY HMHTEPEC IPEJICTABIISAET BEJNYNHA CBA3HOCTU I1apbl CUTHAJIOB.
B namewm nccienopannn iMOCH paccanThiBaicst ¢ TOMOIIBIO TporpamMmMHuoro obecrievenuss MNE
Python st sttt wacToTHBIX Jrana3onos: Jebra (Menee 4 '), rera (4-8 'n), anbda (8-13 T'n),
6era (13-30 '), ramma (6osee 30 ') [12].

Taxum obpazoM, st KaxKJI0ro cyObeKTa UCCIe0BaHUs U KaXKI0TO YaCTOTHOT'O JUAIIA30HA
OblIa OCTPOEHA MaTpuIla, cojepzkamias 19 x 19 nap 3navenuit (ju1st 19 pacCMOTPEHHBIX KAHAJIOB)
MHIMOI KorepenTHOCTH (Marpura suadenuit IMOCH). Ha npakrtuke, /st yBesmdeHus: OTHOIIe-
HUSI CUTHAJI/IIIYM HEKOTOPbIE «CJIa0ble» CBSI3M YAJSIOTCS, TaK KaK OHU HE COJEPyKAT HUKAKOTO
PeJIeEBAaHTHOTO (DU3UOJIOTMIECKOrO curHaJia. JIjist 9Toro B KavecTse 1mopora OOHyJIeHUs MOI'YT UC-
0JIb30BATHCS Pa3IMdHble 3HaueHns: Kpanruieii ¢ (or 10 % 10 90 %) cuiibl cBsizeil, BBIYUCIEHHBIX
JJTST Ka2KJIoTo cyObekTa uccaeaopanuit. CBa3u HUKE TOPOTa, ¢ MOJTATAIOTCS PABHBIME HYJTIO.

Ha ocuore marpurtier 3nadennii iIMOCH crpourcest MmaTpuiia cMeskHOCTH Tpada. B HacTostiiem
UCCJIeJOBAaHUU OBLIM PACCMOTPEHBI J[Ba BapUaHTa IIOCTPOeHus rpada — OnHapHBII U B3BeIlEH-
HbIIl. BuHapHbIil Tpad cTpouTcsi ecrecTBeHHBIM 06pasoM. Ecsm abcosorHoe 3uadenne iMOCH
OoJibIlle BEIOPAHHOI'O IOPOTa, TO COOTBETCTBYIONIMII 3JIEMEHT MATPHUIIBI CMEXKHOCTH I10JIAraeTCs
PABHBIM €JIMHUIE, B IPOTUBHOM CJIydae — HYJIIO.

s mocTpoeHust B3BEIIeHHOTo rpada mociie oOHY/IeH!sT 3HAYCHU HIKe 3aIaHHOTO 110pora
matpura iIMOCH, kak u B [13|, HOpMuUpOBaIach MyTeM JIeJIEHUsT BCEX ee 3HAYEHWH Ha MaKCH-
MaJIbHOE 3HAYeHWE KOTePEHTHOCTH B IIPeJesax 3TOW MATPHUIBI. DTOT IIMar MPUBOIUT K TOMY,
YTO BCE TOJIyUeHHbIE 3HAYEHUs] OrpaHuvYeHbl nHTepBajoM OoT 0 /10 1, 4TO TakKe HAIPABJIECHO HA
yCTPaHEHUE IPYIIIOBOTO CMEIIEHUS, KOTOPOE MOIJIO OBITh BBI3BAHO 3aBUCHINEN OT I'PYIIIBI CUIIOM
dysKIIMONANLHOI cBa3HOCTH [14].
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L7151 BBISIBIIEHUST KOPPEJISIUil CeTEBOI MO/ MO3Ta, OIPEJIEJCHHON IIOCTPOCHHBIM I'PadoM,
C TIOJITECTAMU WHTEJJIEKTA MBI BOCIIOIH30BAINCH TOIXOOM, MPU KOTOPOM TpaoBOe OMUCAHNE
3aMEHSIETCST HEKOTOPBIM YHUCTIOM METPHUK, XaPAKTEPUIYIONNX CBI3HOCTD rpada ¢ pa3IndHbIX CTO-
pou. B Teopun rpadoB cyIecTByeT MHOYKECTBO TIOKa3aTe e, KOTMIeCTBEHHO XapaKTEePU3yIOMINX
CBSI3HOCTD CeTH. MBI paccMOTpesn U UCCIEMOBATIN METPUKY, HANOOJIEe IaCTO BCTPEUAIONTNECST B
OTOOHBIX MCCIeNoBaHusX. /laree mpruBeeM UCIONIb3yeMble METPUKN M UX CMBICIT.

Cpeusisi u xapakrepHas jyuna nytu (Average and Characteristic Path Length, APL, CPL)
PACCUNTHIBAIOTCS Ha OCHOBE paccrosaus d(v;, vj) Mexk Ly mapoii y37os ¢ u j B rpade. IIpu paciere
cpeliHell IJIUHDBI IIyTU HAXOIUTCs CpeliHee apudMeTUIecKoe 3TUX PACCTOAHUHN, IMPHU pacdeTe Xa-
PaKTEepHOI IJIUHDI IyTH — MeJinaHa. PaccTosHre MeK Iy BEPITMHAMEA — 3TO JIJIUHA KpaTdaiIinero
IIyTH OT OJIHOHN BEPIIUHBI K APYTroil. 3aMeTuM, 9T0 ecin OOJIBITNHCTBO BEPIUH B rpade He cBsi3a-
HbI (HAIpUMED, IPU 3aJ]aHUU BBICOKOIO TIOPOTroBOro 3HaveHus jist koaddurmenros iMCOH), To
MeJInaHa paccTossHuil oyaer paBHa beckoHedHOoCcTH. Kpome Toro, jyisi OMHApHOTO rpada MeauaHa
PACCTOSTHUI NIPUHUMAET IejIible 3HAYEHUS W, KAK [IPABUJIO, CJIab0 MEHSIeTCS B 3aBUCHMOCTH OT
cyObekToB. B TakoM ciiydyae oHa CTAHOBUTCS OECIIOJIE3HOM st 33189 KJIACCU(PUKAIINT WHTHBU-
J10B. [lo aToit mpuunHe Jaiee B UCCIEIOBAHUY TTOCTPOEH B3BEIIEHHBIH rpad.

Kosddunuent kimacrepusanum — 3TO Mepa CKJIOHHOCTH y3JI0B rpada co3mraBaTb B3anMO-
cBeA3aHHbIe TPYIIb.. OH U3MepseT BEPOSITHOCTb TOrO, YTO OJIMKANIINEe COCe HEKOTOPOTO y3J1a

COEINHEHBI:
o i 2L,
N po ki(k; — 1)’

rie k; — creneHs ¢-ro yaja, N — qucjo y3j0B rpada, L; — aucao pedbep MexkKIy COCeIsaMu y3Jia
i-ro. Jlyisi HEOPHMEHTUPOBAHHOIO Ipada ONpeesIsieTcsl KaK COOTHOIIEHNE KOJMIECTBa TPEYrojib-
HHUKOB U CBSI3aHHBIX TPOEK B rpade.

MouynasapHocTb ceTu — Mepa PYHKIMOHAJILHOI cerperaiuy, KOTopasi OlpeaessieT, HaCKOJIb-
KO XOPOIIIO CeTh MOXKET OBbITh pasjesieHa Ha HelepeceKaloluecsl I'PYIIbl y3/I0B WM MOMIyJIei
(kmacrepos, coobiects). st ee pacdera sydine pazéuTh rpad Ha KIacTepbl ¢ MOMOIIbIO Bbl-
OPAHHOIO AJrOPUTMA OUTHUMHU3AIUU MOILYISPHOCTH, HAIPUMEDP, ¢ IOMOIILIO KAJHLIX AJICOPUT-
MOB, AJOPUTMOB H& OCHOBE CJIydYaiiHOro OJIy»KIAaHUsl, MHOIOYPOBHEBBLIX AJITOPUTMOB Ha 0Oasze
HepapXUIecKOro moaxoaa. Torma MOLyIsSpHOCTE OyIeT XapaKTepH30BaTh KOHIIEHTPALNIO CBA3Ei

B BBIJICJIEHHBIX KJacTepax II0 CPABHEHHUIO CO CIy4dailHbIM paclipejesieHueM CBsA3eil MeXK/y BceMu

yamaMu 6e3 ydera KJIacTepOB:
1 kik;
Q=152 (A= )5n S,
iwj T

rje m — 49uciao pebep, A;; — 3jeMenT MaTpunnl cMeskHocTH A, S = 1, ecom 4-it y3es mpuHaI-
JIEXKUT Tpyune r, uaade S;. = 0.

Juamerp — HauboJsibiliee PacCTOsTHIE MEXKy JIF0OOH 1apoii y37I0B BHYTPHU CETH:
D = max(d(v;, vj)).

st aTOit Mepe cylecTByeT Takas e rnpobsiema, kak u it CPL. B ciiydae HeB3BemeHHOTO Tpa-
da amamMerp IPUHUMAET MAJIOE YUCJI0 JIUCKPETHBIX 3HAUYEHUI, KOTOPbIE HE TO3BOJISIIOT BBISBUTH
paz3/nyusd B CETU UHTEJJIEKTa MEK/ly WHIUBUIAMHU.

HentpanbaocTs 110 coberBeHHOMY BekTOpy EC' — Mepa BimsiHuA y3ja B ceTu. Brioupaercs

COOCTBEHHBIN BEKTOP, COOTBETCTBYIOIIMI MAKCHMAJIHLHOMY COOCTBEHHOMY 3HAYEHUIO Apax MaT-
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purel cMmexkaoctn A rpada. Beicokue 3naveHumst coGCTBEHHOIO BEKTOPA COOTBETCTBYIOT y3JIaM,

KOTOPBIE COEIMHEHBI CO MHOTUMH y3JIAMU, UMEIONIM BBICOKHE 3HAYEHUsT TeHTpaabHocTH. Mak-

CUMaJIbHOE COOCTBEHHOE 3HAYEHUE W ABJISIETCsT KO MUITMEHTOM IIEHTPAJTHLHOCTH.
[HeHTpasbHOCTH MO GJIU3OCTH BEPITUHBI OMPEAeIsIeTcsT KakK BeJUYnHa, 00paTHast CpegHei

JIIUHE KpaTJdailnux myTeit Ko BceM JIPYyruM BepimnHaM rpada:

B 1
© Y d(vi,vg)

Takum obpazom, dem Gostee IeHTPaAJIbHA BEPIINHA, TeM OJIMKe OHA KO BCEM JAPYTUM BEPIITHHAM.

C;

st BeramcsieHnst KO3 puimenTa MeHTpaabHOCTH 110 Osm3octn C' 3HAYEHHUsT [EHTPaJbHOCTEH
BEPIIUH YCPEIHAIOTCS C IOMOIIBIO CPEIHEr0 apudMeTUIeCKOro.
MeTrpukn KOHHEKTUBHOCTU Ha I'padax ObLIN PACCUUTAHBI C UCIIOJb30BAHUEM TakKeTa igraph

B cpere R.
2.2. PobacTtHble olleHKU KO3 PUIMEHTOB KOPPEJAAIN

B nesiom npu anasuze B3anMOCBsi3ell ¢ UCIIOJIb30BaHueM JaHHbIX DI mpobiema pobacTHO-
CTH CTOUT OCTPO, TIOCKOJIBKY JIJIsT TAKUX JAHHBIX XapaKTepHa BbICOKas JI0JIsI BRIOPOCOB. JacTuaHO
9Ta mpobJieMa pelrraeTcst Ha dTalle MpeaBapuTeabHoil 00paboTku manHbix 991 Ho mokazaresn,
paccyuTaHHbIle Ha OCHOBE JIaHHBIX DI, Bee Ke cojiepKar BLIOPOCHI. DTO XOPOIIO BUIAHO 110 IIPU-
MepaM KOPPeJISIIIHOHHBIX T0JIeil Mep KOHHEKTUBHOCTHU Ha rpadax u HeBepOAJIbHOIO WHTEJIIEKTA,
IIpuBEJCHHBIM B CTaThe .

OstHaKO OOBITHO JIJIsI OIIEHKH CBSI3U MIPU M3YUIEHUU JTaHHBIX DI MCrob3yoT Koahduiment
koppessiuu [Tupcona. B pabore OPUMEHUJIA CJICIYIOMUI TOIX0, UCIOJIb3YEeMbIll B 00/1aCTH
MAaIMHHOTO O0yYIeHUsT . Best BoiOOpKa OblTa caydaifiHBIM 00pa3oM pa3zjiesieHa Ha JIBe I0JI-
IPYIIIBL: TECTOBAsI U BAJUJIAIIMOHHAS BBIOOPKHU. 3aTeM C IMOMOIIbI0 OyTcTperna ObLIN OTAeIbHO
paccunTanbl KO3(h UIUEHTH KOPPEJISIIIUT JIJIs JIBYX BBIOOPOK — JJIsi IOKAa3aTe/ el MHTEJIJIEKTa 1
BCeX THUIIOB ITOKa3aTe el CBA3HOCTH. B KadecTBe IMOpora MCIOJIb30BAIUCH MeIUaHHbIE 3SHAYCHUST
nokaszaresieii cuaxporuzanuu Mexay DI -kananamu st uaauBuga (to ectb 50 % nap kana-
JIOB C HAWBBICIIUME OIEHKAMHU CHHXPOHU3AIMH HMCIOJIb30BAJNCH JJIsi pacdeTa MeTpuk rpada).
W3 s70it mporeaypbl ObLIN B3ATHI TOJBKO T€ IMOKA3aTe/H, KOTOPbIe JOCTOBEPHO KOPPETHPOBAII
C TIOKa3aTesISIMIA UHTEJIJIEKTa B 00enX MOABBIOOPKAaX.

Takast mporeaypa He TapaHTUPYET IOJyUeHNE YCTONYIMBBIX K BBIOpOCAM pE3y/IbTATOB, IIO-
CKOJIBKY, KaK M3BeCTHO, KOo3ddurment Koppeaanun [Ilupcona cuibHO IyBCTBATEIEH K BHIOPO-
cam. IlosTomy B Halmeit ctaTbe MBI PACCMOTPUM POOACTHBIE KOPPEJIAIHMOHHBIE MEPbhI, YCTONYIN-
Bble K 3aCOPEHUIO, OCHOBaHHbIE Ha PAaHrax, 3HAKAX U IMPOIEAypax ycedenus. Takmx poOACTHBIX
K09 PUIMEHTOB KOPPeJISUN B JINTepaType Mpe/iozkeHo MHoxkecTso [16]. [Tosromy BBIGOP GO-
Jiee TOJIXOJISIIIEro KoaduiimeHTa J0KeH ObITh 000CHOBAH MCXOsI U3 0COOEHHOCTH KOHKPETHBIX
JAHHBIX. PaHee MPUMEHUMOCTb POOACTHBIX KOI(PMUIIMEHTOB KOPPEJSINU K IIpobaeMe 3acope-
HUsI MED KOHHEKTHUBHOCTHU Ha Tpadax, MOCTPOEHHBIX 10 JaHHBIM DI, He ucciemoBaiack. s
OIIEHKN PODACTHOCTH TPEJJIOYKEHO UCIOJIB30BaTh MOKA3aTe/ b OTKJIOHEHUS] BBIOOPOYHON OIEHKH
ko3 burimenTa KOppeJisiiiu 0T €ro pobaCTHOIO aHAJIOrA.

[Tockosbky KoaddumuenT koppesaiuu Ilnpcona He ycTONYUB IIPH MTOSBJIEHUN B BHIDOPKE BbI-
OpPOCOB, IMEET CMBIC PACCMOTPETH POOACTHLIE OIEHKU KOI(MPUIMEHTOB KOppeanun. Psix Taknx
OIIEHOK OCHOBAHBI Ha pPaHrax, Hampumep, kodddumnuent koppesiun Caupmena. [lockoabKy ox
VIUTBIBAET TOJIHKO OTHOIIEHHE IMOPSIKA, & HE KOJUIECTBEHHYIO PA3HUIY MEXKJy 3HATCHUSIMU

IpuU3HaKOB, TO OH yCTOI‘/)IIH/IB, eCJin B BbI60pKe €CTb OTJaJICHHbIE OT OCHOBHOM COBOKYITHOCTH TOY-
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ku. TeM He MeHee OH JaeT cOOHU, €CJIM JAHHBIE COJEPKAT MHOI'O HMOBTOPSIONINXCA 3HAYEHUN, TO
€CTh MMEIOT BBICOKYIO CTEIeHb JMCKPEeTH3allni. JTO KacaeTcs mokasareneil 1Q, Koropsle mpu-
HUMAIOT IIeJIOUHC/IeHHbIe 3HadeHusi. KpoMe Toro psii mokasarejeil CBSI3HOCTH HEB3BEIIEHHOIO
rpacda MOTyT IPUHUMATH OIPAHUYEHHOE UHCJIO IEJIbIX 3HAUCHUI.

ITo sroit mpuYmHe UMeeT CMBIC TPOAHAIN3UPOBATD [TOBEJIEHHUE ITOJTUXOPUIECKOro Ko huIm-
enTa Koppensnuu [17], koTopwiit anasornano kKosdgduimenty xKoppeasanun CrimpMeHa yCcToHIuB
K aHOMAJIbHBIM HAOJIIOJEHNUSIM, HO B OTJIMIME OT HEro NpeJHa3HadeH JJIsi aHAJN3a MOPSIIKOBO-
KaTeropmuaJibHbIX ITPU3HaKOB. TeM HEe MEHee OH OCHOBaH Ha IIPEAIIOJIO?KEHHNHN, YTO JIaTCHTHBIE
HeIIpEePbIBHbIC II€pEMEHHbIE, BMECTO KOTOPBIX Ha6ﬂIOILaIOTCH COOTBETCTBYIOIINE UM JJUCKPETHbIC
epeMeHHble, UMEIT COBMECTHOe HOpMaJjibHoe pacupejesienue. CjieloBaTelbHO, B CIydae OT-
KJIOHEHUA OT I9TOro IpeaIloJIOzKeHUsdA, B TOM YUCJIEC U 110 IIPUYINHE BI)I6pOCOB7 IIO.HI/IXOpI/I‘{eCKI/IfI
KO3 UIUEHT KOppeJsiuu OyeT JaBaTh cOOu.

Jpyroit BapuaHT MCIOJIb30BAHUS PAHIOB, & TaKyKe 3HAKOBOI'O METOJIA, — KBAJIPAHTHBIN (3Ha-
KOBbIi) Ko3(bumment xoppessamun [18]. On mnpejcrapager coboil BHIGOPOUHbIH Ko3hHUITEHT
KOPPEJISIIIUNA MEXK Ty 3HAKAMM OTKJIOHEHHWH OT MeIHaH.

JpyrumMu cTaHZapTHBIMU IOAXOJaMU K paboTe ¢ BLIOpOCAMU SIBJISIIOTCSI METOJbI YCEUYeHHUS,
TO €CThb HCKJIIOYEHHEe YacTH HamboJiee yIAJeHHBIX OT OCHOBHOM Macchl Habsomenuit. OOBIIHO
3a/1aeTCs J0JIsT (v OTCEKAeMbIX HaOIo/ieHuii (B YIIOPSAIOYEHHOM DALY (v/2 MUHUMAJIBHBIX U (v/2
MakcuMasIbHBIX ). Camast mpocTtas MoauduKarms o6braHoro kKoaddunuenta koppessmun [Iupco-

Ha — 9TO 3aMeHa CPpeIHUX 3HaYEeHU MeﬂHaHOﬁ U B3dATHUE CYMM yCE€YCHHDbIX SHEJPIGHI/H‘/JI7 TO €CTb:

> (@i — med(x)) (y: — med(y))
(Za(l'i — med(x))2 Za(yi _ med(y))2)1/2’

riae med(x) — Mexmana x, )., — OIEPATOP CYMMHPOBaHHUs 110 ycedeHHOIl mojsbibopke. IIpn

Ta =

a = 0.1,0.2 xoacbdummenTt ucroabzopasca B pabore [19]. O6ozHaumM 3TOT K03hDDUIMEHT KaK
trimmed median coeflicient.

Eme OIWH IIOJAXO IIPpEeAIIojIaracT UCIIOJIb30BaHue pO6aCTHbIX TJIaBHBIX IIEPEMEHHDBIX!

_ T~ med(x) LYz med(y) v = T med(x)  y; —med(y)
V2MAD(z)  V2MAD(y) ' V2MAD(z) 2MAD(y)’

i

rie MAD(z) = med(]z — med(z)|) — mennannoe abcommoTHoe oTKIOHeHHe. Ha ux ocHOBe pac-
CUYUTBIBAETCSI YCEUYEHHBIN KOI(DDUITUEHT KOPPEISIIHH.
[MIeBnsikoB BBEJI pOOACTHBIN KOIMDPUITHECHT KOPPEJIAINT, KOTOPBIH UCIIOIb3yeT MeTHaHbI

abCOTIOTHBIX OTKJIOHEHUI XaMIIessl Jijisl MOy YeHUs MEIMAHHOT0 KOI(MDMUIINEHTa KOPPEJIAIIN:

med?|u| — med?|v|
med?|u| + med?|v|’

T"med =

Sajsada oreHku Ko3duiineHTa KOppessiiui HEIOCPEJICTBEHHO CBA3aHA ¢ 3a/1a9ell JIMHEHHO
perpeccun — IOJIOHKHU HPSIMON YCJIOBHOIO MaTeMaTudecKoro oxkujanus. OTciofia, UCIOb3ys
pobacTHbIe OIEHKN HAKJIOHA, IOJyYEHHBbIE C ITOMOIIbIO METOJ/Ia HAUMEHDLIINX MeJINaH KBapa-

ToB |21|, mpuxoanM K pobacTHON OIEHKe BHJIA:

TLMS =/ 5x|y6y|x7

riie Bylys Byle — yCTONUMBBIE ONEHKH KO3(DMUIMEHTOB HAKIOHA B PErPECCHU T OT Y W Y OT ,

COOTBETCTBECHHO.
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Hakomer, /it ycTORYNBOI OIEHKH KOBApPHUAIMOHHON MaTpPHIIBI MOXKET OBITH MCIIOJb30BAH
mero MCD (Minimum Covariance Determinant). B merome MCD mMunmMusupyercst oobem rayc-
COBCKOT'O JIOBEPHUTEIHHOTO JJIMIICON A, ITO SKBUBAJEHTHO OIPEIETUTENIO KJIACCUIECKON KOBa-
puannonnoil marpunbl. CpegHee 3HAYEHUE TOIMHOXKECTBA 00€CIIeINBACT HAYAJIbHYIO OIEHKY IIa-
paMeTpoB CIABHUTA, a [epeMacIITabnpOBaHHAasT KOBAPUAITMOHHAS MATPHUIA — HAYAJBHYIO OIEHKY
paszbpoca. PaccunteiBatorcs paccrosaust Maxamanobmuca oT OIEHKHM CABUTA 0 BCEX TOUEK JIJISI
9T0}1 KOBApUAIIMOHHOM MaTpUIbl, 1 TOYKHU, HAXOAduecs B Ipeaeaax sjumicona ¢ 97.5 % nose-
PUTEBHBIM YPOBHEM, OOBSBIISIIOTCS XopormuMu. OKOHYATETbHBIE OIEHKN MPEJICTAB/ISIIOT OO0t
cpejlHee 3HAUEHUE U [IEPEeMAaCIITAONPOBAHHYIO KOBAPHUAIIUIO XOPOIIUX TOYEK.

YT1006bI TPOBEPUTDH YCTONIUBOCTD OIIEHOK KO3(DDUIIMEHTOB KOPPEJISIIUT, UCIIOJIb30BaJICT KPU-
Tepuit moveMenTHOro yuauenus (leave-one-out test, LOOT), upu koropom ojiHa TOYKa yiajisieT-
cs1 13 Habopa JAHHBIX, 8 KOPPEJAIUA TIepecanThiBaercs [22]. DTy mporeaypy MOKHO HOBTOPHTE
n pas3 g Habopa JAHHBIX C 7 TOYKAMH, KaxKIbI pas yaaJds APYrylo TOYKY JaHHBIX. Pe3yib-
TATOM SIBJISIETCS 7 PACCIUTAHHBIX KO3((DPUIIMEHTOB KOPPEJIALIIH.

C ucrrosb30BaHMEM TAKOM IIPOIEAYpPbl MOXKET OBITh pacCYUTaH pOOACTHBIH KOI(MDPUITHEHT
KoppeJsanun, peyioykennbiii B [22]. On ocHoBan Ha ujee CpeHeB3BeleHHOro 3HAYEHN Koppe-
sganuii, paccautamabix B LOOT. Unes cocrout B TOM, 94TOOBI B3BECUTDH KOPPEJISIIIAA B COOTBET-

CTBUU C WX OTJIMIHEM OT (PAKTUIECKON KOPPEIAIIH CJIeIYIOIIM 00pa30M:
JR— . a
Ww; = ’Tactual - Tz,LOOT’ y

L€ Toctuql — 3HaAUEHHE KO3 uImenTa Koppesiul, PacCInTaHHoe 10 Beelt BLIOOPKE, 15 LoOT —
sHaveHne KoadbduimenTa Koppessinuy npu yjauennu i-it Touku ganabix B LOOT, a = 14+ n/12.

CooTBeTcTBEHHO, POOACTHBIN KOIPMUIIMEHT PACCIUTHIBAET CJIEIYIOMMM 00pa30M:

n
. > oL wiTi, LoOT
Rob — n .
> wi
K

Torma Mo MOIYIIIO OTKJIOHEHUSI Tgetyal OT T'Rop MOXKHO CYAUTH 00 YCTOWIUBOCTU KO PU-
[MEeHTa KOPPEeJIsaln. 3HAYUMOCTH pobacTHOrO KO3 DUIMEHTa MOXKHO IIPOBEPUTH C IIOMOIIBIO

IIEepeCTaHOBOYHOT'O KPpUTEPUI.

3. BprumciamrenbHbIE IKCIIEpUMEHTbI

OmncaHubIil B TPEIIECTBYIONIEM Pa3Jiesie MOIX0/T ObLIT MCIONb30BAH JIJIsT AHAJIN3a JAHHBIX
zamuceir 991" 107 UCHOBITYEMBIX B COCTOSTHUM IIOKOsI, a TaK:Ke 3HAUEHUN MX KOMIIOHEHTOB 1(Q)2,
1Q3, IQ7, IQ8 cTpyKTypbl HHTE/LJIEKTA IO METOLY AMTXayspa.

LIt OIeHKU CHMHXPOHU3AIUN MEXKJy Tapoil CUIHAJIOB HCIOJIb30BAJIACh MHUMasT KOTEPEHT-
Hoctb (IMOCH). Ona paccunrana ¢ nomorpio nporpammuoro obecrieuennst MNE Python. B ka-
YeCcTBe MOPOra ¢ MCIOIb30BaJICs 60-TIPOIEHTHBI KBAHTIIH IOKA3aTe/ i MHUMON KOI'e€peHTHOCTH
Mex Iy DI -kanagamu myist Kaxkaoro desobeka. 3uaderns iIMOCH Huke mopora oOHYJISIINCE.
Ha ocnoee marpurnibr 3aadenunit iMOCH mocTpoen B3BemneHHbIH rpad.

[Ipu amanuze Bapualuu 3HaUYeHN Mep KOHHEKTHBHOCTHU Ha I'padax oOHapyzKeHa mpobsemMa
HaJIMIust BBIOPOCOB. [lJisi MX BBISBJIEHUsI UCIIOJIB30BAJINCH paccTosiuus Maxajaanobuca, paccyu-
TaHHbIE JIJIsT KAXKJIOM Iapbl IePEMEeHHBIX OTKJINKa (mokasaress [Q) 1 00 bsCHSIONEel nepeMeHHOM
(Mep KOHHEKTHBHOCTH Ha rpadax). B kauecTBe moporoBoro 3HadeHusi B3siT KBAHTUIb PaCIpe/ie-
JIeHUsI XU-KBaipaT ypoBHst 95 % ¢ 2 crenensimu ¢cBo601bl. B pesysibrare 10151 BBIOPOCOB JOCTUTAJIA

7.5 %. Bce napbl nokasareseit pasduThl Ha TPU TPYIILI B 3aBUCUMOCTH OT YPOBHS 3aCOPEHUS:
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— mmskuit (menbiie 3 %),

— cpemunit (3-5 %),

— Bblicokuit (Gosbiie 5 %).

L1t KasKI0# U3 9TUX IPYII OTAEIBHO OIEHNBAIACH POOACTHOCTD KO3 MUITHEHTOB KOPPEJIsi-

TN,

Tabauma 2. Cpennne 3HadeHnsT aOCOJTIOTHBIX OTKIOHEHUN Tgcyal OT T Rob

B 3aBUCHUMOCTH OT I0JIN BbI6pOCOB

Kosddunuent koppensuuu | Becb nHa6op | <3 % | 3-5 % | >5 %
[Tupcona 0.0283 0.0270 | 0.0247 | 0.0307
LMS 0.1790 0.2642 | 0.2015 | 0.1507
MCD 0.0390 0.0291 | 0.0320 | 0.0448
[Tonuxopuyeckuit 0.0294 0.0303 | 0.0260 | 0.0314
Mennannbiii IleBiasikoBa 0.0483 0.0416 | 0.0530 | 0.0463
KsayipanT (3HaKOBBIIA) 0.0160 0.0204 | 0.0156 | 0.0156
Cuupmena 0.0142 0.0122 | 0.0122 | 0.0157
YVcedeHHbrit 0.0186 0.0172 | 0.0167 | 0.0200
YcedeHHbIH MeIUAHHBIT 0.0157 0.0179 | 0.0143 | 0.0163

Jlist gernipex mokaszaresieir [ paccInThIBAINCH KOPPEJSIINN C KasKIbIM U3 CEMH IT0Ka3aTe-
Jieil CBSI3HOCTHU I'pada B ISITH JUAla30HAX JacTOT. TeM camMbiM cyMMmapHO 140 Ko3dUImnenTos.
B Ta6.H.HpI/IBe,D;6HI>I Cpe/IHVe 3HAYEHUsT AOCOTIOTHBIX OTKIOHEHUH T getyal OT T Rob, PACCIUTAHHBIE
110 MHO)KeCTBY u3 140 K03 HUIMEHTOB 1 110 TOAMHOXKECTBY KO3(P(DUIIMEHTOB, COOTBETCTBYIOIINX
CpyIIaM ¢ Pa3JIUnTIHON 10J1efl BLIOPOCOB.

WNaTepecto, 9T0 MaKCHMaJIbHbIE OTKJIOHEHUST aKTYaJIbHOI'O OT pobacTHOro KoddduimeHTa
KOppeJIsiiiui HabJTIOJIAI0TCS JJIsl COBEPIIEHHO Pa3HbIX BXOJHBIX IOKa3aTeseil B 3aBHCUMOCTUA OT
BBIOpPaHHOI Mephl Koppessuu. MakcumaibHoe oTkjaoHeHne Jijisi LMS oObsicHsieTcst TeM, 9TO B
KadecTBe 3HaKa KOIPMUIMEHTa T'f, /g B3AT 3HAK OIEHKU KOd(hPUIineHTa HaAKJIOHA Bmx. B cay-
qae C.Ha60ﬁ B3aNMOCBA3U 9Ta OIEHKa IIPpUHHUMAET KaK ITOJIOZKUTEJIbHbIE, TaK U OTpHUIlaTe/IbHbIE
3HAYCHUS, II09TOMY 3HAKH KO3(MDMUIMEHTOB 1 ;00T BaPbUPYIOTCA OT OTPUIATEIBHBIX K IOJIO-
JKUTeIpHBIM. IIpn sToM abcosmoTHbIe 3HAUEHUS 15 00T B cpejiHeM cocrapisior 0.3589. DTo npo-
THUBOPEYUT TOMY, UTO CBsI3b MEXKIy IePEMEHHBIMH JOCTATOYHO CJiadasl.

MuHMMAJIbHBIE OTKJIOHEHUSI Tgetyal OT T Rop MMEIOT KO3MDPUIMEHTHI KOPPEISINA C HCIOJIb-
30BAHKMEM YCEUYCHUsI, a TaKzKe Ha OCHOBe paHros (koaddurment koppessiiun Croupmena). Takue
MPENMYIIecTBa OOHAPYKUBAIOTCS I JII0DOH paccMaTpuBaeMoil 1oau BeIOpocos. Jlydrne Bcero
cebst nokaspiBaeT Kodddunment Koppessiuu Crupmena. [losromy, xoTst B JaHHBIX 00HADYKU-
BaeTCst MpobsIeMa CBA30K (IMCKPETHOCTH ), OIeHKN Koaddunmenta koppessanun CrmpMmeHa ocTa-
IOTCSI YCTOWYMBBIME K BBIOpocaM. MOXKHO MOPEKOMEHIOBATH €r0 MCIIOJIb30BAHNE B MAJIHLHEHIITNX
HCCJIETOBAHUSIX.

SHaunMoCTh pobacTHOro Koaddurmenra koppessiinn CrimpMeHa MOXKHO ITPOBEPUTH € ITOMO-
IIIBIO TTEPECTAHOBOYHOIO KpuTepusi. st 3Toro n3 mcxomgHoil BRIOOPKH M3BJIEKAJIACH TOIBBIOOPKA
Toro ke obbema 500 pas ¢ BosBpamieHueM. B Tabu. HpI/IBe,ZLeHbI CpeIHIe OIEHKHN POOACTHBIX
koadpunuentos Koppessiun CrnupMena, mpu 3ToM KoahdUIMEeHTs, 3Ha9uMble Ha, yposHe 5 %,

Kk

noMedeHsl cuMmbojamu ¥, ma yposae 10 % — cumbosiom *. Pesynbrarsl IpejcTaBieHbl IS Tex
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Ta6nnua 3. 3naunmble KOoppeJrdanun MezK/1y IMoKa3aTeJIsIMA UHTEJIJIEKTa 1 METPUKaMA

KOHHEKTHBHOCTH, B3BEIICHHBIN Ipad

Metpuka 1Q2 1Q3 1Q7 1Q7 1Q8
raMma | JejbTa TITA asibda ToTA
HenTpanbHOCTH —0.1365 -0.1179 0.1235 —0.212%* 0.2245%*
110 COOCTBEHHOMY BEKTOPY
MonynsipHoCTb 0.292%* -0.0185 —-0.0379 0.042 0.0322
APL -0.1112 | —0.0302 0.1829* | —0.2046* | 0.2960**
CPL -0.1063 -0.0216 0.1616 —0.2222%* | 0.2925**
HuameTp -0.1786* | —0.1192 0.1232 -0.1992%* 0.2606**
Kosdbdunuent -0.0313 | —0.2472** | —0.1051 -0.0187 0.0130
KJIaCTepU3aIin
[lenTpasbHOCTH 0.1088 0.0397 | —0.1945** | 0.1871* | —0.2971**
1o 6J1M30CTH

mokasareseil 1QQ W 9acTOTHBIX JIMAIIA30HOB, JJIsSI KOTOPBIX OOHApYXKEHa YCTOWYMBAsl 3HAUNMAST
CBSI3b.

Haubosbinee KosimaecTBO moKasaTesieil KOHHEKTUBHOCTH, PACCIUTAHHBIX st DI B Tera-
Jmanasone, koppeaupyer ¢ 1Q8. Oxnako Besescrsue ux Mysbrukoimueapaoctu (VIF > 5) non-
MHOKECTBO Mep KOHHEKTUBHOCTH OBIJIO COKPAIINEHO /10 TpeX (IeHTPAbHOCTh MO COOCTBEHHOMY
sekropy, CPL, quamerp) ¢ npuemsiembivu 3nadenusivu VIF.

CnenoBaresibHO, OOHAPYKEHHBIE CBS3U BBIJIEJIEHHBIX METPUK KOHHEKTHBHOCTH B TeTa-
nmanasone yisi [Q8 yKa3bIBAIOT, UYTO €ro MOBBIIIEHUIO COOTBETCTBYIOT IMUPOKO PACIpeeIeHHbIE
10 KOpe HEHPOHHBIE CETH, 0OECIIEUNBAIOIINE IPEIHACTPOIRKY K 3(PPEKTUBHBIM KOMOMHATOPHBIM
oIepalysM CO 3PUTEILHO Pa3JINYalONIIMUCA IPOCTPAHCTBEHHO IIPEICTABJIEHHBIMUA OOHEKTAMUI
IPpU TECTUPOBAHUU ITHUX CIOCODHOCTEH. DTOT pe3ysbTraT COOTBETCTBYET (DPYHKIIMOHAJILHOHN cIre-
IAAJN3AIId TeTa PUTMa, KOTOPBIA CBA3BIBAIOT ¢ (POPMUPOBAHUEM M COXPAHEHHEM IIPOCTPaH-
CTBEHHOfI MaMSATH U KOMMYyHHUKaI[Hell oTJaleHHbIx objacreil Mosra [23]. Csa3b 3TUX METpHK ¢
JPYTUM 3PHUTEHHO-TPOCTPAHCTBEHHBIM KOMITOHEHTOM HHTesIeKTa — Q7 /g TeTa guama3oHa
nonobna 1Q8, Ho Menee BbipazkeHa (cM. TabII. , a B OOJIBbITIElT CTeleHn Mpe/ICTaB/IeHa Ha aabda
yacrorax. Herarusuble koppesstiuu 1Q7 ¢ CPL u nokazareneM IeHTPaJILHOCTA 110 COOCTBEHHO-
MY BEKTOPY MOXKHO pacCMaTpuBaTh Kak Jud@dY3HO MPEICTABICHHbIE AKTHBUPOBAHHDIE IIEHTPHI
B3aNMOCBA31U KOPKOBBIX O6HaCTefI, HeO6XOILI/HVIbIX JJIgd TIONMCKa W aHaJIn3a JIEMEHTAapPHBIX XapaK-
TEPUCTUK CPABHUBAEMBIX I'€OMETPUIECKUX PUTYD.

MeTpI/IKI/I KOHHEKTUBHOCTU yCTOfI‘{I/IBO 1 3HAYUMO CBA3aHHBIE C Bep6a.HI)HI)IMI/I KOMIIOHEH-
TaMU WHTEJJIEKTa IIPEJICTABJIEHbI TIOKA3aTeIeM MOJYJISPHOCTH Ha raMma vacrorax st 1Q2 u
K03 DUIMEHTOM KJIACTEPU3AINE HU3KOIACTOTHBIX JebTa Kosiebauuit st 1Q3. BeicokogacTot-
Hble 6eTa U raMMa, PUTMbI CBA3BIBAIOT ¢ PTOTOBHOCTBIO PEIIEHUsT PA3HOOOPA3HBIX IIPOOJIEM, B TOM
4ypcse pelreHus BepOaJbHBIX 3a7a4 24|, a Jesbra OCHM/IANAM — C IPOLECCAMU HHTEPHA Ib-
HOIl KOHIIEHTPAIIUM BHUMAHUS U BLINOJHEHUs ceMaHTHdecknx sajanuii [25]. CiieosaTenbho, sra
dyHKIIMOHAJIbHAST cIelndUKa raMMa, U JIeJIbTa PUTMOB XOPOIIO COOTBETCTBYET OOHAPYZKEHHBIM
YCTONYIMBBIM CBA3AM MOKa3aTeseil KOHHEeKTUBHOCTH D' 1 BepOaIbHBIX KOMIIOHEHTOB WHTEIJIEK-

Ta.
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Puc. 1. 3uaunmbie KOppeJjadanuu MexKJ1y MEeTPpUKaMU KOHHEKTHUBHOCTU XU KOMIIOHEHTaMM

UHTEJUIEKTa, JIJI PA3JINYHBIX IIOPOTrOBBIX 3HAYEHUN, B3BEIIEHHBI rpad

L7151 IPOBEPKU YCTOWYMBOCTHU BBISIBJIEHHBIX KOPPEJISIINANT aHAJIOTUIHbBIE ITPOIIE Iy PbI OBLIU BbI-
HOJTHEHBI JJIsi APyTUX noporos (keautuian yposas ot 0.1 o 0.8 mokasaresst korepentHoctn). Ha
puc. Hpe,H,CTaBJIeHbI 3HaUEHUsI POOACTHBIX KO3 PUIMeHToB Koppessiuun CruupMeHa, 3HAITUMbIX
Ha yposue 10 %, mosry4eHHble B X0Je I€PECTAHOBOYHOIO KpHUTepust. Kak npaBuio, cBsa3b 00Ha-
PYKUBaeTCcs B IMUPOKOM JHAIIA30HE MOPOroBbix 3HadeHuit. Kpome sroro s komronenTa 1Q7
BBISIBJICHA YCTONUNBasi TOJIOKUTEIbHAs CBsA3b (Koppessaun B cpegaeM 0.2) ¢ MeHTPaIbHOCTHIO

1o 6JiM30C¢TH, 3HaYNMasl IIPU HOPOroBbIX 3HadeHnsx ot 0.4 mo 0.7.

Tabuuiia 4. 3HaurMble KOPPEJISIIIUT MEXKIY [TOKa3aTe/sIMA UHTEJJIEKTa U METPUKAMUI

KOHHEKTUBHOCTU, OMHAPHBIN rpad

Metpuka 1Q2 1Q2 1Q3 1Q3 1Q7
JeJIbTa anmbda JeJIbTa TITA JeJabTa

HenTpanbHoCTh —0.0861 —0.0455 -0.1507 —0.0632 0.035
o COBCTBEHHOMY BEKTODY
MonynsipHOCTD 0.2132%* —-0.001 -0.0502 | —0.2743** | 8.00E-04
APL -0.1941* | 0.2603** 0.0443 0.0765 —0.1935*
Huamerp -0.0106 -0.0292 0.0036 0.0435 —0.1436**
Kosadbdpunment 0.0660 0.0196 ~0.2447** | —0.1708* 0.0662
KJIaCTepU3aIun
HenTpasbHOCTD 0.1260 | —0.2613** | —0.0784 —0.0602 0.1974*
1o 6s1M30CTH

s cpaBHEHHUS TOT Ke aHaJju3 ObLI MPOBEJEH JIJisi HeB3BelleHHoro rpada. B Tabu. |4 mo-
Ka3aHbl 3HAYUMbIE pe3yJibTaThl jjis mopora 0.6. Ecrs ToJIbKO 01HO coBIiajieHue ¢ pe3yJibTaTaMu,
[OJTy Y€HHBIMH JIJIs1 B3BeIeHHoro rpada (cM. Tabur. : oTpunarebuas cBa3b Mexk 1y 1Q3 u koad-

PUIMEHTOM KJIACTEPU3aIln B JejbTa-Irana3one. B meaoMm, equHUIHBIE Beca IPadoB TPUBOIIT
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K 6oJjiee crabbiM KoppessnusM. Kpome Toro, BO3HUKAET YIOMSHyTas BBIIIE TPOOIeMa HUBKOTO
YMCJIa YHUKAJbHBIX 3HaUeHNH. B HEKOTOPBIX cilydasx 9TO IPUBOIUT K HYJIEBOI BapUAIMN MepPhI

CBABHOCTH CPEJI MHUBULYyMOB, Hanpumep, jjas CPL.
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I'Rob
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CC 1Q3 delta
C 1Q2 gamma
C 1Q2 alpha
T T T T T T T
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-0.30

Puc. 2. 3uaunmoie Koppejdnun Me2K/ 1y MeTpUuKaMi KOHHEKTHUBHOCTU U KOMIIOHEHTaMHA

UHTEJUIEKTa JIJIsT PA3JINYHBIX IIOPOTOBLIX 3HAYEHUN, OMHADHBIN rpad

AnaJms Bapuannyu Ko3(pOUINEHTOB KOPPEJISIUU IPUA U3MEHEHUU IIOPOrOBBIX 3HAYEHUHA 1715t
OuHAPHOTO Tpada MoKa3aJI, 9TO B [EJIOM pe3y/IbTaThl MeHee cTabuibabl. Ha pHC.Hpe;LCTaBHeHbI
OT/IeJIbHBIE CTydan, Korja KoddduimenT koppessiun CrmpMeHa OKa3bIBaJICs 3HAYUM HE JIJIsT
CAMHNYIHBIX, a JJIsd HECKOJIBKHUX ITOPOI'OBbBIX 3HaAYEHU IIOAPAT.

Jljist cpaBHeHUs: IPUMEHeHa IPOIe/lypa, OlMcanHas B craTbe [7]. XoTsa Ko3bbuImenT Kop-
pessitinu [lupcona 110 pe3yJsibTaraM HAIero NCCJACIOBAHUST TAKXKe OKA3aJICs HE CUJIBHO UyBCTBU-
TeJIeH K BBIOPOCAM, TeM He MeHee IPOIeypa U3 CTaTbl |7| He MO3BOJIMJIA BBIIEIUTh KAKIX-JTUO0
3HAYNMBIX 3aKOHOMEPHOCTEH BO B3aMMOCBSI3W WHTE/JIEKTA U METPUK KOHHEKTHBHOCTH DII. B
9acTHOCTH, Ha 5 %-M ypOBHE OJHOBPEMEHHO B TECTOBOI U BaJUIAIMOHHON BHIOOPKAX OKA3a/IiCh
3HAYUMbI TOJIBKO JIBE B3aUMOCBsi3u: KoddduimenT kiacrepusanuu ¢ Q3 B Tera-nuanazone u ¢
IQ8 B bera-nmuanazone. Obe kKoppessduu orpurnareibubie. [lepBas B3anMOCBA3b BBISIBJIEHA U C
omoIibio Koaddunuenta CruupMeHa, XoTs ¢ MOMOIIBI0 POOACTHOIO aHAJIOra €€ 3HAYMMOCTH He
HOATBEPANIACH (CM. TabJL. . Bropast B3anMocBs3b He TTOATBEP:KIAETCSI € IIOMOIIBI0 K03hduIm-
enTa CrnmpMeHa, IMOCKOJIBKY Mapa Imokasareseil KoahUImeHT KiacTepu3alun B OeTa- 1uanas3oHe
u IQ8 xapakTepusyroTcst BBICOKOI Jroeit BbiOpocoB. CiienoBare/ibHO, MPOIEIypa U3 CTaThbu
MPUBOIUT K OOHAPYXKEHUIO HEKOPPEKTHBIX KOPPEJIsIinii, 00YCIOBJIEHHBIX BJIUSHUEM BBIOPOCOB,
TEM CaMbIM €€ HEJIb3d CHUUTaTh pO6aCTHOI>i.

Takum 06pasoM, B X0/ UCCJIEIOBAHUS IOJIYIEHBI CJIEIYIONIHe Pe3y/IbTaThI.

1. Mu1 me nmoprBepauan 3hPEeKTUBHOCTD MPOIEAYPhl pacyueTa KOPPessiuil ¢ MOMOIIbI0 OyT-
cTpera Jijst TeCTOBOi BLIGOPKH U IPOBEPOYHOit BHIGOpKH U3 [7]. OHA He T03BOJIIIA BHIABUTh
KOPPEKTHBIX KOPPEJISIUii.

2. Homay4ens! cieytorie cTabuIbHbIE PE3YJIBTATHI IPU UCIIOJIb30BAHUY B3BEIIEHHOIO METOJIA

ITIOCTPOECHUA rpacba KOHHEKTHUBHOCTH:
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— BBIsSIBJIEHA yCTOHYNBasi CBSA3b HEBEPOAJIHLHOTO KoMIIoHeHTa [(Q8 ¢ mAThIo MeTPUKaMU KOH-
HEKTHUBHOCTH B TeTa AMAIIa30HE I IocaemoBaTeabHocTu noporos or 20 % mo 70 %
BKJTIOUUTEJLHO (TIOJIOKUTEIbHAS CBS3b C TAKIMU METPUKAMHU, KaK IEHTPAJIbHOCTD IO
cobcrBenHoMy BekTopy, APL, CPL, mumamerp m orpuiarejbHass — ¢ METPUKON IIeH-
TPATBHOCTD 110 OJIM30CTH );

— BBISIBJIEHA YCTOWIMBAs CBsI3b HEBePOAJIBHOIO KOMITOHeHTa [Q7 ¢ YeThIpbMsT METPpUKAMEI
KOHHEKTUBHOCTU B aJjibda JuanasoHne iy noporos or 20 % 1m0 70 % sxirounTesbHO
(orpunaresibHasi CBsI3b ¢ METPUKAMU IEHTPAJIBLHOCTD 110 cOOCTBEHHOMY BekTopy, APL,
CPL u nosnoxkuresbHast — € HEHTPAJILHOCTBIO 110 6JIM30CTH );

— BBISIBJIEHA YCTOWYMBas OTPUIATEIbHA CBA3b BepOaJILHOro KoMItoneHnTa 1Q3 ¢ Mmerpukoii
KOHHEKTUBHOCTU KOS(b(i)I/H_LI/IeHT KijlacTepu3dalnuu B JeJibTa JUalla30HE [1Jigd IIOPOros OT
30 % 1o 80 % BKI/IOUUTENILHO;

— IIOJIOXKUTEJIbHASI CBA3b BepbaIbHOro KoMroHeHTa [Q2 ¢ MeTpukoii KOHHEKTUBHOCTH MO-
JIyJIAPHOCTD B ajb(da nuamnasoHe sHaduMa, 1y moporos 30 % u 70 % u B ramma quamna-
30HE TOJIbKO Jijist topora 60 %.

3. Ilpu ucnosp3oBaHnN OMHAPHOIO METO/Ia IOCTPOEeHUSsI rpada KOHHEKTUBHOCTH:

— MOATBEPKIEHA HMOJIYyIeHHAs C ITOMOIIBIO B3BEITEHHOI'O METO/Ia YCTOMINBas OTPUIIATE b
Hast CBA3b BepOasibHOrO KoMIioHeHTa [Q3 ¢ MeTpuKoil KOHHEKTUBHOCTH KO3 dUImenT
KJIACTEepU3aluy B JlesIbTa Juanasone g noporos ot 30 % s0 80 % BK/IIOUUTEILHO;

— IIOJIY9eHbI MeHee CTaOU/IbHBIE PE3Y/IHTATHI O CYIECTBOBAHNN CBI3M BEPOATHHOTO KOMIIO-
venTa [Q2 ¢ MeTprKaMu KOHHEKTUBHOCTH B aJibda U raMMa, JUalla30HaX B 3aBUCUMOCTH

oT 3HaueHud ropora B auanaszone 30 %60 %.

SaKJ/II0ueHue

B pabore ObL1a ncciegoBana mpobiema podbacTHOCTH KOI(MDMUITMEHTOB KOPPEJISIY IIPHU OI1e-
HUBAHUU CBSI3U MEXKJy MOKa3aTe/siMA MHTE/JIEKTA U MEeTpUKaMu cBs3HocTu Trpada I B co-
CTOSTHUM TIOKOsI. B mepBoHadYaNbHBIA HCCIeIyeMblit HAOOD BOILIN YCEUEHHBIE W PAHTOBBIE KO-
3P PUNUEHTH KOPPEJISII, 3HAKOBAsT KOPPEJSAINsI, TaKyKe PaCCMOTPEHBI YCTONYIMBBIE METOJIBI
onenuBanus, Takne kak MCD u LMS. [lys onenku pobacTHOCTH ObLIN HCIIOJIB30BAHBI OTKJIOHE-
HUSI BEIOOPOTHOrO KOIPPUITMEHTa KOPPESIIUNA OT B3BEITEHHOTO pobacTHOro Ko3dddurmenTa. B
pe3ysbTaTe OKa3aaoCh, UTO HOIYyJIspHbIe pobacTHbie MeTob! onenuBanns (MCD u LMS) nator
XYJIIe Pe3yabTAThl, TOCKOJIbKY OYeHb IYBCTBUTEILHBI K BBIOpOCaM. YCedeHHasT KOPPESIns,
a Tak)Ke paHropas Koppessinust (Kosddunuent xoppessinun CrupMmeHa) okasaiuch Haubosiee
ycroitanBbiMu. Ha ocHOBaHMM 3HAINMOi ycToianBocTu Koadduimenta koppeJsiiuu CrimpMena,
NIMEHHO OH 6]:>I.H HCIIOJIb30BaH JJIfd IIOJIYHYCHUA U UHTEPHIPETallud PE3YJ/JIbTaTOB OICHKUN B3aUMO-
CB#A3U METPUK KOHHEKTHUBHOCTU C KOMIIOHETaMHU WHTEJIJIEKTa.

[Tpumensist TTpeI0YKEHHBIN TTOXO0/T, OBLIN BBISIBJIEHBI YCTOWYUBBIE B3AMMOCBS3U MEXKLY I'Da-
¢oBBIME MeTpUKaMU CBsi3HOCTH DI’ U mokazaressiMu MHTEJIJIEKTa, TAKAM O00PAa30oM, HOJIYUHU-
Jla 09epeTHOE TOATBEPIKJICHUE TUIIOTe3a «HEHPOHHON 3 deKTUBHOCTI> MHTEIEKTa. Bosee To-
ro, BBISIBJICHHE 3HAYUMON CBst3u KoMroHeHTa 1Q7, KOTOPBI MOXKHO OTHECTH K HEBEpPOAJbHBIM
KOMITOHEHTaM WHTeJTeKTa, ¢ MeTpukamu konnektusHoctn APL u CP B annda aumamnazome co-
OTBETCTBYIOT PaHee IMOJIYUYEHHBIM pPe3yJbTaTaM JJjIs 3TOro jualiazoHa DI, mnpejicTaBIeHHBIM B
pabore [7].

OpnHako cieflyer OTMETUTD, YTO ODHAPY?KEHHbIE YCTOWYNBBIE CBA3U OTJIMYAIOTCH PA3HOOOpa-

3UEeM X paclpegesieHnd B Pa3JnYIHbIX YaCTOTHBIX Jualla3oHax Q3T JJId Pa3JInYIHbIX ITOKa3aTe-
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Jieit naresuiekTa. Pasubie (hopMbl 0OHAPYKEHHBIX YCTONYINBBIX CBsi3eil BepbabHBIX U HeBepOAIh-
HBIX KOMIIOHEHTOB WHTEJIEKTa ¢ METPUKAMI KOHHEKTUBHOCTH JIJIsT BBICOKOYACTOTHBIX U HU3KOYA-
CTOTHBIX pUTMOB DI cBUIeTE/IBCTBYIOT O b epeHnnaium mpeHacTPONK (DY HKITMOHATBHBIX
HEHPOHHBIX ceTell ¢ 0ObeINHEHNEeM JIOKATBHBIX W JUCTAHTHO PACIIPEICTICHHBIX HEHPOHHBIX aH-
cambiteit, obecneunBaomux dPPEKTUBHOCTD BBINOJIHEHUsST COOTBETCTBYIONINX BepOaIbHBIX WJIH

3PUTEJHHO-ITPOCTPAHCTBEHHBIX 33/ 1aHUI.

Aemoput svipasicarom 6aa200apHoCcMS® CMYJEHMAM U GCIUPAHMAM KAPeIPbl NCUTOAORUU U

nedazozuky, HI'TY, npunumaswum yuacmue 8 pezucmpayut, u nepeudrot obpabomre 91

Paboma svinoanerna npu noddepoicke Munucmepemsa nayku u evicwezo obpazosanus Poc-

cutickott Pedepavuu (npoexm Ne FSUN-2020-0009).
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According to the “neural efficiency” hypothesis, intelligence indicators are associated with specific spatial
features of the optimal functional activity of the brain. Since there are studies that do not confirm such a
relationship, the study of the issue of its stability remains relevant. Therefore, the main task of the study is to
find metrics of EEG connectivity at rest that are stably correlated with indicators of the verbal and visual-spatial
components of intelligence. Pearson’s and Spearman’s correlation coefficients, polychoric correlation coefficient and
their stable analogs calculated on the basis of truncation, the MCD method, and the sign method were chosen as
potential measures of the relationship of the studied parameters. To assess the robustness to outliers, the “leave-
one-out test” (LOOT) procedure was used, on the basis of which a weighted robust analog of the correlation
coefficients was calculated. By the degree of deviation from its initial value, calculated for the entire sample, one
can judge the sensitivity to outliers. It is shown that rank-based correlation coefficients using truncation are the
most resistant to outliers. As a result, stable significant correlations were found between intelligence indicators
and EEG connectivity at rest, indicating a potentially effective pre-tuning of functional neural networks with the
combination of local and distantly distributed neural ensembles.

Keywords: EEG, resting state, brain network connectivity, intelligence, graph measures, robustness,
correlation.
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CIVIAKUBAHUE JIOMAHBIX JIMHUN COCTABHBIMMU
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B pabore paccMmarpuBaeTcst HOBBIN HTEPATUBHBIN METO/T IOCTPOEHUST Ha TIJIOCKOCTH IJIAIKOTO CILJIaiiHA, COCTOSI-
mero u3 Kyomdeckux KpuBbix be3be u rnmosropsomiero (hopMy 3alaHHON JIOMAHOM JJUHUHU C TPeOyeMOil TOUHOCTBIO.
Ha kaxmoit mreparum MeTOa BBIMOJHSIOTCA CJIEIYIONNE OMEPAIUN: BBIOOP KOJIUYIECTBA Y3JI0B MHTEPITOJISITUN
cILTaiiHa, pa3MellleHle UX Ha 33JaHHOM JIOMAHON JIMHHUU IIO OIIPEEJIEHHOMY IIPABHILY, IIOCTPOEHUE IJIAQJIKOTO CO-
CTaBHOrO cijaiiHa Besbe, Ipoxondiiero yepes 9T y3Jbl, U OIeHKa TOYHOCTH aIIIPOKCUMAIIAN, TO €CTh, OJIN30CTH
TIOCTPOEHHOTO CILTafiHA ¥ 33IaHHOW JIOMAHON JMHUU. BBIOOD MOJIOXKEHMST y3JI0B MHTEPIIOJSINN CILUIafiHA Ha 3a-
JAHHOI JIOMAaHOM JIMHUU BBIMIOTHSIETCS C TIOMOINBIO COTIOCTABJIEHUST Mep OJIM30CTH CMEXKHBIX KPUBBIX besbe, m3
KOTOPBIX COCTOUT CIJIAiH, M YYaCTKOB JIOMAHOMH JIMHUM, KOTOPBIE AIMIPOKCUMUDYIOT 3TU Kpusble. lIpuBogarcsa
MIPUMEPBHI CIUIAKUBAHUS JIOMAHBIX JIMHUN PA3JIMIHON CJIO2KHOCTH, B TOM YHCJI€ JIOMAHBIX JIUHUN C caMoIepecede-
HUSIMU, TTOATBEPKIatoIne 3hOEKTUBHOCTD MPEJIOKEHHOTO MeToa. Pe3ymbTaThl paboThl MOXKHO UCIIOJIB30BATH B
Pa3/IMYHBIX IPUJIOKEHUSIX, HAIIPUMED, IIPU MTOCTPOEHUN TPACKTOPUH JBUYKEHUsI AaBTOMATUIECKUX TPAHCIOPTHBIX
CPEJICTB ¥ MOOMJIBHBIX POOOTOB, IPHU IPOEKTUPOBAHNN TEXHUIECKUX OOBHEKTOB B CUCTEMAX aBTOMATH3MPOBAHHOIO
MIPOEKTUPOBAHMUS, TPU KAPTOTPAMUIECKON TeHepaTn3aIiu JUHEHHBIX KaPTOrPADUIECKUX 00BbEKTOB, IIPU MTPOEK-
TUPOBAHWU IMIPUMTOB U JIP.

Karouesvie €cro8a: cenadicus8aHue AOMAGHOX AUHUL, cOCMashbvie cnaalinv, kpusvie Besve, mepa bauzocmu,
UHMEPNOAAUUA, ANNPOKCUMAUUA.
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BBenenue

3ajiavua Cria’kKUuBaHUs JIOMAHBIX JIMHUN BO3HUKAECT B PA3JUUYHBIX IMPUIOKEHUSIX, HAIIPUMED,
[IpU TIOCTPOEHUH TPACKTOPUH JBUXKEHUSI ABTOMATHIECKUX TPAHCIIOPTHBIX CPEJICTB U MOOUJIBHBIX
poboToB , [IpU TPOEKTUPOBAHUU TEXHUIECKUX OOBEKTOB B CUCTEMAaX aBTOMATH3MPOBAHHO-
r0 MPOEKTUPOBAHUS , pu KaprorpadudecKoil reHePaIn3alii JIUHERHBIX KapTorpaduieckux
00BEKTOB @, [P IPOEKTUPOBAHUE IIPUMTOB , [IPU pacIo3HABAHUE 00pa30B , pu obpa-
0OOTKEe Pe3y/IbTATOB BBIYUCJIUTEHLHBIX WA HATYPHBIX SKCIIEPUMEHTOB @ u Jp.

B macrosgrieit pabore 1oji CrilaKMBaHUEM JIOMAHOW JIMHUU ITI0JIPA3yMEBAETCs MOCTPOEHUE
IJIAKONW KPHUBOil, KOTOpasi JOCTATOYHO TOYHO HOBTOpsieT OpMy 3TOi JiomMaHoil juunn. B ka-
qecTBe IVIAJKOU KPUBOII paccMaTpUBaeTCA COCTABHOHU CILIAH, COCTOAIIMNI U3 HECKOJIbKUX Ky-
buueckux KpuBbix besbe. Ilopsimok kpuBbix Besbe BbiOpan Takum, 9TOOBI, C OJHONW CTOPOHBI,
obecreunTsb I IKOCTh CIUIaiiHa, a ¢ APYTroif — CHU3UTH BBITUCIUTEIBHYIO CJIOYKHOCTD aJICOPUT-
MOB IIPU IPOTrPAMMHON PeaU3aIliu.

OnuH ¥3 Ba)XHBIX BOIPOCOB IIPHU IIOCTPOEHWHM COCTABHOTO CILIANHA 3aKJIFOYAETCS B TOM,

CKOJIBKO KPHUBBIX Besne JOJIZKEH COJ/Iep2KaThb CILIafiH U KaK MMEHHO PacCIoJIOZKUTh Ha ITJIOCKO-
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CraaxkuBaHue JIOMaHbIX JHHHUI cOCTaBHLBIMU cIuiaiiHamu Besbe

CTH OIIOPHBIE TOYKM ITUX KPHUBBIX, 9TOOBI 00ECHEYUTH JIOCTATOYHYIO TOYHOCTD CIJIAZKUBAHUSI
JIOMAHOH! JINHUU.

B m3BecTHBIX MeTOJIaX CIVIaXKWBaHUA JOMAHBIX JIMHUM € ITOMOIIBIO CITAHOB CHaYaJja Ipo-
BOJIUTCH IIPEJIBAPUTEIBLHOE YIIPOIEHNE JJOMAHO! JIMHUHY, T.€. yAAJICHUEe U3 JIOMAHOI JIMHUA YaCTU
BEPIINH, 3aT€M B OCTABIINXCHA BEPIIMHAX PA3MENIAIOTCH Y3JIbl MHTEPIIOJANAN U KOHTPOJbHBIC
TOYKHW KPUBBIX, W JaJiee 10 9THM y3JlaM CTpouTcd ciaitn. Hampumep, B B 3aJaHHOU JIO-
MaHO# JIMHUU OIPENE/IAIOTCS 0COOble, TaK HA3LIBAEMbIE YTIJIOBbIE BEPIIWHBI, HCIOJJIb3yeMbIe B
JaJIbHERIIeM [JIsi IOCTPOEHUsT COCTABHOIO KyOmueckoro ciuraiina Besne. B 13 3aJIaHHOI JI0-
MaHO JINHUU YIAJISIOTCS BEePIIMHBI, He IIONaJaloe B 38/ JaHHbINA JIMHEHHbINA JIOIYCK, [IOCJIE Yero
Yepe3 OCTaBINMECs] BEPIIUHBI IPOBOIUTCA COCTaBHON Kybudeckuil craiitn Besne. B repeJt
IIOCTPOEHNEM COCTABHOIO ciutalina Be3be u3 3aanHoil JIOMaHOM JTUHUN BMECTO KAXKIOT'0 TI0JIMHO-
2KecTBa OJIM3KO PACIIOJIOZKEHHBIX BEPIIUH JOMAHON JIMHUU OCTABJIAETCA TOJLKO OIHA BEPIIUHA.
B npeJijiaraeTcs IIpeJBapyUTe/IbHO YIIPOIATh 3a/I[aHHYIO JIOMAHYIO JIMHUAIO C UCIIOJb30BaHUEM
agroputMma CBeHTEKa C OIEHKON 3HAYNMOCTH MCXOIHBIX BEPIIUH U yIAJEHHEM BEPIIUH ¢ HU3KOM
3HAYUMOCTBIO. B @ 3aaHHasl JIOMaHasl JIMHUS YIIPOIIAETCS C MCIIOJb30BAHHEM MOIMMPUIIITPO-
BAHHOTO aJITOPUTMAa yIIPOIIEeHUs JTUHEHHBIX HaHHbIX Jlyrinaca—Ilelikepa ¢ aganTuBHON MMPUHON
Kopujopa. B BI00OABOK K HamboJiee 3HAYNMBIM BEPIIMHAM JIOMAHON JTUHUN JTOOABIAIOTCS T0-
HOJIHATEJIbHbIE BEPIIUHBI JIOMAHON JIMHUU, KOTOPbIE CIOyXKaT NJId CHUXKEHUS HEPABHOMEPHOCTH
PacCTOAHUN MEXKJy COCETHUMU 3HAYMMBIMHU BEPIITHAMU.

B mepeunciieHHBIX METOAAX MPEIaraeTcs IPOBOAUTD CILJIAMH Uepe3 HEKOTOPOe MHOXKECTBO
BEPINMH UCXOIHOI JIoMaHoW quHnu. B HacTosie paboTe mpeaiaraeTcss MeTod, B KOTOPOM pas3-
peraercs pasMellaTh y3JIbl UHTEePIIOJISAIUN CIJIaiiHa He TOJIBKO Ha BepPIINHAX UCXOAHON JIOMaHO!
JINHUW, HO W B JIFO00# TOUKe joMaHOW juHHE. OTuduTe/bHas 0COOEHHOCTh METOJ[a COCTOUT B
TOM, UTO OH aBTOMAaTUYECKHU BLIOMPAET KOJIUYIECTBO y3JI0B MHTEPIOJIAINNN W UX IIOJIOKEHUE Ha
JIOMaHOH JIMHUU TAKUM 00Pa3oM, IYTOOBI COCTABHOM CILIANH ITPOXOJMJI KAK MOXKHO OJIMXKe K 9TOM
Jsmanu. [[oCKONBbKY Y3/IbI MHTEPIOJISIUN CILTaliHa MOTYT OBITH Pa3MeIleHbl B JII0D0 TOUKe JIo-
MaHOI JIMHUHU, TO IPEIBAPUTEHLHOIO YIIPOIIEHUsT NI Pa3OUeHUsl JJOMAHON JIMHUU He TpebyeTcs.

JlabHelilnee U3JI02KEHIE CTATHU ITIOCTPOEHO CJIEAYOMIM obpas3oM. B pa3ﬂeﬂeonmcaH npem-
JlaraeMbIil METOJI, CIVIa2KUBAHUs JIOMAHBIX JIMHUU. B paB,ZLeJIepaCCMOTpeHbI OCODEHHOCTH IIPO-
rpaMMHOI peajn3alnuu MeTojia. B paB,Z[eJIerI/IBe,Z[eHbI IPUMEPDI CIVIa2KUBAHUS JIOMAHBIX JIMHUNA
C UCITOJIb30BAHUEM TIPEIO?KEHHOTO MeTo/a. B 3aK/II0OUeHUN COIEPKATCSI OCHOBHBIE ITOJTYYeHHbBIE

pe3yIbTaThI.

1. HrepaTuBHBII MeTO CIIa>kKMBaHUs JIOMAHbIX JIMHUMI

B macrosimeit pabore mpeiaraeTcss HOBBIM HTEPATUBHBIN METON HOCTPOEHUSI TJIAIKOTO
CILTaHA, COCTOSIIIErO U3 KyOM1IeCKNX KPUBBIX Be3be 1 alpoKCHMUPYIOIIErO 38 IaHHY 0 JJOMAHY O
JIMHUTO ¢ TPeOyeMoit TOUHOCTHI0. Ha KaxK10it nTepalun BhITOJHAIOTCS CJIEIYIONIEe OTIePAIlN: BhI-
0Op KOJIMYeCTBa, y3JI0B UHTEPIOJISIUN CILIaiiHa, pa3MelleHne UX Ha 3aJaHHON JIOMAHON JIMHUU,
IIOCTPOEHUE TIPOXOJISAIIEro depe3 HUX IVIaJ KOO COCTABHOTO cIUIaiiHa Be3be M oleHKa TOYHOCTH
Al POKCAMAITAHN.

[IycTb 3ajana jjomanast auausd Py Ps ... Py, cMm. puc. . SadukcupyeM KOJIUIECTBO y3JI0B
uHTEepHoJsun citaiina N > 3 1 paBHOMEPHO PACIOJIOXKUM y3J1bl HHTepHoIsaun Q1, Qo, ..., QN
Ha JIOMAHON JIMHNN, TAK ITOOBI IBa KpalHuX y3/a (J1 u () y COBIAIAN COOTBETCTBEHHO C HAYAIb-
HOU ¥ KOHEYHOU BepITUHAMHU JOMaHOl Jimaun P n Pyy, a JJIUHBI y9acTKOB JIOMAHOW JTUHIT MeXK-

Jly coceHUME y3aamu Q; u Q41 661 pasubl Apyr apyry (i = 1,..., N —1). [Toctponm riaaxmii
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CILIAIH, IPOXO/ISIIHI Yepe3 BLIOpaHHBIE Y3JIbl HHTEPHOJIANNU. [IJist 5TOro BOCIIOIb3yeMCsi H3BECT-
HBIM CIOCOOOM ITOCTPOEHUsT TVIAJIKOrO CIUIaiiHa, mpoxojsinero depe3 N 3a/laHHbIX ToueK (y3710B
uHTepnossAmn) u cocrosmiero u3 N — 1 kybudeckoit kpusoit Besve B; (i = 1,...,N — 1) .
WcxoaupiMu JaHHBIMEA B 9TOM CIIOCODE SIBJISIIOTCA y3JIbl WHTepnoaanuu (Q1, Qo, ..., N, a Ko-
Op/IMHATHI KOHTPOJIBHBIX TOYEK KPUBBIX Be3be BBIYUC/IAIOTCS C MOMOIIBIO CUCTEMBI n3 2N — 2
JINHEHHBIX ypPaBHEHUI, PeIleHne KOTOPOH 00ecleInBaeT HEMPEPLIBHOCTD MIEPBOI W BTOPOI IIPO-
U3BOJIHON cIjIaiiHa B y3jax mHTeprojsiuu. Ha puc. ITOKA3aHO MCXO/IHOE Pa3MeIleHne y3JI0B
uHTepHOIsuy (0603HAUYEHbI KPACHBIMI TOYKAMMU) JJIsl 3a/IaHHON JloMaHoi juHun npu N = 5
U CIUIAH, IPOXOJSIIUI Yepe3 3TU y3JIbl U COCTOSIIMI U3 4YeTbpex KpubBbiX Besbe (0b6o3HavueH
KOPHYHEBBIM I[BETOM ).

Berancimm A — mepy GJIM30CTH TIOCTPOEHHOTO CILIAiHA U 3aJaHHON JioMaHoi jguHuu. O60-
3HAYUM 4Yepe3 L; ydJacTOK JIOMAHOW JIMHUU MeXKJy y3JiaMu uHTepnossanuu Q; u Qipq (1 =
1,...,N — 1). Bymem Bbrumciste A kak cymmy A + -+ + Ay_1, tiae A; — mepa 6ausocTu
KpuBoil Be3be B; u yuacTka JoMaHol Junun L;, KOTOPLIN allrpoKCUMUpyeTcs KpuBoit B;. B ka-
gecTBe A; MOXKHO UCIIOJIB30BaTh, HAIIPUMED, IJIOMIAb 00JIaCTH, OrpaHnYeHHON KpuBoil besne B;
U y9acTKOM JIOMaHoi juuun L; (jasree B paboTe UCIOIB3yeTCsi MMEHHO 9Ta Mepa), UM PacCTo-
sane Operre mexay B; u L; (i =1,..., N — 1). Eciin Berauciaennoe A mpeBbIIiaeT J0MyCTHMOE
3Ha4YeHne, TO Oy/IeM CUYUTATb TOYHOCTD AITPOKCUMAIIMH HEJIOCTATOYHON U ITOIBITAEMCS [IOBBICUTH
ee, I3MEHUB PACIIOJIO?KEHNE Y3JIOB UHTEPIIOJAINN Ha JJOMaHOW JuHun. Jis KaxKioro mpoMexy-
TOYHOTO y3s1a unTepnosimu Q; (i = 2,..., N —1) cpaBuum 3uadenusi A;_; u A;, BbIYUCIEHHbIE
JUIST IBYX CMEXKHBIX ¢ HUM KpuBbIX B;_1 u B;. Ilepemecrum y3es uHTeprnosimu (); 10O JIOMa-
HOW JINHUU B HAMpAaBICHUU y37a (Q;y1, ecmu A;_1 < A;, win B HampaBieHUN y3aa (;—1, ecian
A;_1 > A; (T0O ecTb, B CTOPOHY CMEXKHOM 00J1aCTH € GOJIBIINM 3HAYEHUEM ILIOIIAJN ), YMEHbIIIast
TeM CaMbIM ILIOIIAAbL OOJIBINEH U3 JABYX CMEXKHBIX obsacteit. Takum obpasom, sHaueHus A; uc-
MTOJIB3YIOTCSI, C OJIHOI CTOPOHBI, JIJIsT OIIEHKHW TOYHOCTH AIPOKCUMAIUH, & C JIPYroil CTOPOHBI —
JIJIST UTEPATUBHOIO TIEPEMEITEHUST Y3JI0B HHTEPIIOJISIINI. PaccTosHue, Ha KOTOPOe IepeMeniaeTcst
y3€eJI HHTEPIOJIAINN, CJIE/IyeT BBIOMPATh TAKIM 00pa3oM, YTOObI HE HAPYIIAJIACH [TOCJIEI0BATE b
HOCTBH pa3MEIeHNs] IPOMEKYTOUHBIX Y3/I0B Ha JoMaHo# suHun. Ha puc. [1H obsactu mexity
KPUBBIMHU bBe3be U COOTBETCTBYIOMMMEI UM yIaCTKAMU JIOMAHOW JIMHUU JIJIsi HATJISTHOCTU 3aKPa-
IIIEHBI PA3HBIMU IIBETAMHU, & TIOJIOXKEHUSI, B KOTOPBIe Oy/IyT IePEeMEeIeHbl y3JIbl HHTEPIIOJISIIUN Ha
caeyrolei urepamnuy, 0003HAYEHDBI KEJITHIMU TOIKAMH.

[Tocsie nepemerrienusi Bcex MPOMEXKYTOUYHBIX Y3JIOB MHTEPIOJIAINA CHOBA ITOCTPOUM IPOXO-
JAMAN Yepe3 HUX IVIAJKUN CIUIafiH U OIEHUM TOYHOCTH annpoxkcumanuu. Ha puc. [TOKa3aH
CIJIAIH, IIOCTPOEHHBIN Ha BTOPOW UTEPAIUH II0CJIe IIEPEMEIEHNs IPOMEXKYTOUHDBIX Y3JI0B, a 2KeJ-
TBIMHU TOYKaMU 0O03HAYEHBI ITOJIOYKEHNST, B KOTOPBIE OY/IyT HepeMeIleHbl y3/Ibl HHTEPIIOJISAIINNA Ha
TpeTbeil ureparuu. [IpoIo/KuM BBIIOJHATE UTEPAIAH, CM. PUC. , JI, 10 TeX I0p, IMoKa He Oy-
JIeT JIOCTUTHYTa TpebyeMasi TOYHOCTD allpokcuMarun A* uin 3apaHee 33/ laHHOE MAKCUMAJIBHOE
qucyio urepanuit K*. I1pu HeobxomumocTu, 00yCI0BJIEHHON TPUKJIATHON 3aa4eil, TOMUMO OIEH-
KU TOYHOCTHU AITPOKCAMAIIUU MOYKHO BBIIIOJTHATD JIOMOJTHUTE/IbHBIE TTPOBEPKH, HAIIPUMED, UTO
y HOCTPOEHHOIO CILIaiiHa HEeT caMoIlepeceveHuil, YTO ero KpUBU3HA He MPEBBINIAET 33 aHHOTO
3HAYEHUsI, UM 9TO OH HE BBIXOJUT 32 MPEJEJIbl 33 JaHHOTO KOPHUIOPA.

ITo pesynabratam wmrTepalnii, BBIITOJHEHHBIX C 3a(pUKCUPOBAHHBIM 3HadeHueM N, BbIOEpeM
CIJIAMH ¢ HAMMEHBIINUM 3HadYeHueM A, CM. puc. . Eciin He ymaercst qoctudb Tpebyemoit Tou-
HOCTHU U BBIIIOJTHEHUS JIONOJIHUTEIBHBIX YCJIOBHUI 38 MaKCHMaJbHOE Yucj0 ureparuii K*, Torma

YBEJIUINM KOJIMYIECTBO y3JI0B MHTepHodanuu [N M MOBTOPUM BCIO MPOIEAYPY 3aHOBO, HAUMHAS
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Puc. 1. CrinaxkupaHue JJOMaHOW JUHAN TIPU (DUKCUPOBAHHOM 3HavdeHuu N
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C PABHOMEPHOI'O pa3MeIIeHUsI y3JI0B MHTEPIOJANNH Ha JIOMAHONW JIMHIN . Ecmu xonmmdaecrBo
y3J10B uHTepnoaaruu N MpeBbICHIO 3apaHee 3aJaHHOEe MAKCUMAJIbLHOE KOJIUIECTBO y310B Nygq,
Torja OyaeM CYnTaTh, YTO IPHU 33JaHHBIX MMapaMeTrpax HCXOIHYIO JIOMAHYIO JIMHUIO AIIPOKCH-
MHPOBATD IPEIIOKEHHBIM METOAOM HEBO3MOXKHO; B 9TOM CJIydae CJaeAyeT N3MEHUTH MapaMeTPhl
Metoma A*, K*, Nyae 1 KO3MPUITUEHT S, KOTOPBIA Oy/IeT OrpeiesieH HIKe.

OcranoBuMcst Gojiee TOAPOOHO Ha IIPaBUJIE IEPEMEINEHUs] Y3JI0B WHTEPIIONSAINNA CILIaiHa
B CTOPOHY CMEXKHOI objiactu ¢ GosbimmM 3HadeHuneM mepbl Osimsoctu. [lpy N = 3 cocraBHoit
CILTAfiH COCTOUT M3 JIBYX KPUBLIX be3be. B aToM citytae paspernaercs mepeMerieHme TOJIbKO Ol
HOT'O, CPEJHEro y3Jjia MHTEepIoidiuu. B pe3yibrare urepanuil ¢ IPUMEHEHUEM IIPEJJIOYKEHHOTO
IIpaBuMJIa, 3TOT y3eJ OYIeT CTPEMUTHCST K TTOJIOXKEHNIO, B KOTOPOM MEpPBI OJIM30CTHU JIBYX CMEXKHBIX
KpuBbIx paBHbl. [Ipu N = 4 cocTaBHOil cILTaliH COCTOUT y2Ke U3 TpexX KpuBbIX Be3be. B aTom
cJIytae pa3peraeTcst IepeMeleHne IBYX CPEeIHIX Y3JI0B HHTEPIIOJAnn. B pe3yabraTe ureparmit
C IpUMEHEHHUEM IIPEJIOXKEHHOIO IIPaBUJIa, KayK bl U3 y3JI0B OYIET CTPEMHUTHCS K IIOJIOXKEHUIO, B
KOTOPOM MephI OJIM30CTH JBYX CMEXKHBIX ¢ HUM KPHUBLIX paBHBLI. A 3Haunt, 06a y3ia OyayT crpe-
MHTbBCI K TAKOMY COBOKYITHOMY ITOJIO?KEHUIO, B KOTOPOM MepbI OJIM30CTH BCeX KPUBBLIX besbe, n3
KOTOPBIX COCTOHUT CILIaiiH, paBHbL. V Tak majee. Takum o6pasoM, MpeIoKeHHOe TPpaBuIo pop-
MHPYeT CIIaifH, y KOTOPOTO BCE COCTABJIAIONINE KPUBBbIE MPUOIU3UTEIHLHO OJMHAKOBO OJIM3KH
K COOTBETCTBYIOIINM UM yJaCTKaM JIOMAHON JmHUU. ECan oHa MIn HECKOJbKO KPUBBIX MEHEee
OIMB3KM K JIOMAHOW JIMHUU, TO IMPUMEHEHNE MPaBUIa HAYMHAET <«IIPOTAJTKUBATHY COOTBETCTBY-
IOIIFe UM y3JIbl WHTEPIIOJISIIAN, & BCJeJ 38 HUMU — U JIPYTHe y3Jbl NWHTEPIIOJISIINNA, K TAKOMY
MTOJIO’KEHUIO, B KOTOPOM BC€ KPUBBIE UMEIOT MPUOIU3UTEILHO OJNHAKOBYIO OJIM30CTh K JIOMAaHO
suann. KosmdecTBo ureparuil, KoTopbie TpeOyeTcsl BLITOJHUTD I JOCTUXKEHUsT HeOOXOIUMOIt
TOYHOCTH CIJIaYKUBAHUS, 32BUCUT, B TOM YHUCJIE, OT PACCTOSHUS, HA KOTOPOE IIEPEMEIIAIOTCS Y3JIbI
MHTEPIOJISIIAY 10 JJOMAHOM JIMHUM Ha KaxkJo# urepaiun. B paccMOTpeHHOM IpUMeEpPEe UCIIOJIb-

30BaJjIaCh Cjeyiomas GopMysia JIjisl PACCTOSHUS:

mCLCC(Ai,1 5 Al)

D;=sC; ; 1
s ¢ A1+ A M)

e s — Ko UIMEHT, OPeIe/ISIIOIINI CKOPOCTh IIepeMeNieHust y3/10B uareprosun, C; — JJiu-
Ha OTPE3Ka JIOMAHOW JIMHUU, 110 KOTOPOIl OyIeT mepeMenarbes y3ea uarepnossinun Q;. 1pob-
HBIIl MHOXKUTE/Ib B IIPABOI YACTH IOCTPOEH TaKUM 0Opa30M, YTOOBI YBEJTMUCHIE PASHUIBI MEXK LY
3HadeHusiMu A;_1 u A; mpuBomIIo K yBeqanderuto paccrosaus D;. Koadbdunuent s Biusier Ha
CKOPOCTh ¥ TOYHOCTH CXOJMMOCTH CIJIaliHa K MCXOJHOW joMaHol juHuu. Ha puc. HOKaBaHbI
rpaduKu TEMIIA CXOJUMOCTHU CILIAHA, TOKA3aHHOTO Ha pI/IC., npu s = 0.1 m s = 0.01. Buano,
9TO UpHU OOJIBINIEM 3HAYEHUU S BBIIIE CKOPOCTb CXOIMMOCTH, a IIPU MEHbBIIEM 3HAYEHUU S BbI-
[1e TOYHOCTDb AIIPOKCHMAInU. BIOOp B HOJIB3Y CKOPOCTH MJIA TOYHOCTH CXOJIUMOCTHU JIOJIZKEH

ONIPEEIIATHCA ITPUKJIATHON 3a1a9€it.

2. IIporpammHasi peajin3aliis IIPeIJIO2KEHHOTO MeTOJIa

Pazpaboramno nporpammuoe obecnedenue Ha s3bike C++, peaynsyroliee Mpe/yIoyKeHHbIH Me-
TOJ| CIJIA’KWBAHUS JIOMAHBIX JIMHUI COCTaBHbIMU ciialinamu. Ha puc. |3| mokaszana 6JI0K-cxema
aJITOPUTMa TIOCTPOEHUSI COCTABHOIO CIUIaiiHa. BXOIHBIMU JAHHBIMU JJIsT AJITOPUTMA, SIBJISIOTCS
JIOMaHasl JIMHUS, 3a/[aHHasi KOOPJIMHATAMI CBOMX BepINH P;, K03hMUIUEHT S, OlpeIessTionuii
CKOPOCTH TIepPEMEIIEHUs] Y3JI0B UHTEPIOJISIUN, TpedyeMas TOYHOCTh annpokcumarmu A*) mak-
cUMaJIbHOE Yncjo ureparuit K*, HadaibHOE U MAKCUMAaJILHOE KOJIMYECTBO y3JI0B ciutaiina Ny u

Npaz. AIropuTM BKIIIOYAET JBa BJIOXKEHHBIX I[UKJIA: BHENIHUN IUKJ IepebUpaeT KOJUIeCTBO
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Puc. 3. Biiok-cxeMa ajaropurma mOCTPOEHUsI CILIATHA
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y350B N oT Ny 10 Nppaz, & BHYTPEHHUM ITUKJ Ha KaxXKJI0i urepanuu nepemeriaer N y3J10B WH-
TEPIIOJISIIIUN 110 JIOMAHOW JIMHUN, CTPOUT COCTABHOM CIJIaifiH U BBIYUC/ISIET €ro Mepy OJIM30CTH C
UCXOJIHON JlIoMaHo Jinaueii. KpurepusiMu ocTaHOBa SIBJISIIOTCS JIOCTUXKEHHE TPEOYeMOl TOUHOCTH
armporcuManun A* uiIn MaKCHMAJIBHOTO KOJMIECTBa Y3JI0B ciutaitia Np,.. B mepBoMm ciydae
3aj1a9a CIUTAETCS PEIIeHHONW, BO BTOPOM CJIydae Jijis TOJYIEeHHUs PEIIeHHs CJIeIyeT M3MEHUTH
rmapamMeTpbl METOIA.

B kauecrBe Mepnr OGsim3octu A; BhIOpaHa ILIOIIAIL 001acTu MeX 1y KpuBoii besne B; u co-
OTBETCTBYIOIMIUM € yJacTKOM JjioMaHoil junuu L;. Beraucjaenne npubau3uTeIbHONO 3HAYCHUS
9TOW ILIOMIAIN BBINOJIHAETC cieayomuM obpaszom. Ha kpusoit Besne B; paBHOMEpHO pacio-
JlaraeTcss HEKOTOPOe KOJIMYEeCTBO TOYEK Eil, EZ-Q, ceey EZT a Ha ydJacTKe JiomMaHoi jimauu L; —
TaKOE YK€ KOJIMYECTBO TOYEK Fil, Fiz, ey Fl-T (M. puc. . VckoMast 1I0I0aib BBIYHCISIETCSI
KaK CyMMa IIJIOIa/ieil IByX TPeyroJIbHUKOB QZE}F} u Qi_HEiT FiT u T — 1 9eThIpexyTroJIbHUKOB
EF RV R (j=1,...,T - 1).

Puc. 4. Annporcumariyst Mepbl OTH30CTH

3. Ilpumepsl criiaknBaHus JIOMAaHBIX JIWHU

PaccmoTpuM HECKOJILKO MPUMEPOB CIVIAXKUBAHUS JIOMAHOW JIMHUU C UCIIOJIb30BAHUEM ITPE]I-
JIOXKEHHOT'O MeTona. s KaxK0oro npuMepa mpuBOIUTCS PUCYHOK € MCXOJHON JIOMAHON JTUHUEN,
KOTOPYIO TPEOYETCs CIIaIuTh, U CIUIAHAMMY, ITOJTy YeHHBIMU B PE3yJIbTaTe BBIIIOJTHEHUS UTepaIuit
C PA3JINYHBIM KOJUYIECTBOM Y3JIOB MHTepHoaruu. s KazKI0ro cijaifHa B IOJIMUCH K PUCYHKY
YKa3aHO KOJIMYECTBO y3Ji0B N U 3Ha4YeHue mwiomaau A, paBHON cyMMe ILIOIIaJell, OrpaHuIeH-
HBIX KPUBBIMU Be3be u COOTBETCTBYIOMIMME UM yYacTKaMH JIOMaHOW JUHUHU. Pa3mep ceTku Ha

pucyHkax paBeH 1x1.
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IIpumep 1. Ha pI/IC. n300pazkeH MpUMep MPOCTOil JJoMaHol Jimann B hopme OYKBBI «I1», a Ha
puc. |5p, B — CIIaiiHbl, [OJy9YeHHbIE B Pe3y/IbraTe BBIIOIHEHHUs UTepalyil 1pn GUKCHPOBAHHOM

spaueHn N = 5 u 6 COOTBETCTBEHHO.

a) JIOMaHast JIMHHS 6) cmaita ipu N =5 B) ciuaiia npu N = 6

(A =2.5) (A=0.1)

Puc. 5. Ilpumep

IIpumep 2. Ha puc. @ n3006parkeH npumMep 0oJiee CJIOKHOM JIOMaHOH JuHUN B hopMe apxuMe-
JIOBOI CIpaJid, a Ha pmc.@, B — CILIAWHBI, IOJIYYE€HHBIC B PE3Y/IbTATE BBIIOJTHEHUST UTEPAIHit

npu duxcuposanuom 3uadenun N = 7 u 10 cOOTBETCTBEHHO.

A |
/ o f/

— N\

§ f

\ N o
//’ —”
a) JIOMaHasl JIMHUSI 6) crutaite ipu N =7 B) crutaita mpu N = 10
(A =8.9) (A =4.0)

Puc. 6. IIpumep

IIpumep 3. Ha pI/IC. n300pazkeH MpuMep JIOMAHOM JINHUU B (DOpME IPSIMOYTOJIBHON cripaJiu, a
HaA pI/IC., B — CILTA{HBI, TIOJTy YeHHBIE B PE3YJIbTATE BBITOJTHEHUS UTepaIuii npu pUKCUPOBAHHOM

suadenun N = 10 u 15 cooTBeTCTBEHHO.

IIpumep 4. Ha pI/IC. n300parkeH MpuMep JIOMaHOM JuHnn B (popMe 3ur3ara, a Ha pI/Ic., B —
CTLTAfHBI, TTOJTyYeHHbBIE B PE3Y/IbTATE BBIMTOJTHEHUS UTEPAIA TTPY (PUKCUPOBAHHOM 3HadeHnn N =

9 n 14 cooTBETCTBEHHO.
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a) JIOMaHasl JIMHHS 6) cuwraita npu N = 10 B) cwraita npu N = 15
(A =15.3) (A =5.0)

Puc. 7. Ilpumep
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B) cwaitn npu N = 14 (A = 1.6)

Puc. 8. HpHMepE
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IIpumep 5. Ha puc. @a n300pakeH MPUMEP JIOMAHOW JIMHUKA C CAMOIIEPECEYEHUSIMU, a Ha
pI/IC.EF, B, I' — CILUIAMHBI, TIOJIyY€HHBIE B PE3YJIbTATE BBIIOJHEHUS UTEPAInil IpU (GUKCUPOBAHHOM

sHadennu N = 7, 13 u 15 COOTBETCTBEHHO.

ﬂ{/ AN

) JIOMaHasi JINHUSI 6) craitn npu N =7 (A =1.9)

B
W

) crnaiin npu N = 13 (A = 0.6) r) ciwraita npu N = 15 (A = 0.4)

Puc. 9. IIpumep

AV

IIpumep 6. Paccmorpum jioManyio JIMHUIO, N300PAXKEHHYIO Ha, PHUC. . DTa JoMaHas JIMHAS
B34Ta U3 , re peliajach aHaJOTUYHAs 3aJada IIPOBEJEHUsI COCTABHOIO CILialina besbe 1o
BOBMOXKHOCTHU OJIMKe K MCXOMHOM JioMaHo#l guuuu. [ 9TOr0 aBTOPHI IIPejIaraioT ONpPEIe/IUTh
HanboJiee BaXKHbIE BEPINUHBI MUCXOIHON JIOMAHOW JIMHUU W IPOBECTH COCTABHON CILIaiiH uepes
unx. Ha puc. OKa3aH PEe3yJIbTaT 9TOI'0 METO/Ia — COCTaBHOU CILIAilH, IPOBEICHHBINA depe3
3HAYMMBbIE BEPIIMHBI UCXOJHO JIOMAHOH JIMHUN (HA PUCYHKE 9TH BEPIIMHBI OTMEYEHbI OPAHIKE-
BbIME TOYKamu). Ha pI/IC. [IOKa3aH COCTABHOW KyOWYeCKUil CIJIAliH, IOCTPOEHHBINH METOIOM,
[IPejI0’KEHHBIM B HacTosIeil pabore. BuaHo, 9To mojydeHHbIE PA3HBIMU METOIAMU CILIAMHbBI
MPaKTUIeCKN UAeHTHIHbI. CIIaifH, IOCTPOEHHBIH IPEIJIOXKEHHBIM METOI0M NMEET Ha OIHY Bep-

muHy OOJIbINlE, HO 3aTO IPOXOJUT OJINYKe K JIOMaHOW JIMHUU.
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a) JIoMaHasl JIMHWUS 6) crutaiin, HpoBeIeHHbII B) CIUIaiiH, OCTPOEHHBDII
Yyepes3 BEePUINHBIL YIIPOIIEHHOR [IPEJIJIOKEHHBIM B paboTe
JIOMAHOM JIMHUUN METOJIOM
(N=8,A=0.14) (N=9,A=0.09)

Puc. 10. HpHMep@

3akJro4YeHmne

[IpuBenennble TpUMEpPhI CIJIAYKUBAHUS JIOMAHBIX JIMHUN MTOATBEPKIAIOT 3DPEKTUBHOCTD
IPpEeJJIOZKEHHOT'O MeTO/Ja IIPUMEHUTE/JIbHO K JIOMaHBbIM JIMHUAM paBJII/I‘IHOfI CJIO2KHOCTHU, B TOM
YucJie K JIOMaHbIM JIMHUAM C caMorepecevdenusivu. [lokazano, 9To B OTJIMYME OT CYIIECTBYIONIUX
METOJIOB CIVIAKWBAHUS JIOMAHBIX JIMHUN, IIPEJJIOXKEHHBIN METO, He TPEOYET MpeIBAPUTEHHOTO
VIIPOIIEHUsT WJIN Pa3bueHus] UCXOMHOM JJoMaHo# aunnn. IIpakTudecKuil npuMep UCIOIb30BaHUsT
pa3paboTaHHOI'O METO/Ia OIUCAH B , rJie pernrajach 3a/1a49a TPACCUPOBKU COCJIMHEHUN CTPYHHBIX
YCTPOHCTB, TO €CTh MOCTPOEHUE Ha IJIOCKOCTH IJIAThl CTPYWHOIO YCTPONHCTBa IVIQJKUX KAHAJIOB
MEeXKJIy BXOJIAMU M BBIXOJAMHU CTPYUHBIX 37IeMeHTOB. Moieab cTpyfHOro yCTpOiCTBa 3a]aBajlach
C TIOMOIIBIO0 MHOTOYTOJIbHON (DUTYPBI, Y KOTOPO# BHEIIHSISI TPAHUTIA OMMCHIBAJIA TPAHUILY TLIATHI
CTPYHMHOI'O YCTPOHCTBA, & «JIbIPBI» — KOHTYPBI CTPYWHBIX 3JEMEHTOB, Pa3MEIIeHHBIX Ha ILIaTE.
3areM CTPOMJICS HMPSIMOJIMHERHBIN CKeJIeT MHOTOYTOJIbHOI (pUryphl U Ha Ipade IPsiMOJIUHEHHOTO
CKeJIeTa JIJId KazKJI0TI'0 COCINHEHUA MEXKJTy CprfIHbIMH JIEMEHTaM1 HaXOJIWJICA IMyTb, COCINHII-
IO BBIXOJ OJHOTO JIEMEHTa CO BXOJOM JPYroro 3sjieMeHta. llojyueHHble JIOMaHble JIMHUH,
[PEJICTABJISIONINE HAllIEHHBIE TIYTU Ha rpade, CIIIaKUBAJIICEH C IIOMOIIBIO TIPE/IJIOKEHHOTO METO-
Jta. 3aTeM JjIs KaykJI0To CILTaifHa CTPOMINCH IPAHUITBl KaHa A, TaK IYTOObI CILIAiiH MPOXOIUI 10
IIEHTPY KaHaJla, a IIMPpUHa KaHaJla JIMHENHO MeHsLIach OT HNINPUHBI BBIXO/a CprI7IHOI‘O JIEMEHTa
JI0 TIIUPHUHBI BXOJla IPUEMHOI'0 CTPYWHOT'O 3JIeMEHTA.

Taxum obpazom, pazpaboTanH MeTO]I CTIayKUBAHNS JIOMAHBIX JJUHUN COCTABHBIMU CILTAHAMU
Besbe, aBToMaTrUecku BBIOMPAIOIINI KOJUYIECTBO y3JI0B UHTEPIIOJISIIUN CIJIARHA U UX TOJIOXKE-
HU€e Ha 33JIAHHON JIOMAHOH JIMHUU TaKUM 00pa3oM, UTOOBI Pe3yJIbTUPYIOMINI CIUIAH TPOXOUIT
JOCTATOYHO OJIN3KO K 33 aHHON JIOMAHOW JIMHUHU M ITOBTOPSI ee (bOpMYy ¢ 3aJJaHHOM TOYHOCTBIO.
Paspaborano nporpamMHoe obeciiedenne, peaan3yiolnee MpeIIoKeHHbI MeTon. BosMoxkbie 06-
JIACTH TIPUMEHEHUsT METO/Ia: 33149 MOCTPOEHNS TPACKTOPUIA JBUKEHUs PODOOTOB, TPOEKTHPOBa-
HHe TEXHUIECKNX 00beKTOB, 06pabOTKa Pe3yIbTaTOB BBITUCINTEIbHBIX UIN HATYPHBIX IKCIIEPU-
MEHTOB U po4ne cepnl, rie TpedyeTcs MOCTPOeHNE TJIAIKUX JUHUH Ha OCHOBE IIPEIBAPUTETHLHO

IIOCTPOEHHBIX JIOMaHBbIX JIMHWIA.
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The paper considers a new iterative method for constructing a smooth spline on a plane, consisting of cubic
Bezier curves and repeating the shape of a given polyline with the required accuracy. At each iteration of the
method, the following operations are performed: choosing the number of spline interpolation nodes, placing them
on a given polyline according to certain rule, constructing a smooth compound Bezier spline passing through
these nodes, and estimating the approximation accuracy, that is, the proximity of the constructed spline to a
given polyline. The choice of the position of the spline interpolation nodes on a given polyline is performed by
comparing the proximity measures of adjacent Bezier curves that make up the spline and the segments of the
polyline that approximate these curves. The examples of smoothing polylines of varying complexity, including
polylines with self-intersections, are given, confirming the effectiveness of the proposed method. The results of the
work can be used in various applications, for example, when constructing the trajectory of automatic vehicles and
mobile robots, when designing technical objects in computer-aided design systems, when performing cartographic
generalization of linear cartographic objects, when designing fonts, etc.
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This paper discusses an approach to automatic generation of intelligent assistants, which provide information
search on the content of a website. A feature of the approach is to use genre models, developed for a given type of
resource (educational, informational, etc.), on the basis of which the genre structuring and subsequent thematic
clustering of the content of the target website is performed. The resulting genre structures allow us to define
more precisely the boundaries of thematic clusters related to the topic of the user’s search query. The search
quality evaluation for the Russian-language websites showed an F-score of 87.8% and originality of 80.9%, which
exceeds the Yandex search engine results by 1.1% and 9.1%, respectively. In order to predict user information
needs, a method for refining the resulting sample is proposed. It allows a user to get information implicitly, based
on current and previous queries, about what the user was not satisfied with in the previous search results. A
model of user’s search intentions has been developed and its computational component includes a method for
evaluating query closeness based on the FRiS function. Based on the proposed methods, a chatbot was created
on the Telegram messenger platform to search the websites of educational institutions. The experiments showed
that the user needs the average of 1.75 qualifying questions to find the necessary information.

Keywords: information retrieval, intelligent assistant, website genre model, thematic analysis, information
retrieval system, user search intent model.
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Introduction

Rapid development of information technologies, in particular, the development of the Internet
has generated a large amount of electronic information. The simplicity and accessibility of
creating and distributing data has led to a huge flow of necessary and unnecessary information.
Currently, information search is developing, since from a large amount of data it is necessary to
find only the information in which the user is interested. One of the ways to improve the quality
of search is to use methods of analyzing the content of Internet sources based on knowledge.

This paper proposes an approach that integrates different search methods based on cluster
analysis, uses genre models, a model of user search intentions and relies on the Internet genre of
the site. We consider genre characteristics for two levels of resource representation: the site as a
whole (macro level) and the site page (micro level) . When analyzing web genres, functional,
formal (compositional and lexico-grammatical) and content aspects are usually considered, which

correlate with different levels of physical representation (the site as a whole, the page, individual

*This article has been recommended for publication by the Program Committee of the International Conference
on Data Analytics and Management in Data Intensive Domains — 2022.
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components of pages) . And to test the proposed approach, a chatbot is being implemented
to search through the websites of educational institutions in Novosibirsk. To analyze and build a
genre model of the site, and conduct experiments, a corpus of websites of educational institutions
with a size of 9052 pages was compiled, which contains the content of 137 sites.

The article is organized as follows. Sectionof this work provides an overview of related
works, Sectionoffers a way to describe the genre model of educational institutions’ websites,
Sectiondescribes cluster analysis for thematic clustering of genre fragments of the site, Section
presents a model of the user’s search intentions, Section presents the proposed architecture
of the search engine, in Section@ the implementation of a chatbot for information search is
described, and in Section experimental study of the quality of search and user information
support on the corpus of educational organizations websites is presented. In a brief
summary of the results obtained in the work is given, and directions for further research are

indicated.

1. Related works

There are special search engines for searching, taking into account the deep analysis of the
query. The functionality of these products varies, ranging from rearranging the search results of
other search engines, and to full-text search of information in indexed texts for key user queries,
taking into account morphological features, syntax and semantics of words. The systems can also
perform searches taking into account synonyms and related words, which are grouped according
to their semantic meaning. Thus, the Nigma system (3| is a meta-search engine that provides a
search for textual information, taking into account the meaning of the query given in natural
language. This service allows you to improve the quality of the search due to the fact that based
on the user’s entered query, the system generates a list of documents divided into several clusters
so that the user can choose in which cluster to continue the search. To do this, a forming phrase
is formed for each cluster and the number of documents in it is indicated. There are also search
engines based on thematic cluster analysis, for example, Carrot2 . This system offers two
specialized clustering algorithms: Lingo, an algorithm based on singular value decomposition,
and STC, the suffix tree method, a classic search results clustering algorithm that very quickly
creates a flat cluster with an adequate description. The search in the Yippy system is based
on IBM Watson, a supercomputer that has natural language processing technologies and is
able to analyze complex, unstructured data and even understand professional slang. Yippy has
expanded the capabilities of IBM Watson and added features such as trend tracking, concept
clustering, entity extraction, relevance monitoring and sentiment analysis. AskNet @ consists of
two subsystems that allow both the search for information on the Internet and the search for
information on users’ computers in the corporate network. The system differs from other search
engines in that it provides not only links to documents and resources to the user’s request, but
also text information that is the answer to the user’s question. Hakia |7| contains its own linguistic
database, in which words are divided into various “meanings” that they convey. It extracts all
possible queries related to the content (using its database), and they become paths to the source
document. And then independently ranks the content based on additional analysis of offers. It
also uses the authenticity and age of the content to determine relevance. Modern search engines
such as Yandex and Google in recent years have done much to improve the Internet search, for
example, using knowledge graphs or neural network representation of queries and lyrics @,
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but in this work, we study local search sites of one functional genre, and not a global search
across the Internet which focused on these systems.

Despite the fact that many of the above systems take into account the semantic features
of the text, they do not use preliminary thematic clustering and do not take into account the
genre features of indexed web resources. The Nigma and Hakia systems have stopped working.
It should also be noted that most of these systems are focused on working with texts in English.

Information search methods are used in various applications today and one of the most
popular applications is a messenger with a built-in intelligent assistant or chatbot. There are
6 main methods of building chatbots : rule-based methods, search, generative approach,
ensemble methods, grounded learning and interactive learning. Rule-based systems are
trained based on a predefined hierarchy of rules that determine how to convert user input into
a response or action. Search-based methods are used today in most chatbots. Such systems
operate using directed graphs and are trained to provide the best possible answer from their
database of predefined answers. Instead of using predefined answers, a conversational chatbot
using generative methods receives a large amount of data (real dialogs) and learns to generate
a new dialog that is similar to them. Modern conversational chatbots that can talk on any
topic were created using ensemble methods , which, depending on the context, use some
combination of rule-based approaches, search and generative approach. An intelligent assistant
using informed learning , analyzing a user-entered query, generates a neural network that is
configured for this specific query and task. Such an intelligent assistant is better “grounded” due to
its ability to learn and use representations of real-world knowledge. Interactive machine learning
is algorithms and intelligent user interface structures that simplify machine learning through
human interaction. This development allows computers to learn from people by interacting with
them in natural language and observing them.

2. The model for presenting a site of a certain genre

In this approach, the search is based on preliminary indexing of the site based on its genre
structure. Each site has certain features that are determined by the specifics of the field of activity
and are formed due to the similarity of subject matter, composition and style, which corresponds
to the classical definition of the speech genre formulated by M.M. Bakhtin . Genre is a typical
model of constructing a speech whole. A genre model representing its “typical reproducible genre
form” can be defined for each type of site. Each genre model represents a general structure of
sites inherent in this model. Thus, the content of each site can be divided into genre fragments
representing some aspects of the content. To analyze and build a genre model of the site, it
is necessary to have a corpus of texts of a given subject, therefore, a corpus of educational
institutions with a size of 9052 pages of 137 sites was collected. Based on the analysis of this
corpus, a genre model of the educational institution’s website has been developed, the upper
level of which is presented in Tab.

Content (content part) of the site is a sequence of text blocks. To determine the genre of
these blocks, a set of genre markers and a marker language are used, which allows you to specify
terms, their combination or enumeration. To describe the genre model, the language proposed
in is used, which allows for the description of aspects of the content of any genre block based
on genre markers. The genre model contains sets of markers, each set describes some aspect of
the content, and for each genre typical aspects of the content are described and in which part
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Table 1. The range of genres of text fragments, depending on the genre of the site

Site genre: educational institution

Higher educational institution Secondary educational institution
Description of the scientific institution Admission to school
Description of faculties Parents
Description of the campus Teachers
% Incoming The final essay
b% Students GIA
ﬁ Graduates
é’ Employees
3 Graduate students
qé News Feed
& Comment

Description of the event

Frequently Asked Questions

of the HTML markup they are located. In Fig.|1| we show some examples of genre markers for
describing the genre model using the above-mentioned markup language.

1 |# Template for describing content aspects
2 |Content aspect: ["Markerll"][" Marker21"|[" Marker31"]
["Markerdl", "Marker42"|

4 |# Template for genre descriptions
"Genre ID": [<Content aspect 11, tag>]
[<Content aspect 21, tag> < Content aspect 22, tag>]

7 |# Examples of content aspects

8 |For applicants: ["to enroll"][" admission committee"|[" admission"]

["admission rules "|[" entrant"|[" admission campaign"|[" rating list "]
["tuition fees"]

9 | Education Levels: ["postgraduate "|[" master’s degree"]

["bachelor ’s degree"|[" specialty "]

10

11 |# Example of a page genre description

12 |"For applicants": [<For applicants, text>]|

[<For applicants, all>< Education Levels, all >]

Fig. 1. Examples of genre markers for describing the genre model

The developed genre model is used to highlight genre fragments in the content of the website.

3. Thematic clustering of texts

After segmentation of the text content of the site, its thematic clustering is carried out —
the allocation of thematic clusters, which will be searched in the future.

A dictionary is needed to cluster content and analyze a user’s query, so a dictionary of terms
was created in the KLAN subject vocabulary extraction system . This system supports the
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main stages of text analysis: syntactic, semantic and morphological. The dictionary, created on
the basis of the corpus of websites of educational institutions, contains one-word and multi-word
terms, its size is 17,500 terms for which statistics are collected. K-means algorithm was used ,
due to the fact that it has a high learning rate, and agglomerative hierarchical clustering ,
because it allows you to interpret the result well.

Each document is represented by a vector in the space R,, where n is the dimension of
the dictionary. To obtain such a representation, the statistical measure tf-idf is used, which
evaluates the importance of the term in the text, relative to other texts of the corpus. The distance
between vectors can be calculated using various metrics, cosine similarity and Euclidean metric

have been tested,
22:1 ay, - by,

(a,b) =
’ \/22:1 aj - \/22:1 b

(1)

and

respectively. The Euclidean metric works statistically worse on the collected corpus of texts,
therefore, cosine similarity is used in this study.

Centroid (cluster center) is a vector whose elements represent the average values calculated
for all proposals (presented in vector form) from the cluster. Thus, the centroid is a vector
representation of the thematics of the proposals included in the cluster.

There are many metrics for assessing the quality of clustering and a large number of their
comparisons have been carried out . One of these metrics is the “Silhouette score” ,
which statistically significantly shows results better than other metrics. The Silhouette coefficient
is calculated separately for each object from the cluster using the following formula:

§= a0 (3)

max {a, b}’
where a is the average distance from the selected object to the objects of its cluster, b — the
average distance from the selected object to the objects of the nearest cluster (not containing
the selected object). To assess the quality of clustering, the average value of the “Silhouette”
coefficients for all clustered objects is calculated. With the help of this metric, the proposed
clustering methods were evaluated and the results were ambiguous, since the outcome strongly
depended on the input data.

4. The model of the user’s search intentions

In order to improve the quality of user information support, a model of user search intentions
has been developed, which allows recognizing intentions through message analysis.

Let us define a formal model of the user’s search intentions at the current step of information
search as a system of the form

MSI = <Qprevs Qneat, ReSprev, Fss, Tr, P>, where

Qprev — previous search query,

Qnext — new search query,

Resprev — previous search result,

Tr — request proximity threshold,

P = Prew, Pexpands Preduce Pexcexp — Multiple search engine states (search parameters): new,
expand, narrow, exclude and expand.
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Fgs — the function of calculating the states of the search engine

FSS = Qnemt X Qprey X Resp?“ev _) P (4)

The proximity of queries is calculated using the Function of Rival Similarity (FRiS) in
competition with the previous search result. Let p be a metric, then the FRiS function is
calculated as follows :

14 (Qnemt’ Resprev) —p (Qnemt; Qprev)
P (Qnezty Resprev) +p (Qne:ct; Qp'r'e'u) ’

Pneun Qnemt ﬂ Qprev =0
Pe:cpanda Qnemt n Qprev = Qnert
Fsg (Qnezty Qpreva Resprev) = Prcduce, Qnext n Qprev = Qprevv (6)
VFRiS (Qnezt; Qprev ‘ Resprev) >Tr

Pemcempa FRiS (Qnemta Qprev | Resprev) <Tr.

The main idea of the user’s search intent model is that with a new search query, we can use

FRIS (Qneat, Qprev | Resprev) = -

information about the previous search results and the previous query, and determine whether
this is a new search query or whether the user is not satisfied with something in the results and
wants to refine the query. If the request is refined, we can understand the user’s intentions (what
exactly did not suit him in the request) and perform a search with some parameter that changes
the search method. In the case when the model of the user’s search intentions came to a state
of reduce, then we assume that the user received the necessary information, but along with it
he received a large amount of noise and it is necessary to reduce the search selection in order to
get rid of the noise and get only the necessary information. In the case of an expand, we assume
that the user did not find the necessary information and expand the search selection. Based on
the proposed model, Fig.presents an algorithm for analyzing the user’s search intentions.

G,

i

C Search result }—( Search with the parameter )

i

( New query )

Comparison with the previous query

p

Selecting a search parameter

New ) ( Expand ) ( Reduce ) ( Exclude and expand\%
[

Using FRiS function. we look at the
proximity of queries relative to the
search result

/’m

Fig. 2. The scheme of the analysis of the user’s search intentions

After receiving the user’s request, it is compared with the previous request in order to
select one of the four parameters for repeated search. The parameters change the search method:
exclusion of previous results, expansion of the sample, narrowing of the sample, and a new search.

To compare queries, lemmatization is performed and service words are excluded. Queries
are compared in a set-theoretic way. When the queries do not contain the same lemmas (empty
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intersection), a new search is performed without parameters. If the words were removed from
the query (the new query is nested in the old one), then a search is performed with the “expand”
parameter. If new words were added to the query (the old query is nested in the new one), then
“reduce” parameter is used.

For example, when querying “Dorm” after the query “Is there a dorm at the university”, the
intersection of the queries (“Dorm”) is equal to the new query, so a search will be performed with
the “expand” parameter. But if the previous request is “Submission of documents”, and the new
one is “Deadlines for submission of documents”, then a search is performed with the “reduce”
parameter. In the case when there was a more serious change in the request (intersection of
requests), then the proximity of requests is calculated. For example: “How to transfer from one
faculty to another” and “How to transfer to another group in your course”. The average value
of the FRiS function (formula is calculated for all search results and if the average is greater
than the preset threshold, then reducing parameter is used, otherwise a search is performed with
the exclusion and expansion parameter.

5. Intelligent assistant architecture

Figure [3| shows the architecture of the intelligent assistant, which includes three main
modules: a preprocessing subsystem, a search engine subsystem, and a user interaction

subsystem.
User 7 ™~
Preprocessing subsystem
[ odule for downloading a website from tth
Internet
( User query odule for cleaning and highlighting the mai
= content
'g a User interaction subsystem ) Module for building a dictionary of terms )
¥}
2 odule for analyzing the user's search
Hnratans ( Module for determining genre fragments
Module of thematic clustering of fragments>
—f< Result output module }
- J
( Resourses )
Search engine subsy stem §
Module for bul_ldmg a search query &
e — 1 § Dictionari
1 @ of terms Clusters:
Search module for "nearest" text & -Cluster centroids
fragments -Clustered fragments
.

Fig. 3. Architecture of the intelligent assistant

The preliminary processing of the site is done in advance and consists of the following stages:
1. Downloading a website from the Internet — recursive search for all links to the pages of the
site and sequential downloading of pages.
2. Cleaning and highlighting of the main content — on all pages of the site, data that is not the
main text content is searched and deleted (header, drop-down menu, footer, etc.). All html
tags are removed, except for the allowed ones: hl, h2, h3, h4, h5, h6, a, b, ul, ol, 1i.
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3. Site dictionary generation — the received texts with the main content of the site are loaded
into the dictionary system, where all terms are automatically located and statistics are
collected for them. Lemmatization is performed, as well as the removal of stop words and
words that are too rare.

4. Genre segmentation — based on the developed genre model, the presence of genre fragments
on the page is determined, the site content is divided into fragments from title to title and
the genres of these fragments are determined. Fragments of one genre following each other
are combined into one, and fragments whose genre could not be determined are excluded
from consideration.

5. Thematic clustering — one of the available clustering algorithms is selected, fragments
obtained at the previous stage are taken as text and presented in vector form using the
tf-idf measure, the number of clusters into which the text will be divided is determined,
depending on the genre and volume of the fragment. Clustering is performed by the selected
method for a given number of clusters. Clusters are formed within a single site.

The results of the site preprocessing are saved as the following resources: the clustering
result, a text collection of content and a dictionary of site terms.
The search subsystem for each user request produces:

1) building a search query image;

2) search for the “nearest” thematic fragments taking into account the search parameter and
their ranking.

The result of the search subsystem will be a set of arranged thematic fragments corresponding
to the search query.
The user subsystem receives a user request for input and executes:

1) analysis of the user’s search intentions — the parameter of repeated search or its absence
(new search) is determined;

2) request to the search subsystem;

3) generating the search result and sending it to the user.

6. Intelligent assistants as messenger chatbots

The developed approach does not depend on messengers and can work with any API, but the
Telegram messenger API was chosen for testing the approach because of its popularity, simplicity
and free access to the API.

Telegram provides Telegram Bot API for writing chatbots . Figureshows the scheme
of the intelligent assistant based on the Telegram messenger.

Q-& ... &

User Chat-bot server

Telegram Telegram server
messenger

Search result

Fig. 4. The scheme of the intelligent assistant based on the Telegram messenger
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Messages sent by users are transmitted to the software running on the server. The
Telegram intermediate server handles all encryption and communication with the Telegram
API independently. Communication with this server takes place using a simple HTTPS
interface. All requests are served via HTTPS and should be presented in the following form:

https://api.telegram.org/bot<token>/METHOD_NAME?Paraml=<pl>&ParamN=<pn>,

where <token> — unique chatbot key, METHOD_NAME — the method to be called from the chatbot,
Paraml, paramN — parameters of the called method (may be missing), pl, pn — parameter
values.

The response to requests comes in the form of a JSON object, in which there will always be
a Boolean ok field and an optional string description field containing a description of the query
result in a format that is easily perceived by a person. If ok:true, the request was successful and
the result of its execution can be seen in the result field (Fig. .

1]

2 "ok":true ,

3 "result": {

4 "message id": 759,

5 "from": {

6 "id":457281743,

7 "is bot":true,

8 "first name":"SearchBot",
9 "username" : "SearchBot ",
10 "language code":"ru"

i b

12 "chat": {

13 "id":254188525,

14 "first name":"Vladislav",
15 "last name":"Rublev",

16 "username" : "spaclk",

17 "type":"private"

18 },

19 "date":1648962474,

20 "text":"Hello"
21 }
22 | }

Fig. 5. The response to the successful request

In case of an error (ok:false) the response will have an error code field with an integer error
code and its causes will be described in the description field (Fig. @

1

2 "ok": false ,

3 "error code":400,

4 "description":"Bad Request: message text is empty"
50}

Fig. 6. The response to the request in case of an error
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7. Experimental research

To assess the quality of the search assistant, a corpus of 90 questions with “reference” answers
from the sections of frequently asked questions and answers on educational websites has been
collected. Their small number is related to the methodology of preparing data for testing, as to
ensure the “profitability” of queries, they were taken in the chapters of frequently asked questions
and duplications of queries similar in meaning were removed.

To assess the quality of the search, classical measures were used — cosine similarity,
recall, precision, F-measure and originality.

Let rel be the set of all relevant documents, det — be the set of detected documents.

1. Cosine similarity is a measure of the proximity of two texts (in vector form), which is used
to measure the cosine of the angle between them. It is calculated by the formula:

lAlI-IBI Vi A VL B

2. Recall determines how well the system finds the documents the user needs, it is the ratio of

S. = cos (6) (7)

the relevant documents found to the total number of relevant documents:

_rel M |det]

R
|rel|

(8)
3. Precision determines the ability of the system to issue only relevant documents to the user, it
is calculated as the ratio of the relevant documents found to the total number of documents

found:
_|rel| () |det|

det] )

4. F-measure is a weighted harmonic mean of recall and precision, and allows you to give

P

different weight to recall and precision if you need to give priority to one of these metrics:

1
F:a%+“_a)pa€mJ] (10)

=

For a = 1/2, a balanced F-measure is obtained and calculated using the following formula:

_ 2PR
- P+ R’

(11)

5. Originality determines the number of different search results (documents with different

content).
The following experiments were carried out:

1) evaluation of the distribution of genres across the pages of educational sites;

2) evaluation of the average proximity of search results to the “reference” answers;

3) evaluation of the quality of the work of an intelligent assistant in comparison with the Yandex
search engine;

4) estimation of the average number of clarifying questions needed to find information.

Using the corpus of sites, a study was conducted on the distribution of genres by pages —
on average, there are 1.84 genres per page. The results of this experiment allow us to determine
the number of clusters at the stage of thematic clustering. To determine the number of clusters,
its genre and volume are looked at for each fragment, and depending on these indicators, the
number of clusters is selected.
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With the help of a corpus of frequently asked questions and “reference” answers, an
experiment was conducted to assess the quality of search based on the proximity measure
(formula . The average proximity of the first search result of an intelligent assistant to the
“reference” answers is calculated. The experiment was conducted for the website of Novosibirsk
State University: size of 153 pages, the average number of words per page is 863. The average
proximity turned out to be 0.81.

When evaluating the quality of the search for an intelligent assistant in comparison with the
Yandex search engine, the search was carried out on the website of Novosibirsk State University.
Frequently asked questions from educational websites were taken as search queries, for example,
“How can I apply?”, “How to get an increased state academic scholarship?”, “How many budget
places have been allocated this year?”, etc. The average values of recall, precision, F-measure
and originality for all questions of the corpus and the first three results of search engine results
are calculated. The results obtained are shown in Tab.

Table 2. Evaluation of search quality

Recall | Precision | F-measure | Originality
Yandex search engine | 82.16% | 91.83% 86.73% 71.84%
Informational chatbot | 83.37% | 92.75% 87.81% 80.92%

To conduct an experiment to estimate the number of clarifying questions required to find the
necessary information, 4 experts were involved, who were given the task to find some information
with the help of an intelligent assistant and record the number of clarifying questions required.
40 experiments were conducted and as a result it turned out that the average of 1.75 clarifying
questions are required to find the necessary information. For example, after the query “How much
does it cost to study?” one of the variants of the query refinement may be “How much does it
cost to study at a master’s degree?”, after the request “How to apply?” there may be a request “Is
it possible to send documents by e-mail?”. The data on the experiment are presented in Tab.

Table 3. Statistics of the experiment to estimate the number of clarifying questions

Expert 1 | Expert 2 | Expert 3 | Expert 4
Maximum search time 5) 3 3 4
Minimum search time 1 0 1 0
Average search time 2.2 1.1 2.5 1.2

The main errors occur when the search selection is already small, and the user reduces it
with a new query. Such situations should be tracked separately and a new search throughout the
site should be performed.

Conclusion

The paper proposes an approach to creating intelligent assistants in the form of chatbots that
provide site search based on a model of user intentions, genre model and preliminary thematic
clustering of text content. A feature of the approach is the use of genre models developed for a
given type of resource (educational, informational, etc.), on the basis of which genre structuring
of the content of a particular site is carried out. The resulting genre structures allow you to

more accurately determine the boundaries of thematic clusters related to the topic of the user’s
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search query. Further search is carried out by standard methods. In order to improve the quality
of information support for the user, a model of the user’s search intentions has been developed,
which allows you to implicitly get information about what the user was not satisfied with in the
search results and refine a new search query. The conducted experimental study showed that
the created intelligent assistant provides a good quality of searching for useful information and
reduces the search time.

Thus, the scientific contribution is the use of genre models to solve the problems of automatic
construction of chatbots and local information search, and in the future this approach can be
useful for solving individual text processing tasks (annotation construction, text classification,
etc.). The developed system scales well, in particular, the resources created are applicable to
arbitrary educational sites, and in order to configure the system for other types of sites, it is
enough to write a new genre model and index the specified sites of a new type (for this purpose,
an independent indexing module has been developed in the system).

Further direction of work: other methods of text preprocessing (word2vec, FastText), add
synonyms dictionaries, apply clustering based on FRiS functions, correction of errors in the

request, auto-completion of the query (based on context search).

This paper is distributed under the terms of the Creative Commons Attribution-Non
Commercial 4.0 License which permits non-commercial use, reproduction and distribution of

the work without further permission provided the original work is properly cited.
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B nanmnoit paboTe mpejjiaraeTcss MOIX0J, K CO3AAHUIO MHTE/JIEKTYaJbHBIX MOMOIIHUKOB B BHJE 4aT-00TOB,
MOJJIEP>KUBAIONIMX MH(MOPMAIIMOHHEIH MOMCK Ha OCHOBE MOJEIN HaMEePeHWil MOob30BaTelis, MpeIBapUTeabHOM
JKaHPOBOW M TEMATUYECKON KJacTepU3alldd KOHTeHTa BebG-caiita. OCOBEHHOCTBHIO MOJXO/a ABJISETCS UCIIONb30-
BaHUe >KAHPOBBIX MOJesell, pa3pabaThlBaeMbIX JJis 33JJaHHOTO THUIA pecypca (06pazoBaTebHbIN, HHMDOPMAIT-
OHHBII W T.II.), HA OCHOBE KOTOPBIX OCYIIECTBJISIETCS YKAHPOBasi CTPYKTYPU3aIisl KOHTEHTa KOHKPETHOTO CaiiTa.
[MostyueHHBIE YKAHPOBLIE CTPYKTYDbI HO3BOJIAIOT GOJiee TOYHO ONpeNe/aTh T'PAHMIBI TeMATHIeCKUX KJIacTepoB,
OTHOCSIIMECS K TeMe IOMCKOBOTO 3alpoca mnosb3obarens. Oenka KadecTBa ToucKa 1o cafity HI'Y mokazasa
F-mepy 87.8% u opurnnanmbrocts 80.9%, 9TO MPEBOCXOANUT pe3yJbTAaThl MOUCKOBOH cucTeMbl Hmexc Ha 1.1% n
9.1% coorsercrienno. C 1e/IbIo TIOBBINIEHNsT Ka9eCTBa MH(POPMAIMOHHOMN MOJIEPKKN TOJIb30BaTe s pa3paboTa-
Ha MOJEb TONCKOBBIX HaMEepPEeHHUi II0Jb30BaTesIsA, KOTOPas MO3BOJSCT HeABHO IIOJYYIATL MHMOPMAIMIO O TOM,
YTO TOJIb30BATE/Isl HE YCTPOUJIO B IOMCKOBOH BbIJade M YTOYHMTb HOBBIH HMOMCKOBBIH 3ampoc. B mpakTuueckoit
yacTu paboThl pean30BaH 4aT-60T Ha maTdopMme MecceHizKepa Telegram st uHGOPMAIXOHHOTO MOUCKA TI0
cafiTaM 00pa3oBaTeIbHBIX opranusanuil. [IpoBefeHHbIe SKCIIEPUMEHTHI TOKA3aJ1, UTO HOJb30BATEII0 B CPEIHEM
Tpebyercs 1.75 yTOYHAIONIUX BOIIPOCOB /I HAXOXKIEHUS HEOOXoAuMOoil HH(MOPMAIIH.

Ka10ueenie cao6a: noucko6as Cucmema, UHmeatekmyasvhbilti NOMOUHUK, HCAHPOGaAA MOJeAb 6eb-catima, me-

Mmamuseckuti aHa U3, MOOEND NOUCKOBDLT Hamepeuuﬁ noAb306AMENA.
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B nannoit paboTe IPOBOAUTCS CONOCTaBIIEHNE KOMIIBIOTEPHBIX DEAIH3alNN YUCIE€HHBIX aJTOPUTMOB PEIIeHUs
YPaBHEHUI MaTeMaTUYeCKUX MoJesell JTMHAMUKHU TIa30B3Beceil C BA3KOU TEIJIONPOBOJHON, HEBA3KOI TEIJIONpPO-
BOJHON W Waea/ibHOM Hecymmmu cpemamu. Martemarndaeckne Mojenn pa3paboTaHbl B paMKaX KOHTHHYAJbHON
METOJIUKNA MOJIEJIMPOBAHUSI JUHAMUKNA MHOIOMA3HBIX Cpejl. B MCC/ieIoBaHUN MOJETUPOBAJICS YacTO BCTPEYaro-
mieiica B I'OPHON IIPOMBIIIJIEHHOCTU IIPOIECC B3aMMOJAEUCTBUA YJAapHON BOJIHBI, JIBUXKYULIEUCA U3 OJHOPOIHOI'O
rasa B ra30B3BECh. AKTYAJIbHOCTb MCCIEIOBAHUSA JAHHOIO TEUEHUsl HEOJHOPOHBIX CPEJl CBA3aHA C IKPAHUPOBA-
HMEM a3pO30JIbHBIMU 3aBEeCaMU MMPOMBINIJIEHHBIX B3PBIBOB. [IpM MOIeIMpOBaHUN JIs1 BSI3KOW CPeJbl 3a/1aBajIuCh
OIHOPOIHBbIE T'PAHUYHbIE ycyioBUA Jlupuxie, /i HEBS3KOH Cpenbl OJHODPOAHBbIE IpaHUYHBbIE ycyoBusa Heiimana.
YpaBHEHUS MATEMATHIECKON MO/IE/T HHTETPUPOBAJINCH KOHEIHO-PA3HOCTHBIM MeTogoM Mak—Kopmaxka. Jjist mpe-
OJIOJTEHUST YUCIEHHBIX OCIIALISIIINI IPUMEHSIIACh HeJIMHEHAsT CXeMa KOPPEKITNU CeTOUHBIX dyHKuit. [Iporpamma,
peanu3yonias KOHTUHYAJbHYI0 METOIUKY JTUHAMUKHA MHOIOMA3HBIX CPeJl, COCTOsIIa N3 OJIOKA 33/ 1aHUs I'DAHUYHBIX
ycaoBuit, 6JI0Ka, PEAJM3YIONIEro YNCJIeHHOE pellenne, OJI0Ka yuera Mexkda3Horo B3anMozeiicTsus. B pesynbrare
COTIOCTABJIEHNSI UUCJIEHHBIX PACYETOB MATEMATHIECKUX MOJEJEH TUHAMUKHU Ta30B3BECH C UIEAJTHHOM, HEBSI3KOU
TEIUIOIPOBOIHOM 1 BA3KOHM TEIIONPOBOIHON HECYIIUMHU CPEIaMy OBLIO BBISBJIIEHO, U9TO B IIPOIECCE JIBUKEHUS Ta-
30B3BecH HaHOOJbIIEe BINSIHNE HA WHTEHCHUBHOCTH MeXK(dA3HOro oOMeHa MMIYJIbCOM OKa3bIBAET YUeT BI3KOCTU
Hecyleil cpeapl ra30B3BECH.

Karouesvie cro6a: wuciennoe Modesuposanue, KOHEUHO-PA3HOCTIHAA CTeMa, MHo2ofa3rbie cpedvl, KOHMUHY-
anvhas modens, mestcasroe s3aumodeticmeue, ypasnenue uaepa, ypasuerue Hasve—Cmoxca.
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Tyxmaxor .A. HucjeHHoe MOJeIUPOBAHNE B3aUMOJIEHCTBUS Ta30B3BECU C yJIapPHON BOJI-
HOIT KOHTHUHYaJIbHBIMA MaTeMaTHUIYCCKUMU MO/Ie/IAMU C PI,ILeaJIbHOfI 1 JUCCUIIATUBHBIMU HECYIITUMNU

cpenavu // Becrauk FOYpI'Y. Cepusi: Bbramcsmmresnbaast maremaruka u uadopmaruka. 2022.
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BBenenne

MogenupoBaHue ruIpOSMHAMUIECKIX [IPOIECCOB B CBA3U C HEJIMHEHHOCTHIO CUCTEM YpaBHE-
HUii CBA3AHO ¢ IPUMEHEHUEM Pa3/IMIHbIX YMCIeHHBIX aaroputMos [1]-[28]. B craTbe [3] npeicras-
JIEHA KOHETHO-Pa3HOCTHASI MOJIE/Ib ra30BOi IMHAMUKY IPUMEHUTEIHHO K 3a1adaM (PU3UKH aTMO-
cdepsnl. B pabore |5| ncciremopana BO3SMOYKHOCTD IPUMEHEHUST MATEMATUIECKON MO UCCIET0-
BaHHA U IIPOTHO3SUPOBAHUSA IIOT'OJIBI JIJI I/I3y‘{eHI/IH XapaKTEePpUCTUK ITOT'PaHUIHOI'O CJIOA aTMOCCbe-
PBI 1 €ro U3MeHEeHU HaJT prHHbIM IIPOMBIIIJICHHBIM I'OPOJIOM B YC.HOBI/IHX SUMHEIr'o aHTUIIUKJIO-
Ha. [losydeHo, 9To MareMarudeckasi MOJEb OTHOCUTEIBHO XOPOIIO OIUCHIBAET HaOJIIOIAEMYIO

CTPYKTYPY HOI'PAHUYHOTO CJiosi. B mybsukarun [E] IIPOBOJINTCS AHAJU3 PE3YJIBTATOB B 00JI1aCTH
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YucaeuHoe MoOgeJpoBaHue BBaHMOﬂeﬁCTBHH ra3oB3BecCH ...

YUCJIEHHOTO MOJIC/IMPOBAHUS TEILJIOMACCOOOMEHA B PA3JIMIHBIX O0bEKTaxX aTOMHOM sHepreTuku. B
HACCJIeJOBAHUN Ha OCHOBE KOHEYHO-Pa3HOCTHOrO pertenns ypasHenuii Hasbe—Crokca paspa-
60oTaH KOMILJIEKC [IPOTPAMM MOJICJIMPOBAHUS T'UJIPOJIMHAMUAYECKOTO BO3ECTBAS BOJHBIX TOTOKOB
Ha OeperosaluTHbIE COOPYKEeHNs U TPUOpPEeKHbIe KOHCTPYKINU. B crarbe IIPOBOJIUTCS BEPU-
dukarys TypOyJIEHTHONR MOJENN I PA3IUIHBIX CTPYWHBIX TEYEHUN, ITPOBEJIEHBI YNCJICHHBIE
HUCCJICJOBAHNA OCECUMMETPUYHBIX CTPYH JJI PA3JIMYHBIX TEMIEPATyp U CKOPOCTE TeYeHUd.
O,IIHI/IM 13 pa3BUBAIONINXCA PA31aeJI0B COBpeMeHHOﬁ MEXaHUKHN 2KMJIKOCTHU U ra3a sABJIACTCA
AUHAMHUKa HEOTHOPOIHBIX cperd. B moHOrpadmnm @ IIpEeACTaBJICHbl TEOPETUYECKUE OCHOBBLI Me-
XaHUKN MHOFO(‘baZSHI:IX cpeld, OIMMCAaHbl pa3/IMYHble METOJUKN MOJCJINPOBaHUA TedeHUin HeOoaHO-
POIHBIX CPEJI, B TOM YHUCJI€ MHOTO(A3HBIX CPEJL (CMeceﬁ), KOMIIOHEHTBI KOTOPBIX UMEIOT pPa3JIny-
HOe arperaTHoe cocrtosinue. B monorpaduu pa3paboTaHbl OHOMEPHbIE MOJEIN JTUHAMUKI
ra3oB3Becell, B3BCIICHHLIX B ra3de TBEPAbIX YaCTULl WIN YKUJIKUX Kalle/b, ¢ HEBA3KOU Hecylen
cpenoit. B monorpadun IpeJcTaBIcHbl OJHOMEPHbIE U IJIOCKUE CTallMOHApHbIC U HECTa-
[IMOHAPHBIE MAaTeMaTHIeCKUe MOJIEJIM 3allbLIEHHBIX cpell. B pabore paspaboTana Marema-
TUYeCKasd MOJICIb U €€ KOMIIbIOTepHasd peaiu3allis, IIO3BOJIABIIAA UCC/ICI0BATh aKyCTUICCKUE
[IPOIIECCHI B HEOIHOPOJIHBIX cpesiaX. Mojesib OIUChIBAET MPOIECCHl TEIIOMACCOOOMEHA IS Kall-
JIM KUIKOCTH, HOKPBITON 3/IaCTHYIHON 0D0JIOYKOl, B IEHTPEe KOTOPOW HAXOMUTCS IapOra30BbIit
1my3bipb. Cucrema ypaBHEHUII BOJIHOBBIX IIPOIECCOB BKJIOYaAJa B ce0sl ypaBHEHUS TEIIONPOBO/I-
HOCTU U KOHBEKTHUBHOU jucdy3un, a TakKe rpaHUIHbIE YCJIOBUS, OIUCHIBaIONNE MexKda3HbIil
TEIJIO- U MACCOIIEPEHOC MEK/Iy apora3oBoil CMechIo, KUIKOM (Ha30il, BAZKOYIPYTroil 000109IKOi
U KHUIKOCThIO—HOCHTEe/IeM. B mybukarun paccMoTpeHa 3aJa4a MOJEINPOBAaHUA ceficMude-
CKOT'O IIOJId B HEOJHOPOJIHON CJIOMCTON cpese € BKJIIOYEHUSMH, IOCTPOECHBI aJIIOPUTMBI MOJE-
JINPpOBaHUSA ceficMruyecKux Opo1eccoB B HEOJHOPO/HBIX CpeJax C y9€TOM BJIUAHUA dJIEKTpOMar-
HUTHOTO TI0Jist. B myGaukarmn C HUCIOJIb30BaHUEM TPEXMEPHON HeJMHEHHON MaTemMaThve-
CKOM MOJIesi1 U3ydaloTcs JUHAMUAYECKHAE IIPOIECCHl B OJHOPOJHON Cpejie ¢ IIPUMEChIO, U3y4eHbl
ocobeHHOCTU TpaHChOPMAIMN TPUMECH B MOPE, BbI3BAHHBLIE JEHCTBUEM [IEPEMEHHOTO BeTpa U
aTMOC(EePHOro JaBJIEHUs [IPU HAJMYAN MOPCKUX TedeHuit. B mccienoBanun npejcraBjieHa
MaTeMaTu4ecKasd MOJE/b U YUCJICHHBIA aJllOPUTM, a TaKxKe HPOrpaMMHOE CPEICTBO JJI IIPO-
BEJICHUs BBIYUC/IUTETHHBIX 9KCIIEPUMEHTOB, Pa3paboTaHHbIe Ha, OCHOBE METOOB THIPOIHHAMUKN
JIJIST MOJICJTUPOBAHUSI IIPOIIECCOB MHOTOKOMITOHEHTHOU dbusbrparuu. B ucciiemoBannu OIMCAaH
MeTo]T l'omyHOBA, TIpeTHA3HAYEHHBI /)T PACUETOB TeUeHU!T CMecH Ha KPUBOJIMHENHBIX CEeTKaX,
[IPOBEJIEH AHAJIN3 yPABHEHUI MAaTeMaTHIECKOW MOJIEJN, [T0Ka3aHa UX I'UiepOoJmIHocTh. B my6-
JIMKAINN HACCJICAOBAHbl 3a/I1a9M B3aNMOJCHCTBIA yJAPHONH BOJIHBI C OIPAHUYCHHBIM CJIOEM
razon3Becu. Jjisg pacyeToB HCIIOIB3yeTCs: THOPUIHBIN METO/I KPYIIHBIX YaCTHIl BTOPOI'O HOPSIKA
AIIIPOKCUMAITIMHN 110 MPOCTPAHCTBY U BpeMmeHHu. lVccaemoBaHbl 3aBUCHMOCTH OCJIA0JIEHUS yIap-
HOI BOJIHBI CJI0€M Ta30B3Bech. V3yueHbl yIapHO-BOJHOBBIE CTPYKTYPhI B IBYMEPHBIX 00JIACTIX U
B/INdHNE Ha HUX PeJIaKCaIlMOHHBIX ITPOIECCOB. Be3 IIPpUMEHEHHN A IIOJTHOI'O T'MIPOJNHaMUYIECKOro
II0/IX0/1a, UCIOJIb3Ys YPABHEHUA aKyCTUKHU B UCCIEIOBAHNN YUCJICHHO MOJEJIMPOBAJIOCH KOH-
JeHcanus aTMochepHOro adpo30Jisi, PACCMOTPEHDBI PA3JIMYHBIC MEXAHU3MbI KOHICHCAIINY KaIleIb
aspozossd. B pabore YHCJICHHO MOJEINPOBAJIOCh HECTAIIMOHAPHOE TeUYCHUE ra3a ¢ AUCIIEPCHDI-
MU BKJIFOUEHUSIMHU B THIEP3BYKOBO# yIapHO# Tpybe ¢ MOMEHTa HadaJia JBUMKEHUS BO3MYIIEHUST
JI0O MOMEHTa (DOPMUPOBAHUS CTAIIMOHAPHOIO TedeHwus. [ ra3a YUCIEHHO PENaJach IMOJTHAs
TUJIPOIMHAMUYECKAs CHCTEMa YPABHEHUIl, B JIByXMEPHOM OCECUMMETPUYHOM NPUOJINKEHUH, C
YUIETOM CXKHUMAEMOCTHU ra3a, HO 0e3 ydeTa BSI3KOCTH rasza. JluHamMuKa YacTHUI] ONHUCHIBAJIACH C

YUETOM I0JIeil CKOPOCTH ra3a ¢ MOMOIIbI0 OOBIKHOBEHHBIX JAuddepeHnnaabHbIX YPABHEHUH Y-
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TBIBAIOIIUX T'a30IMHAMUYECKUE CUJIbI HECYINEell cpelibl, TPUJIOYKEHHBIE K JacTuiiaM. BiusHue Ja-
CTHI[ Ha TeYeHWEe HECYIIel Cpelbl He yINTBIBAJIUCH, 9TO SIBJISIETCSI KOPPEKTHBIM JIjIsI OIUCAHUS
JUHAMUKA JTUCHEPCHON CpeJbl JINIIh MPH MAJIBIX OObEMHBIX COJIEPKAHUSI JUCIIEPCHON KOMIIO-
nenth [9]. B pabore MOJIETUPOBAJIOCh B3aNMOIECTBIE yIapHO# BOJHBI ¢ 0ObEMOM Ta30Ka-
nesibHOM B3Becu. Ilosrydena MmaTeMaTmdeckast MOJIENb ABYXKOMIIOHEHTHON C2KUMaeMoit cpebl. B
TyOIUKAITIT pa3paboTaHa MOJE/Ib TeUCHUsT JJIsi TUCACHHOTO MOJIETMPOBAHIS MHOTO(Da3HBIX
TedyeHuit ¢ ¢pazoseiMu mepexogamu. Mojesb mpeacTas/isier co60it MHOIOKOMITOHEHTHYIO CHCTEMY
ypaBHEHUiI HEeBA3KOi cpebl. B crarhe YHUCJICHHO MOJIEJINPOBAJIACH IUHAMIKA IIPOIECCa JIeTO-
HAIUU, THAITUAPYEMOH YIaPHBIM CXJIOIBIBAHUEM 3aII0THEHHOM ra30M IJIIATICOUIAILHON TTOJI0CTH,
3aJI07KEHHON BO B3PBIBUATOM BEIECTBE C KOHJICHCUPOBAHHOU (azoit. Maremarutieckas MOIe/Tb
OTIUCHIBAJIA JTUHAMUKY MHOTOKOMIIOHEHTHON CMeCH, JIJIs YUCJICHHOrO PEIleHus ypaBHEHUil MaTe-
MaTHYECKON MOJIE/IN UCIIOJIb30BaJIach KOHEYHO-pAa3HOCTHasA cxeMa ['onyHoBa. B mybnukarun
IOJIy9IeHa JBYXMEPHAasl YHUCJIEHHAs MOJIETIb JICTOHAIIMM B HEOJHOPOIHON cpejie, OCHOBaHHAasl Ha
MeTojie Ditnepa—/Jlarpanka u yIuThIBaIomas ApodseHne Kaneab. Mogeab yIuTbiBaia Mexkgas-
HBII 0OMEH Maccoif, UMIIYJIbCOM U MexK(Ma3HbIi TermnoobMeH. Bolao obHapy»KeHO CyIIeCcTBEHHOe
BJIMsIHIE MEK(PA3HOI0 B3aMMOJEHCTBUsT Ha WHTEHCUBHOCTD IIPOIECCa JTeTOHAIINMN.

N3 ananmsa myOauKaIuii B OT€YECTBEHHBIX U 3apyOEKHBIX MTEPUOANICCKAX U3JAHUSIX CJIe-
JIyeT, 9TO Ipu pa3paboTKe MaTeMAaTHIECKUX MOje/eil TUHAMUKNA HEOTHOPOIHBIX CPeJl OCHOBHOM
3aja4deil siBjIsieTcst onucanue 3M@PEKTOB B3aNMOIEHCTBUS KOMIIOHEHT CMECH. B Pas/ImIHbIX WC-
CJIETOBAHUSIX B3aMMOJICHCTBHE KOMIIOHEHT B JABHMKYIIIXCS CMECAX COIIPOBOXKIAETCS HE TOJBKO
MEXaHUIECKUMHU, HO U TEPMOJIMHAMIICCKUMHY WU JaXKe XUMUIeCKUMU poreccamu. [Ipu aTom Bo
MHOTUX HCCJIEIOBAHUAX JJIs YIIPOIIEHUsST MaTEeMaTUIeCKUX Mojiesiell mpenedperaoT reomerpueit
WJIA K€ TIOJTHBIM OIMCAHUEM T'UIPOJMHAMUYIECKAX CBOWCTB TeueHuit. Takum oOpaszom, HajibHel-
1ee pa3BUTHE MATEMATHUIECKOTO MOJEIUPOBAHUS TUIPOIMHAMUKN HEOIHOPOIHBIX CPEIl MOXKET
COCTOSITh KaK B HamboJiee IMOJIHOM ONUCAHUYU TUJIPOIUHAMUKHU IIPOIecca, TaK U B Oojee 1moapob-
HOM OIIMCAHUU Pa3HOPOITHBLIX 3(PDHEKTOB MEKKOMIIOHEHTHOTO B3AMMOJIEUCTBUS B JIBUKYIITUXCS
CMECSIX.

st MonemupoBaHus JUHAMUKN HEOJIHOPOJHBIX CPEJl B JINTEPATYPE CYIIECTBYET HECKOJIHKO
nozxo/108 [9]. B paBHOBECHOM TI0/IX0/Ie IMHAMEUKHI HEOHOPOJHbIX CPe/T 3a CIeT BBeJeHIs Koabdu-
[IMEHTOB, JAIOIIMX IOIPABKN Ha HEOIHOPOIHOCTD, JUHAMUKA CMECH OIMCBHIBACTCS KaK JIUNHAMUKA,
OJTHOPOTHOM »KUJIKOCTU Win ra3a. Jndy3noHHbII OAX0 IPe o araeT, ITO YPaBHEHHISI COXPa-
HEHMSI MaCChl OIUCHIBAIOT HENPEPBIBHOCTD IJIOTHOCTH OTJEIBHO KaXKJIOH KOMIIOHEHTHI, a ypaB-
HEHMsSI COXPAHEHUS WMILYJIbCA U SHEPIUU WHTErPUPYIOTCS JJIs BCell cMech. Takzke CyIecTByeT
KOHTUHYAJIbHBIA TOIX0, B KOTOPOM JIJIsT KaXKI0W KOMITOHEHTHI CMECH PeIlaeTcs MOJIHAS THIPO-
JUHAMUYIECKas CUCTEMa YPABHEHUN, BKJIIOYAIONIast B ce0sl ypaBHEHUsT HEIIPEPBIBHOCTH ILJIOTHOCTH,
MAaCChI ¥ SHEPTUH C YIETOM B3aUMOIECHCTBUsI KOMIIOHEHT CMECH B IIPOIECCE JIBUKEHUSI.

[Tpu jBUZKEHUN Ta30UCIIEPCHON cpejibl (ra30B3BeCH) JIBUKEHHE JIUCIEPCHOI KOMIIOHEHTHI
dopmupyeTcs 1o, AeCTBUEM IBUXKEHUSA HecyIneidl cpenbl. Ho mpu sTOM Ha HeECyIlyio cpeiy
OKa3bIBAET BO3JefCTBHE JIUCIIEPCHAs KOMIIOHEHTa cMecu. Takum oO6pasoM mpu OJU3KAX MacCo-
BBIX JIOJISTX KOMIIOHEHT CMECH BO3MOYKHBI B3AMMOOOPATHLIE 3(DPEKTDI, BHIIBUTH KOTOPHIE MOYKHO
JIUIIIL TIPU MOJIEJIMPOBAHUY ITPOIECCA MATEMATUIECKUMU MOJEISIMU, YIUTHIBAIOIIUMU B3aUMO-
JeficrBue KOMIIOHEHT. B maHHO#l paboTe IpOBOAMTCSI COMOCTABICHHE MaTEeMAaTUIECKUX MOJIeJIei
JAUHAMUKY HEOIHOPOJHBIX CpeJl, peau3yIomnuX KOHTHHYaJIbHBINA IOIX0J AUHAMUKHA MHOrodas-
HBIX cpeji (ra3oB3Beceil). AKTYaabHOCTb JAHHOIO UCCJIEIOBAHUS 3aKJIOYAETCsI B TOM, YTO M-

HaMHY€eCKHNEe IIPOIECCHI B I'a30B3BECAX BO3HHUKAIOT B PA3JIMIHBIX 0bJ1acTIAX TEeXHUKU, B YaCTHO-
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CTHU yJapPHO-BOJIHOBBIE MPOIECCHI BCTPEUAIOTCA B TEXHOJOTUAX SKPAHUPOBAHUSA IPOMBINIIEHHBIX
B3PBIBOB a9P030JIbHBIMU 3aBECAMU, B PA3JIUNIHBIX arperarax adpoKocMmdeckoil Texuuku. MIHTepec
K Pa3BUTHIO MaTEMATHIECKUX MOJEJeHl IUHAMUKHU Ia30B3Beceil BBHI3BAH HEOOXOINMOCTHIO MOJIE-
JIAPOBAHUSA TAKOTO POJA IIPOIIECCOB B PA3JIMUYHBIX allllapaTaxX W IIPOMBIIIJICHHBIX TEXHOJIOTUAX.
HoBuzna uncciaemoBanus 3aKII09aeTCI B TOM, UTO COMOCTABJISIOTCS PACIEThI yIapHO-BOJHOBOIO
B3anMO/JICHCTBUA ONHOPOAHOTO T'a3a C I'a30B3BECHIO, IIOJIYYCHHBIC PA3JNYHBIMUA MaTEeMaTUICCKU-
MU MOJEJSMI JUHAMUKHN ra3oB3Beceil. B pabore ncciaemoBaHbl TedeHUsT ra30B3BeCeil IPU TaKNIX
00BEMHBIX COIEPIKAHUSX JUCIEPCHON Pas3bl, KOIa HEBO3MOXKHO IIPeHeOpeTh B3aNMOOOPATHBIMI
sdpdexTaMy JTUHAMIKE HEOTHOPOMHOM Cpelbl, KaK 3To jgenaerca B padore |19|. B mannoit pabore
JIIsL MOJICJIMPOBAHUS yAApPHO-BOJHOBOUM JIWHAMHMKHU I'a30B3BeCE IPUMEHSETCS MOJEe/b, B KOTO-
pOfI IIOMUMO TGII.HOO6MeHa n O6M€Ha UMITYJIbCOM MeE2KJy KOMIIOHEHTaMM CMeCH, a TaKKe y4deTa
C2KUMAEMOCTHU U TEIJIOIIPOBOJHOCTU HECYIE Cpelibl , VAIUTHIBAETCS BSI3KOCTh T'a30BOI (ha3bl
cMecu. B pamMkax KOHTHMHYaJIbHOT'O ITOIXO0JIa MOJIEJIMPOBAHUST JUHAMUKH I'a30B3Beceil ompeieis-
eTCsl BJIUSIHUE CBOMCTB (CKMMAaeMOCTh, TEIJIONPOBOHOCTD, BSI3KOCTh) MATEMATUIECKON MOJIEe/IN
JUHAMUKY HeCyIeil cpelbl Ha pe3ybTaThl pacderoB. ComocTraBjeHne pacieToB KOHTUHYAJIbHBIX
MoJesIell HeCyIue Cpeibl, KOTOPbIE OTINYIAIOTCS MEXKIY COOON Pa3/MIHBIMU ra30UHAMUAIECKN-
MU ONHCAHUSAMHU HECYIIHUX CPEJl, IIO3BOJIUT OIPEJEJUTh TO KaK ITapaMeTphl HeCYIleil cpe/ibl BJIM-
AI0T Ha MEXKKOMIIOHEHTHOE B3aMMOJEUCTBUE IIPU MOAEJUPOBAHAMN YJIAPHO-BOJHOBBIX MPOIECCOB
B a9pO30JIbHBIX cpefax. lespio mceaeqoBanmst ABJISIETCST COMOCTABICHNE PE3YILTATOB PACIETOB,
MTOJTy I€HHBIX KOHTUHYAJIbHBIMHU MOJIC/ISIMU C PA3JTMIHBIM OIIUCAHUEM HecyIeil cpeabl. Momemmpo-
BaJINCh TaKNe PEe2KNMbI Te4deHU Ta30UCIIEPCHBIX Cpe/l, B KOTOPBIX BO3MOXKHO OIIpEIe/INTh PAa3JIn-
qus pe3yJjabTaTOB PaCcuYe€TOB ME2KKOMIIOHEHTHOT'O B3aJI/IMO;LeIk/'ICTBI/IS{7 IIOJIYIEHHBIX MaTeMaTU1I€CKU-
MH MO/IeJIAMU C Pa3HBIMU OIIMCaHUAMU JUHAMUKNA Ta30BOl KOMIIOHEHTHI. Saﬂa‘ﬂ/l nccJjieJ10Banudg
3aKJ/IIOIal0TCd B IIPOBEJACHNN DsAJa IUCJIECHHBIX 3KCIIEPUMEHTOB [1Jisd MaTEeMAaTUICCKUX MO,ZLGJIGI';I C
Pa3JIMYHBIMU CBOMCTBAMHU HECYIel cpelibl. B pamMKax OJHOrO MpOrpaMMHOIO KOMILJIEKCA C TTIOMO-
MIbI0 U3MEHEHUs PENIaeMbIX YPaBHEHUI pacCMaTpPUBAJIMCH MaTeMaTUYeCKUe MOJICJIN JUHAMUKU
ra3oB3Beceil ¢ BA3KON TeIJIONPOBOJHON, HEBA3KON TEIJIONPOBOJHON U UJI€aJIbHON HECYIIIUMU Cpe-
namu. s mosiydeHHbIX pacdeToB yJIapHO-BOJTHOBOM JUHAMUKN T'a30B3BECEll ITPOBOINUTCS aHAINS
BJINSHUS TTapPaMETPOB MOJEJIN.

CraTbsi UMeeT CJIEAYIONLYI0 CTPYKTYpy. B pasmese Hpe,ILCTaBJIeHbI ypaBHeHUS MaTeMaTHh-
YeCKUX MOoJeJsell TUMHaAMUKHN a30B3Becell ¢ MeajlbHOU U HEBA3KON TEIJIONPOBOAHON HECYIAMU
cpelaMi, 9TO COOTBETCTBYET METOJNKE MOICIUPOBAHUsI OIMUCAHHONW B MOHOTrpadum , a Tak-
JKe BABKOW TeIIONPOBOIHON Hecymel cpemoii. Jlatee B pa3;geneon1/1caH YUCJICHHBINA aJITOPATM
peltenus ypaBHeHHN MaTeMaTwdecKux Momeseil. Pazmer |2| mocssamen mporpaMmuoil pean3a-
I 9YMCJICHHOI'O aJIr'OpUTMa PEIIeHnd CUCTEMbI ypaBHeHI/Iﬁ JANHAMUKHN I'a30B3BECH. B pa3,11eﬂe
IIpuBeJeHbI PEIYJJIbTaThl YUCJIECHHBIX IKCIIEPDUMEHTOB, IIPOBEJCHHBIX C IIOMOIIBIO IIPOrPaMMHOTO
KOMILJIEKCA, OIIUCAHHOT'O B paSILeJIe,ZLHH peann3alnuiu OCHOBHOI ujen paboThbl — COMMOCTABIEHUS
PA3IMYIHBIX MaTeMaTHIeCKIX Mojesiell TeueHnil razop3pecu. Takxke B paS,ZLeﬂeaHaJH/IBI/IpyIOTCS{
pe3y/ibTaTbl MOJAEC/JIMPOBaHUA JTUHAMUKA ,ZLHCHGpCHOfI KOMIIOHEHTHI 1 ME>KKOMIIOHEHTHOI'O B3au-
MOJIEHICTBUS B yJApHOI BOJIHE IIPU PA3JIMYHBIX METOAUKAX MOJAEJUPOBAHUA JIBUKEHUS HECYyIeil
Cpesibl ra30B3BeCH. B 3aKk/I0YeHUN TPUBOIUTCS KpPaTKas CBOJIKA PE3YJIbTATOB, IOJIYIEHHBIX B

pa60Te, 1 YKa3aHbl HallpaBJICHUA ,ZLaJIbHefIIHHX I/ICCJIG,Z[OB&HHfl.
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1. MaremarTndyeckasi MOJIeJIb

st ontmcaHus TMHAMUKH JTUCIIEPCHBIX BKJIOYEHUH, PACIPE/IeIEHHBIX JIMCKPETHO, BBOJTUTCH
MIOHSATHE «CPeIHell IIOTHOCTHY — IIPOU3BEIeHUs ITOCTOSTHHON BEJIMYNHDBI «(PU3UIECKONH ILIOTHO-
CTH» JIWCIIEPCHON (pa3bl HA 00bEMHOE COJeprKaHmne, KOTOpoe saBjsgeTcs (PYHKIMe BPEMEHHOW U
MTPOCTPAHCTBEHHBIX ITEPEMEHHBIX, UTO IO3BOJISIET MOJEJINPOBATH AWHAMUKY COBOKYITHOCTU Ya-
CTHI[ KaK OJHOPOJHYIO cpeiy. B mpeacTaBieHHON MOIEIN CMECh COCTOUT M3 JIBYX KOHTHHYY-

mog [9] — razoroit u aucnepcHoit daszbr:

9p | 9pu)  O(pv)
ot Oz oy

=0, (1)

Op1 | O(p1ur) , 9(p1v1)
= 0. 2
o " ar T oy 0 2)

YpasHeHne OIHICHIBAET HEMMPEPBIBHOCTH IJIOTHOCTU CXKAMAaeMOI'0 Ta3a, ypaBHEHNE OITUCHI-
BaeT HEIPEPBIBHOCTD «CPEeIHEll IJIOTHOCTU» IUCIIEPCHON (ha3bl, TaK»Ke OIMUCHIBAEMON KaK CXKU-
MaeMmas cpela . IIpu MonenupoBaHuy yIapHO-BOJHOBBIX IIPOIECCOB B Ta3e " ra3o-

JUCIIEPCHBIX CpeJax CYyII€CTBEHHDbIM fBJIACTCSHA CBOMCTBO C2KIMAa€MOCTH.

8(;:) +£C(pu2+29—7xx)+§/(puv_7“y) - _F’”La%’ 3)
a(gtv) + aax(puv +p— Tay) + ;/(PU2+P—Tyy) = _Fy+o‘g§’ (4)
8(5):) + ai(pﬁ +p) + ;y(puv) =—Fp + agi= (5)
8((5:) + aax(puv +p)+ ;y(pv? +p)=—Fy+ @gz (6)

YpaBuenusi u B COBOKYITHOCTHU COCTaBJIAIOT cucteMy ypasuenuit Hapre—Crokca, oru-
CBIBAIOIIYIO COXPAHEHNE MPOCTPAHCTBEHHBIX COCTABJIAIONINX MMITYJIbCA BI3KOTO Ta3a, ypaBHe-
HUST u @ COCTaBJISIIOT CHCTEMY ypaBHEeHMiT Diljepa, ONUCHIBAIONLYI0 COXPAHEHNE MMILYJIbCA
HEBA3KOI'O I'a3a. OTJII/I‘{I/Ie OT KJIaCCUYIECKUX ypaBHeHHﬁ TUAPOJMHAMUKHN 3aKJ/JII09a€eTCdA B HAJIUINN

MPaBbIX YaCTel ypaBHEHUN, OTBEYAIOININX 338 OOMEH UMITY/IbCOM C JIMCIIEPCHOM KOMIIOHEHTOIA.

I(prur) 0 2 9 _ 9p

5 T gy (P1ul) + a9 (prugvy) = £y —a-, (7)
d(piv1) | O 0, o dp

8t + 8x(pIU1U1)+ 8y(101v1) —Fy aay (8)

VYpasHaenus u OIMCBIBAIOT COXPAaHEHUE IIPOCTPAHCTBEHHBIX COCTABIIAIONINAX UMILYJIbCa JUC-
rnepcHoit a3kl U HE 3aBUCIT OT BSI3KUX CBOMCTB HECYIEH cpejbl HAIPSIMYIO, a JIUIIb OIIOCPEI0-
BaHO, TaK KaK B 9TUX YPaBHEHUSX IIPUCYTCTBYIOT CJIaraeMble, OTBEYAOIINEe 38 OOMEH UMITYITbCOM

MeK1y KOMIIOHEHTaMMU CMeCH.

de 0 oT 0 oT
ot + %([e + P — Tazlu — TayV + A%) + @([e +p— 7_yy]v = TeyU + Aaiy) = (9)
0 0
= —6aANu1 (T — T1)/(d)? — |Fel(u — u1) — |Fy|(v — 1)) + o ( gj;) + g;v)) ;
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% + %([e + plu + )\%) + gy([e + plv + )\(ZZ) = —6aANuy (T — T1)/(d)*— (10)
—|Fp|(u—u1) — |Fy|(v — 1)) + « (820;) + 8gpyv)> ,
50+ polle B+ (e o) = | Fal(u - wn)- )

9(pu) , O(pv)
B =) Fo (T
Ox oy
Vpapuenus @f OLIMCHIBAIOT COXPAHECHUE SHEPIUU BA3SKON TEIJIOIIPOBOAHOI, HEBA3KON Tell-
JIOIIPOBOTHOM U UJE€AJIBHON HECYIIUX CPeJl COOTBETCTBEHHO. B ypaBHEHUAX YIUTHIBACTCS OOMEH
UMIIYJILCOM U TEILJIOOOMEH ra3a C JUCIEePCHON KOMIIOHEHTOM, B C/Iydae UIea bHOM CPelibl B yPaB-

HEHHUHN YYIUTBIBaeTCA TOJIBKO obmMeH UMITYJIbCOM.

861 0 0 _ e

Bt g g, e = Nungge AT =), .
861 0 0 _
W + %(611111) + 7ay (617)1) =0 (13)

YpaBHeHUsT u OIHUCBHIBAIOT COXpPAHEHUE SHEPIUU JJjIsi BSI3KOM TEIIONPOBOIHON M
HEBSI3KOI TEILIOIPOBOIHBIX CPE.L U JJIsl UACAJIHLHON Cpeibl . B ypaBHEeHHSIX IpUMEHSITCST
ciejtyronye 0603HAYEHUs: P — IJIOTHOCTD (JJIsl HeCyIeii cpe/ibl IIOTHOCTD ra3a, a JJisi JUCIIepC-
HOIl KOMIIOHEHTBI «CPEJIHsisl [IJIOTHOCTb» ) KOMIIOHEHT, U;, U; — COCTABJISIOIINE BEKTOPOB CKOPO-
CTU, KOMIIOHEHT cMec — V;, e; 1 1; — 3Heprust U TeMIepaTrypa KOMIIOHEHT CMECH, p — JaBJIEHIE
raza. Magekc «1» orHocuTCs K PU3MYECKUM BeJIMYMHAM IUCIEPCHON KOMIIOHEHTBI CMECH, Iepe-
MEeHHbIe 0e3 WHJIEKCa OIMCHIBAIOT M3MEeHeHNe (PU3MIECKUX MMapaMeTPOB HeCyIeit cpeabl. 3/1ech
A, b, ¥ — KO3 (DUIMEHTHI TEIIONPOBOIHOCTH, BI3KOCTH U ITOCTOSHHAA auabaThl s HecyIeit
razoobpasuoii cpepl, I = RT) /(y—1) — BHyTpeHHsist SHeprust HecyIeii cpenpl (R — razosast no-
crosias) (2], Tyz, Tay, Tyy — COCTABJISIONINE TEH30pa BASKMX HAIPSKEHMI HecyIueil cpej :

p= (7 - 1)(6 - p(u2 + U2>/2)7 €= ,0([ + (u2 + 1)2)/2)7 €1 = aplOCplv

ou 2 ov 2 ou Ov
sz—[L(an—?)D), Tyy—u<2ay_3D>7 Twy—ﬂ(&/‘i‘(%)’ (14)

UcnonbsyioTes obozHadenus: o — obbeMHOe cojleprKanue auctepcnoil dasel, Cp1, p1o — yIAedb-
Had TEIIJIOEMKOCTHb 1 CbI/ISI/I‘IeCKaﬂ IIJIOTHOCTBH BemleCTBa TBEPAbIX YaCTHUIL, d — AduaMeTp YaCTHUIl,
[IPEIIOoJIaraeTcsl, YTO BCE YACTHUIIBI UMEIOT cdepudecKyio ¢popmy. KoMIOHEHTbI cribl MexK(as-
HOro B3aumojeicTBust F), u F, ompeieNIAoTC creryronmM obpasom [9]-[11]:

P, = i—z(}'dlp\/(u—ul)2 Fw—v) (1 —w), (15)

o %Cdlp\/(u—ul)Q Fw—)? (0 —v1). (16)
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OOMeH UMITYJIbCOM KOMIIOHEHT CMECH olpejessieTcs KoddduimenToMm comporusierns Cyi.
TeroobMen n 0OMEH UMITYJIBCOM COCTAJISIIONINX T'a30B3BECH OIIPEIeISTIOTCS OTHOCHUTEIbHBIM
qucyoM Maxa M, oTHOCUTENTBHBIM YncoM PefiHosbica Rej, oTHOCHTENHHBIM dYrcjaoM Hyccenb-
Ta Nuy m auciaoMm Ilpamaras Prq, BbIpaKeHus [JjIst ONpeaeTeHnss KodpPUIMEeHTOB B3anMoeii-

CTBUSI KOMITOHEHT CMECH UMEIOT CJeIYIONHi BU/T, l)

24 4 —0.427
_ 0 0 _ _
Cdl - Cd1¢(M1)¢(a)’ Odl - R61 + Re(l]‘5 + 0'47 QZ)(Ml) =1+ exp(— M{)‘63 )7
p(a) = (1 —a) *°, Rey =dp|V —Vi|/u, My =|V -V, (17)

Pry = cpp(N) 7", Nuig = 2exp(—Mi) + 0/459Re} % Pri™3.

J1st BEKTOPOB CKOPOCTH KOMIIOHEHT CMECH HCIOJIb3yeTcst obo3Hauerne V = [u, v], Vi = [u1,v1].

Cucrema ypaBHEHMIA , , 7, l) || ONUCHIBAET JTUHAMUKY Ta30B3BECHU C WJeaIbHOMN

(HEBSIBKON M HETEIIONPOBOJHON HeCyIel Cpe/Ioif) ¢ yueToM 0OMEeHa MMITYJIbCOM MEXKIY Hecy-

meit cpeoit U IUCITEPCHON KOMITOHEHTON. Y paBHEHUS , , 7, , COOTBETCTBYIOT

MaTeMaTHICCKOI MOJICJN JIUHAMUKHI TA30B3BECH C HECYINEll cpesoiil (HeBA3KHUM TEILIONpPOBOJI-

HBIM ra3oM), paspaborannoit B mMonorpacdun [10]. Cucrema ypasenmit 7, f@,

OIIMCBhIBACT JABUXKCHUE I'a30B3BECU C C2KUMAaeMOl, TEIJIOIIPOBOAHON U BA3KOU HeCyllel Cpepoil.

Cucrema ypaBHEHHUI JOMOJIHSIIACH COOTBETCTBYIOIUMY TPAaHUIHBIMU ycjioBusiMu. Ha rpaHumax
pacueTHOl 06J1aCTH 3a,aBaNCh OJHOPOHBIC TPAHUYHBIE YCI0BUs JIMpuUxie st COCTaBIISIONINX
CKOPOCTH HecyIleil  AUCIepCcHO# (pasbl MpU MOJEJUPOBAHUE JTUHAMUKNA BSI3KOW CpEIbl U O/
HOPOJIHBbIE TPAHUIHBIE ycJioBUsi HeliMaHa 1Ipu MOJIEJIMPOBAHUN JIMHAMUKHU HEBSI3KON CpeJibl, JJIst
OCTaJbHBIX (DYHKIHI B 000MX CjydasiX 3aJaBajiiChb OJIHOPOJHBbIE I'paHUYHBbIE ycjioBus Heiima-
na [1] [2]. Jlns maTerpumpoBanus cucTeM ypaBHEHHil HPUMEHSICS ABHBIM KOHEUHO-PA3HOCTHBIN
meron, Max—Kopwmaka [2]. PaccMoTpuM 4mciIeHHBIT aaropuTM Ha MpHMepe CKaJspHOro HeJu-
HelHOTO JMuddepeHnaTbHOI0 yPABHEHUS B YaCTHBIX IIPOU3BOIHBIX or dyukuu f, vae a(f),

b(f), c(f) — nemuneiinsle HyHKIMAN:

of | dal(f) | 0b(f) _
T ox +Ty—(f)- (18)

Jl1st HeTmHEHHOTO ypaBHEHUA 1i 9UCJIEHHOE PeIeHne SIBHBIM KOHETHO-DA3HOCTHBIM Me-

Tomom Mak—Kopmaka Ha m-0M BPEMEHHOM CJIO€ 3aIUCHIBAETCS CJIELYIONIM 00pa3oM <|

At At
* n—1 n—1 n—1 n—1 n—1 n—1
Fiw =T — Ax(ajﬂk — g ) Ay (b1 — b ) + Ate
n * n At * * At * * *

Snecy At, Ax, Ay — 1maru 1o nepeMeHHONl BpeMEHH U IPOCTPAHCTBEHHLIM HAIIPABJICHISIM.
) )
C 11esIbI0 TOTABJIEHUsT YUCICHHBIX OCIIMJIISITIAI UCITOTH30BAIaCh CXeMa HeJTMHEHHON KOppeK-
Uu CeTOYHON DYHKINN || [3][4]. TTycrs Z]le, — [POM3BOJIbHAS HE3aBUCUMAas (PYHKIIAA HA N—OM
K

BPEeMEHHOM cJjioe B yaJjie j, k. Torma ajropurM KOPPEKITHU UMe T Obl CJIeIYIOMNI BU/T:

ik =2kt R0Z o — 0251 o k) (20)

rie Z;’,’: — cKoppekTupoBanHas (GyHKns. JIaHHLI aJropuT™M BBITOJHIETCS B CAydae, KOTJa
I

(0Z7 o 4027 ) < 0 wm (627 WAk

i 2.k 1/2k02 7 50 ) < 0. 3mech mcnomp3yioTcs o6o3HaueHHs

2022, T. 11, Ne 4 73



YucaeuHoe MoOgeJpoBaHue BBaHMOﬂeﬁCTBHH ra3oB3BecCH ...

n _ mn _ m7n n _ 7n 7 n _ 7n _7n o .
025 1ok = 43 = 2w 0% ppn = Zivik = L 0% ks o = Lok — Zisap TAC K — O
s dunmenT Koppekiyu. Besndnna mara 10 BpeMeHH IPU PeaJu3alliil YUCAEHHOIO aJrOpPUTMa

BBIONpaeTca uexoa us yenosusa Kypanta—®puapuxca—J/lesn [2].

2. KomnbioTepHasi peajia3anusd

[TporpaMMHBINT KOMILIEKC, C ITOMOIIBI0 KOTOPOrO IMPOBOIUINCH BBIUYUCIUTEIbHBIE SKCIIEPH-
MEHTBI B JIAHHON paboTe, peajim3yeT MaTeMaTUIeCKy MOJIe/b, COCTABIEHHYIO U3 ypaBHEHWI
7, f@, , OIIMCBIBAIONIYIO JUHAMUKY a30B3BECHU C BA3KON, C2KMMAaEMOH, TelIonpo-
BOJIHOI HecyTIell cpejoit. VIaMeHeHust B CTPYKTYpe UUCI€HHO HHTEIPUPYEMBIX yPABHEHU TO3BO-
JISIET TPOBOJIUTH PacUeThl KaK JIJIsi MATEMATUIEeCKON MOJIE/N NUHAMUKU Ta30B3BECU C HEBSI3KOI
TEIJIONPOBOJTHON HecyIelt cpeioii, onucanuoii B Mororpadun |10|, Tak u Jiyist MaTeMaTHIecKoi
MOJIEJI, B KOTOPOIl OTCYTCTBYET BAZKOCTH U TEILIOIPOBOIHOCTH HECYIIEH CPEbl.

B BerYncinTennbHON rupouHaMuKe KOMIBIOTEPHAST PEATU3aINsT KOHETHO-PA3ZHOCTHON MOJIe-
JIN TeYEHUsI YKUIKOCTU WJIN Ta3a COCTOUT U3 CJIEAYIONINX JdacTeil: ompeeieHne TreOMeTPUIECKIX
mapaMeTpoB (pU3MIECKON 00aCcTu TedeHusi, (POPMUPOBAHIE KOHETHO-PA3HOCTHOTO pa3OMeHus
0bIacTH MOJIETMPOBAHNS, 3a]aHNe TPAHUYHBIX YCJIOBUU M HEMOCPEJICTBEHHO CAMOTO IMPOIEcca
IUCIEHHOTO WHTETPUPOBAHUSI CHCTEMBI adpO-THAPOIMHAMUYIECKUX ypaBHeHu. B mamHoit pabo-
Te KOMITBIOTEPHAs IIPOrpaMMa, HAITMCAHA Ha sI3bIKe mporpamMmupoBanns Fortran. IIporpamvubrit
KOJI, COCTABJISIIOIINY KOMITBIOTEPHYIO MOJIENb, TIPEJCTABIIIET CODON HADOP MOCIEIOBATEIHHO pea-
JIN3YyEMbIX KOMIIOHEHT. AJIFOpI/ITM HpOI‘paMMHOﬁ peam3anumn YUCJIeHHON MOJeJIn JUHaMUKHN I'a-
30B3BECH MMEET CJICIYIONLYIO TOCIEI0BATEILHOCTD:

1) samarorcst pusnyeckue napamMerpbl ra3a U TBEPJbIX YACTHIL;
2) u3 GaiiJIoB CYNTHIBAIOTCS HAYaJbHbIE 3HAUEHUsI (DYHKIUiL, reoMeTpusi 00JIACTH U XapaKTe-

PUCTHKY €€ CEeTOYHOrO pa30ueHus;

3) crpourcsi cerouHoe pasbueHune 06IaCTU TEYEHUsT CMECH;
4) ompejessieTcst 3HAYCHUE BEJIMINH MeK(Da3HOro 0OMeHa UMITYTHCOM U MeK(a3HOrO TerIo06-

MeHa,;

5) peasn3yercsi KOHEIHO-PA3HOCTHOE DPEIlleHne YPABHEHUI JTMHAMUKI CMECH;
6) mpoBoOAUTCs HEeJUHEHHAS KOPPEKIUs CETOUHBIX (DYHKIUIA.
7) 3HaYEHUs NCKOMBIX (DYHKIIHIT B y3/IaX CETKH Ha KaXK/IOM BPEMEHHOM CJIO€ BBIBOIATCS B (haiisr.

Boerancienne 3uadennit mapaMeTpoB HEOTHOPOIHON Cpebl Ha KayKJIOM TOCTIEIYIONEM Bpe-
MEHHOM CJIO€ OCYIIECTBIISETCS MOCJIEI0BATEILHBIM MTpUMeHeHeM 1maros 4)—6). IIporpaMMubrit
KOMIIJIEKC COCTOUT M3 HECKOJIbBKHX KOMIIOHEHT: IIOJIIPpOorpaMMa 3aJaHngd I'PDaHUIHBIX yCJIOBPIﬁ,
o irporpaMmMa pOpMUPOBAHUST KOHEUHO-PA3HOCTHOTO pasbueHust (PU3NIeCcKoil 001acTh, MOIIpo-
I'paMMa pacYdeTa BBaHMOﬂeﬁCTBI/IH KOMIIOHEHT CMeCH, OCHOBHas YHUCJICEHHOI'O pEIICHUA ypaBHeHI/IfI
JANHaAMUKH I'a30B3BECH.

Ha puc. H306pa}KeHa CTPYKTypa IMPOrpaMMbl MOJIEJINPOBAHUST IUHAMUKHI aspo3oJieit. Pac-
YeTHI TEIECHUS ra30B3BeCH (DOPMUPYIOTCS ITPOrPAMMOI YUC/IEHHOTO PEIeHUsT yPABHEHU IMHAMU-
KU HEOJHOPOJHON Cpeibl, st (DYHKITMOHUPOBAHUS OCHOBHOM ITPOTPAMMBI HEOOXOIUMBI ITOITPO-
rPaAMMBL: TIOIIPOrpaMMa (DOPMUPOBAHUS CETOYHOrO pa3bueHusi HU3MIECKONH 0OJIACTH, TOITPO-
rpaMma 3aJ[aHusl TPAHUYIHBIX YCJIOBUN CHCTEMBbI yPABHEHUII MATEMaTUIECKON MOJIEJIH, ITOITPO-
rpaMMa MeKKOMIIOHEHTHOTO B3aMMOJIEHCTBUSI, OMUCHIBAIOITAsS OOMEH MMITYJIbCOM M TEMI000MeH
KOMITOHEHT cMecu. [yt paboThl 00bEKTHOrNO MOIYJIsT HeoOXxoguMa nHMOpMaIius 0 pU3MIECKIX
mapamMeTpax MOJETUPYEMON CMeCH M TeOMETPUUYECKUX MmapaMeTpax (pu3mdeckoit o0JIacTh U KO-

JITYECTBE Y3JI0B KOHETHO-PA3HOCTHOrO pas3bmenus objactu. HadaabHble mapaMeTpbl copeprKaT-
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ITporpamma
HCIIEHHOTO PelIeHHT
ypapHeHHH IHHAMHKH

HEeo JTHOPOIHOH cpensl

/ \

TTonmporpamma TTonmporpamma
ITonnporpamma
MeKKOMITOHEHTHOT O TPAHHMYHEIX
IIOCTPOSHHS CeTKH N .
B3aHMOIeHicTRHA VCIIOB Mt

Puc. 1. CrpykTypa IporpaMMHOINO KOMILJIEKCA MOJIEJNPOBAHIS JUHAMUKI

nByxdaszHoit cMecu

¢ B aByX daitmax: ¢ailyi ¢ JaHHBIMA O (PU3UIECKUX CBOMCTBAX ABUXKYIIUXCS Cpel U (aili ¢
JAHHBIMH ODJIACTH TEeYeHUsI U IIapaMeTpaMy ee KOHEUHO-Pa3HOCTHOIO pasbuenHust. BbI3oB mo-
[IPOTpaMMBI ITOCTPOEHUST CETKH OCYIIECTBJISIETCS Tepe.l IUKJIOM YHCJIEHHOTO PEIeHHUs] CUCTEMbI
YPaBHEHUIT B OCHOBHOH NIpOrpaMMe, MOCTPOEHHUs] KOHEYHO-PA3HOCTHOT'O PEIeHUsI SIBHOTO MeTO-
na Mak—Kopwmaka. Ber3oB moanporpaMMbl IPAHUYHBIX YCIOBUM OCYIIECTBJISETCS Ha KaXKJIOM
BPEMEHHOM CJIOe B OCHOBHOI IIporpamme. B 0CHOBHO#I mTporpaMMe peaju3yoTcsi METO]T KOHETHO-
Pa3HOCTHOTO PEIEHUs U CXeMa HEJIMHEHHON KOPPEeKIUN CeTOYHBIX (PYHKIUH, HeobXoquMas st
IIpeoa0JICHUsT YHUCJIEHHBIX OCL[I/I.H.HﬂLH/If/I n IMpuMeHgdeMasd II0CJIe ITOJIyIeHU A YUCJICHHBIX peLHeHI/IIU/I
HA KaXKJI0M BpemeHHOM cjoe. [locite Bbraucaenuns: pyHKIUNA TUHAMUKA KOMIIOHEHT CMECH Pac-
CUYUTBIBAIOTCST BEJIMIUHBI MEXKKOMIIOHEHTHOI'O B3aUMOecTBUs. BhIauc/ieHHbIE Ha [TPE/IbITY IEeM
BPEMEHHOM CJIO€ 3HaYeHUsI MEXKKOMIIOHEHTHOrO 0OMEHa MMITYJILCOM U TEeILI00OMEHa IIPUMEHSIOT-
CsI TIpU OIIpEJIeJIEHNi 3HAYeHUII NCKOMBIX (PYHKIUMI Ha CJIeIYIONMIEM BpeMeHHOM cjioe. OyHKIMI
JMHAMUAKNA KOMIIOHEHT CMECH B IIPOrpaMMe 3aJaI0TCs IBYXMEPHLIMU JUHAMIIECKIMI MACCUBAMU
nBoitHoit TounocTu (double precision). @aiin ¢ HaYATBHBIME 3HAYEHUSIMU [1APAMETPOB HEOIHO-
POIHOI Cpelbl CUMTHLIBAETCST B OCHOBHOI mporpamme. [lpu HammcaHuu ajaropurMa IHUCIEHHOIO
pelIeHusT AjIsi MAaTEMATHIECKIX OIEpalnii IPUMEHSINCh BCTPOEHHbIE (DYHKIMN si3biKa Fortran.
[Tpu momomu orreparopa COMMON ocytecTBisieTcsl CBsI3b IEPEMEHHBIX U MACCHBOB, KOTOPBIE
HCIIOJIB3YIOTCS OJJHOBPEMEHHO U B OCHOBHOW IpOrpaMMe pacdeTa IUMHAMUKH Ia30B3BECH, & Tak-
JK€ BO BCIIOMOTaTeIbHBIX IOAIIPOrpaMMax. B oCHOBHOM mporpaMme Ha KasKI0M BPEMEHHOM CJIOe
¢ nomonipio oneparopa CALL npousBoJuTCs BBI30B BCIIOMOIATEILHBIX HOJAIPOrpamMMm. Takum
00pa3oM, CTPYKTypa KOJa IPOrPpaMMBbI, YUCJIEHHOIO PENIeHNns yPaBHEHUI KOHTUHYAJIbHONW MaTe-
MaTUYECKON MOJEe/NN JUHAMUKU HEOTHOPOIHOI Cpe/ibl, OTJIMYAEeTCSI OT KOJa IPOrpaMMbl MOe-
JINPOBAHUS JIMHAMUKU OJTHOPOJIHON CPeJIbl HAJUYIUEM JOTIOJHUTEBHON MOAIPOrPAMMBL pacieTa
B3aUMO/IEHICTBUS KOMIIOHEHT CMECH.

IIporpaMMHBII KOMILIEKC, IPUMEHEHHBI B JaHHOI pabore, pa3paboTaH Ha OCHOBE KOHTH-
HyaJILHOTO TI0/1X0/1a [9] METOJMKH MOJe/MpOBaHus IUHAMUKE JMCIEPCHBIX CPeJl B CAKIMAeMOi
rasoBoil cpeze B Tporecce paboTel Has auccepranueii [24]. IIporpaMMHBIH KOMILTIEKC MO-
JIeJINPOBaHUsSl IUHAMUKU I'a30B3BECU C YIETOM B3aUMOIENCTBUS KOMIIOHEHT CMeCH ObLI Pa3BH-
THEM y3Ke CyIIeCTBOBABIIEr0 IPOrPAMMHOIO KOMILIEKCA YUCAEHHOINO MOJIEJIUPOBAHMS JUHAMIKI

O,ILI/IHO“IHOI'/JI HJaCTHUIbI B C2KUMaeMOM TI'a3e . Passurne IporpaMMHOIO KOMIIJIEKCa 3aKJ/JII09aJI0Ch
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B JIOOABJICHUH pacdeTa IOJHOM T'UJIPOJIMHAMUYIECKON CUCTEMbl YDABHEHUI JIBUKEHUS JIJIST JIAC-
[IEPCHON KOMIIOHEHTBI U B y4YeTe B3alMMOOOPATHOrO (BO3JIEHCTBYIOIIEro Ha KazKyI0 KOMIIOHEHTY
cMecH) MEeXKKOMIIOHEHTHOrO B3anmojeiictus. B pabore [IPOBOJINTCS COIOCTABJIEHNE (DU3H-
YEeCKOI'0 9KCIEPUMEHTa 110 YJIapHO-BOJHOBOMY TEUYCHUIO I'a30B3BECU C YUCJIEHHBIMHU pacdyeTaMy,

TIOJIYIE€HHBIMU BBIIIMEOMMNCAHHBIM IIPOTrPAMMHBIM KOMIIJIEKCOM.

3. BpruucianrenbHbIE IKCIIEpUMEHTbI

B pabore uccieioBaaoch pacupocTpaHeHue IPsSMOTro CKaYuKa JTaBJICHUs U3 OJHOPOIHOTO Ta-
3a B Ta30B3BECh, MOJIEIMPOBAJIOCH TeueHne Ipoucxoigmee B yaaproit Tpy6e [1] [10]. C yuerom
HaJIMYUs TIOBEPXHOCTH pa3iesa cpell «HeOTHOPOJHAs Cpella — OJHOPOJHAS Cpeliay, HamboJiee
aJICKBATHO TAKOM ITPOIECC MOXKET OBITH OIMCAH TOJBKO B PAMKAaX KOHTHHYAJBHOIO MOJIXOJA JU-
HamMuKu HeoaHopoaubix cpes, [10][11]. Yaapnas Tpy6a npejcrapasger coboil KaHa, pasIe eHHbIi
MeMOpaHOil, YacTh KaHaJIa 3all0JIHEHA Ta30M C MEHBIIUM JIABJIEHUEM — KaMepa HU3KOIO JiaBJie-
HUsl, YACTh KaHAJIA 3aI0JIHEHA [a30M MMEIOIUM OoJibiliee TaBJIeHre — KaMepPa BBICOKOTO JlaBJie-
Husd. B ommyunu or KijaccuyeckKux padoT 1O yAapHBIM TPyOaM IpesoJiarajoch, YToO B KaMepe
HU3KOT'O JIABJIEHUs PACIIOJIOKEHA Ia30B3BECH — B3BECh TBEPJBIX 4YacTHll. HadaabHblll pas3pbiB
JIABJICHNUST 3aaBasICs depe3 remueparypy raza 1’ = Ty = 2- T,z < L/2, Takum 06pa3om gaBiie-
HIEe B KaMepe BBICOKOT'O JIABJICHUS YIaPHOI TPYyOBI BIBOE IIPEBOCXOIUT JABJICHIE ra3a B KaMepe
HU3KOTO JaBjeHus pog = 2 - p1g = 196 xlla. /Inuna kanama L=2 M, mupuna kanaga h=0.1 m.
Hecymas cpena onuceiBagach kak Bo3ayx. Pusndeckas IJIOTHOCTh MaTepHUaJia, JIUCIIEPCHON KOM-
TIOHEHTHI ¥ TEILJIOEMKOCTh MaTepHasa JIMCIePCHON KOMIOHEHTBI cocTaBisna p1o—2700 kr/m3,
p1=903 [Ix/kr-K, mucnepcnocts gactur — d=2 MKM.

PaCCMOTpI/IM pe3yabTaThbl IPUMEHCHNUA KOHCYHO-Pa3HOCTHOT'O METOIda (15) IIpru UHTErpupo-

BaHHUU CHUCTEMbI ypaBHEHI/IfI i IIPpOrpaMMHBIM KOMIIJIEKCOM, OIIMCaAaHHBIM B pa3,ueﬂe

V], mlc

“
SR
SRR

lllﬂlll[/mW /;,

HI”II"I l,,

=
~NPo >

a) HeBsI3Kasi cpejia 6) Bsi3Kasi cpejia

Puc. 2. JIByxmepHoe pacupeeenne MOIYJ/Isi CKOPOCTH ra3a, IMPU PACIPOCTPAHEHUN YIAPHON

BOJIHBI

Ha pHc.H3o6pa>KeHo pacIpeiesieH1e MOyl CKopocTu raza V = vu? + v2 nupu Mozpenaupo-
BaHUU JIBUKEHUST yJAPHOI BOJIHBI B KaHAJe C OJHOPOJHBIME I'PAHUYHBIMA ycIoBusaMu Helimana
JIJ151 HEBSI3KOM cpeJibl (pHC. [2) U ¢ OJHOPOJHBIME I'PaHUMHBIMU yc/1oBusMu Jlupuxie (puc. )
JUIst BSI3KOH cpesibl. MoxKHO Hab/IoaTh paBHOMEPHOE B Y-HAIIPABJICHUU PACIPEIEIeHne CKOPO-

CTHU IJIA HEBSI3KO CpeJbl, B cjIydae JIBU2KEHHEC yﬂapHoﬁ BOJIHBI B KaHaJI€ B BA3KOM cpejge, MOXKHO
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HAOJTIONATE «I1apabOIMIeCKUii» npoduib CKOpOCTH HecyTteit cpepl. [Ipu MopesmmpoBanun
TeYEeHUI CIUIONIHBIX CPEJl B y3KUX KaHajax 0oJjiee IPEeIIOYTUTEIbHBIM, YeM MOJIe/h HeBA3KOi

Cpeabl, ABJIAETCA OIINCaHue TeIeHUdA C YyIEeTOM HpI/ICTeHO‘{HOﬁ BASKOCTU B KaHaJIe .

| 7], m/e V|, mle
B oo e e | :
20 : 704 ;
1004 60
80+ 50
60- 40-
304
i 20
20 10 :
0.0 0.5 1.0 1.5 X, M 0 11 12 13 l4xcwm
a) IIpocTpancTBeHHOE pacipejesieHne 6) IIpocTpancTBeHHOE pACIIpejieIeHIe
MOJLYJIsI CKOPOCTH Ia3a MOJLYJIsSI CKOPOCTH JIHMCIIEPCHOM (hasbl

Puc. 3. Conocrasienne pacdeToB MOAYJId CKOPOCTHU CITYTHOI'O IIOTOKa ra3a M MOYJId CKOPOCTU

,H,I/ICHepCHOI'?'I (baBI)I JJId PA3JIMIHBIX MaTeMaTUICCKUX MOﬂeHeﬁ

Ha puc. IIpEJCTAaBJICHLI COIIOCTABJICHUSI CKOPOCTH ra3a KakK IIPU PacIPOCTPaHCHUU YJiap-
HOII BOJIHBI U3 ra3a B radoB3BeCh, TaK U B OJHOPOIHON cpele, Ha OCA CUMMETPHUU KaHaJjla, TJe
JIoCTUTAIOTCs HauboJIbIue 3HadeHus ckopocreit. Kpusbie 1 1 2 — COOTBETCTBEHHO aHAJIUTHIE-
CKOE DeIlleHre CKOPOCTU CIIyTHOI'O IIOTOKA, IOJIyYeHHOe JJIs HJeaJbHOro rasa B pabore u
YUCJIEHHDBIN pacyder Il paclpOCTPAHEeHUsT YIAAPHON BOJHBI B WICAJTLHOM Ta3e. AHAIUTHIECKN
paccuauTaHHOE pelleHne uMeeT OOIbIITYI0 HHTEHCUBHOCTHU CIIyTHOT'O OTOKa ra3a. Kpusble 3 u 4 —
Pe3yJIbTaThl pacueTOB JUHAMUAKA yAAPHONH BOJIHBI U3 OJJHOPOHOIO I'a3a B Ia30B3BECh, ITOJIyYE€H-
HbIE 110 MO/IeJISIM UIeaIbHON HecyIeil cpeabl U TellJIOIIPOBO/IHON Hecyeil cpeibl . Kpupas b —
PEe3yJIbTaThl PACYCTOB PACIPOCTPAHECHUA YJIAPHON BOJIHBI U3 OJHOPO/HOIO ra3a B I'a30B3BEChb C
YUeTOM BSI3KOCTHU HECYIei cpeibl. Yuc/ieHHbIe pacyueThl JUHAMUKN HECYIEH CpeJbl 10 B3anMO-
JeficTBUSA yAapHON BOJHBL C Ia30B3BECHIO 110 MATEMATUICCKIM MOJECIAM C UACAJIbHON U HEBA3KON
TEIJIONPOBOJIHON Hecylel cpeioi COBHAJAIOT C YUCJICHHBIMU pacdeTaMU CIIyTHOI'O IIOTOKA
B OJIHOPOJIHOM HjieajibHOM ra3e. HamboibIliee 3HAUEHIE CKOPOCTHU JIMCIIEPCHOM KOMIIOHEHTHI TTPU
JBUKEHUU yAapPHON BOJIHBI 110 T'a30B3BECU JOCTUTACTC B pacdeTax 10 MaTeMaTUYIeCKONR MOJesn
¢ BsA3KOM Hecyteit cpeoii (puc. [3| kpuBas 3). CKOpOCTb IUCIIEPCHON KOMIIOHEHTBI TIPU pacde-
Tax 110 MaTeMaTUYeCKONH MOJE/U C TEllJIOIIPOBOJIHON HEeBA3KON Hecylleill cpeioi (kpuBas 2)
HEMHOTO 0OJIbIle, YeM CKOPOCTH JMCIIEPCHON KOMIIOHEHTBI ¢ WJIeaJIbHON HecyIeil cpeioil (Kpu-
Bast 1). Mozysib CKOPOCTH JIUCIIEPCHON KOMIIOHEHTHI IIPH yUeTe BA3KOCTU HECYIEl Cpejibl MeeT
boJibIllee 3HAYEHNE, [IPU STOM MOXKHO HAOJIIO/IATH, 9TO HEIIOCPEJICTBEHHO Y/IaPHO-BOJTHOBOE BO3MY-
HeHUE 110 JUCIEPCHON (ra3e pacHpOCTPAHAETCH C MEHBINEN CKOPOCTHIO OTHOCUTEIHLHO PacYeToB
C HEBA3KAMU HECYIUMHA CPEaMU.

Ha puc. = IIPEJCTaBJICHO pacHpeleleHne MOJYJId CKOPOCTH Ta3da B KaHaJle IIPU pPa3JInd-
HBIX CEeTOYHBIX pa3bueHusx 00JaCTH B MOMEHT BpeMeHu t=1 Mc, Jjisi MaTeMaTUuIeCKON MoJie/in C
HecyIeil cpentoii (nneanbubiM rasom). s pasouennii cerkn N =120, Ny=24 mupuna obaacTn
3aTPOHYTOH CILyTHBIM IIOTOKOM I'a3a 3a yJapHOI BOJIHOHA B KaMepe HU3KOI'O JaBJICHUA U CIIyTHBIM
IIOTOKOM 3a BOJIHOH pa3psKeHUsl, B KaMepe BBICOKOI'O JaBJIEHUS, COCTaBIsAET L, =1282 mm, 1jis
pasbuenuit pacdernoit obmacru N,=140, N,=28, N,=160, N,=32, N,=180, N,=36, N,=200,
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|7, m/c .
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a) ujeasbHas HeCyIasl cpe/ia 6) BsI3Kas HecyIast cpesia

Puc. 4. HpOCTpaHCTBeHHOE pacupejesienne MO/yJjisd CKOPOCTHU rasa, JAJisd Pa3/IMYHbIX CE€TOYHbIX

pa3bueHmit

N, =40 mupuna 30HbI JIBUXKEHUs r'a3a COCTAB/SET COOTBETCTBEHHO L., —1083 MM, L,,=1053 mMm,
L,=1031 mm, L,,=1026 mm. it JaHHBIX CETOYHBIX pa3dueHuil CKOPOCTU YAAPHOM BOJIHBI CO-
CTaBJISAIOT cooTBeTcTBeHHO 0 = 521 M/c, 6 = 445 m/c, § = 430 m/c, 6 = 418 m/c, 6 = 416 m/c.
AHaJIOrUIHBI PE3YJIBTATHI 1JIsT MATEMATHIECKON MOJIE/IN C BSI3KOH TEIJIONPOBOIHON HecyIeil cpe-
Io# B TOT »Ke MOMEHT BpPEeMeHU M300parkKeHbl Ha, PUC. st pasbuenust pacaeTHOR 00JIacTH
N,=120, N,=24 mupwuna o0JiacTH 3aTPOHYTOHN IBUNKEHMEM ra3a cocraByisgeT L,,—892 mm s
pasbuenuit pacuernoit obnacru N,=140, N,=28, L,,=872 mm, N;=160, N,=32, L,,=858 Mm,
N; =180, Ny=36, L,—852 mm, N, =200, Ny=40, L,,—848 MM MmupHuHa 30HbLI JIBUKCHH ra3a Cco-
cTaBjsieT cooTBeTCTBeHHO L,,=1083 mm, L,,=1053 mm, L,,=1031 MM, L,,=1026 mm. Cropocru
JIBUYKEHUsI YIAPHBIX BOJIH JJIsl yKA3aHHBIX pas3buenuii cocrasistor § = 314 m/c, § = 305 m/c,
0 = 298 m/c, § = 294 m/c, 6 = 292 m/c. Ilpu u3MeJIbUCHUN CETOUHBIX PAa3bHeHUii Kak Jjisi
HEBSI3KOI, TaK W JJIsi BSA3KOW HECYIUX CpeJl IPOUCXOIUT PABHOMEPHOE YMEHbBIIIEHIEe CKOPOCTH
Y/IaPHO-BOJTHOBOI'O BO3MYIIEHUS U ODJIACTHU, 3aTPOHYTON JIBHXKEHUEM T'a3a — yJapHON BOJIHBI B

KaMepe HU3KOI'o JaBJIEHUA W BOJIHBI PA3PAZKEHNA B KaMepe BBICOKOI'O JTaBJICHUA.

p. xlla p,dla ONEOpOOHEE T3
160 omHOpOOEEIT Tas 1604 - = g=0.00001
150 = = = o~0.00001 150- o=0.0001

a=0.0001 o=0.001
140 o=0.001 1404
1301 1304
1201 1204
110 1104 \
1.0 18 . M 10 1.1 1.2 1.3 1.4 1.5 1.6%M
a) maeasbHasi HECYIAst CPEia 6) BsA3Kasi HeCyIast Cpesia

Puc. 5. IlpocrpancTBenHOe pacipeeieHne JaBJIeHUsT ra3a I PA3JIMIHBIX 00beMHBIX

COlepKAHUN IUCIIEPCHOM (ha3bl U OJHOPOIHON CPEIThI

Ha puc. |5| mpeacraBienbl MPOCTPpaHCTBEHHBIE paclipese/ieHus TaBJIeHUs] B YIapPHON BOJIHE,
JBUKYIIENHCST B OJHOPOIHOM Ia3e W Ta30B3BECSX C PA3INIHBIMIA OObEMHBIMU COIEPIKAHUSIMI JTHC-

mepcHOil pas3bl, JJIsi MATEMATUIECKUX MOJIEJIeil HeCyIIei Cpebl, ONNChIBAeMONl KaK MIeabHbIi

78 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»



J.A. TykmakoB

T.K T.K

= =

3061 320. 2

3044

302 5 Y

N0 1.41 RS S - Nt R R T X, M
a) OJIHOPOJIHBII ra3 6) rasoB3BeCh C OOBEMHBIM COJIEPIKAHUEM

muctepcHoit KommoHeHTsI av=0.001

Puc. 6. IIpocrparcTBeHHOE pacipeie/leHie TeMIIEpATyPhbl ra3a IPU MOJIETUPOBAHIN
OJTHOPOJTHO# M HEOTHOPOJIHOM CpeJl, KpuBble: 1 — mjeasibHas HeCyIlasl cpejia, 2 — HeBA3Kas

TEIJIOIIPOBOIHas HECYIllasl cpella, 3 — Bd3Kasl HecyIlasd cpeda

ra3 (pHc.) 7 BA3KOIT TEIUIOPOBOIHEIN Ta3 (pHc.). 151 06 BEMHOTO CONIePZKAHTS JIACIICPCHOM
dazbr «=0.0001 ckopoCTh yIApHON BOJHBI B pacderax IO MOJeIH Hecyleil cpespl (uaeagbHo-
ro raza) cocrasisier 99.67% oT CKOPOCTH JIBUKEHUST OJIHOPOJHOIO Ia3a, JJIsi MOJEJN JIMHAMUKI
BSI3KOI'O TEILJIONPOBOIHOIO I'a3a CKOPOCTH YIAPHOM BOJIHBI JIjIsI TOTO K€ 0OBEMHOI'O COIEPIKAHUS
nucrepcHoii asel cocrasiser 94.36% oT CKOpOCTH JIBMKEHUS YAAPHOI BOJHBLI B OJHOPOIHOM
BsaA3KOM rasze. [Ipu obbemuom comepkanun auctepcuoit haspl a=0.001 ckopocTh yaapHOit BOJTHBI
B pacuerax, IPOBEJIEHHBIX JIJIsl HECYIIeil cpesibl (uiealbHOro ra3a), cocrasyser 86% oT cKopocTu
JBU2KEHUS OJHOPOIHOTO Ta3a, JJjis MOJIEJU IUHAMUKU BA3KOT'O TEIJIONPOBOIHOIO ra3a CKOPOCTD
yJAapHoii BosHbI cocTasiister 69.9% oT CKOPOCTH JBUKEHUS YIaPHOI BOJHBI B OJIHOPOHOM BAZKOM
rase.

Ha pHc.@H3o6pa>KeHm pacupejie/ieHis TeMIIEPATYPhI I'a3a BIOJIb KOOPIUHATHI & BOJIU3M I1e-
PEeIIHEro Kpasi yIapHOl BOJIHBI B OJITHOPOJHOM ra3e (pmc.@) U B Ta30B3BECH (pHC.@S), [TOJTy YeHHBIE
JJIS PA3JIMIHBIX MaTeMaTHIECKUX Mojesell ruanamMukn rasa. [Ipu MogempoBaHun paciupocTpaHe-
HUSI BOBMYIIIEHUS II0JIsSI TEMIIEPATYPBI B OJIHOPOIHOM Ir'a3e CKOPOCTb PACIIPOCTPAHEHUS BO3MYIIIE-
HUS B HEBA3KOM TEIJIOIPOBOJIHOM M BS3KOM TeILIOIPOBOJHOM raze cocrasisioT 99.71% u 97.62%
OT CKOPOCTHU PaCIpOCTPaHEHUsT BO3MYIIECHUS B UIeaJIbHOM Trase. B razoB3secu ¢ 0OBLEMHBIM CO-
nepxkanneM aucrepcaoit dpazpl a=0.001 cKOpOCTh ABUXKEHUS BO3MYIIEHUS IOJIS TEMIIEPATYPhI
ra30BOl KOMIIOHEHTDHI Fa30B3BECH B HEBSI3KOW TEILJIOIPOBOIHON Cpejie, KOTOPas PacCMaTPUBaET-
cs B KavecTBe Ta30BOi (Hashbl MPU COCTABIEHNM MATEMATHIECKHX MOJejeill B MOHOrpadun
U B BA3KOM TEILIOIPOBOLHOM ra3e COCTaB/IsIoT cooTsercrBeHHo 97.26% u 81.33% ot cxopocTu
JBUZKCHUS BO3MYIIICHUA TeMIIepaTypPhl HECYIEH cpelibl PACCIUTAHHON 110 MOJIC/IN JUHAMUKYI UJIe-
aJbHOrO Traza. TakuM oOpa3oM BBIABJIEHO, UTO JJIsi KOHTUHYAJBHOTO MMOJIXOIA MOJCTUPOBAHUSI,
YUIUTBIBAIOIIETO TEMIIEPATYPHYIO HEPABHOBECHOCTb HECYIIEH CpeJibl U JUCHEPCHON (ha3bl, BJIUs-
HHE, KOTOPOEe OKA3bIBAET JTUCIIEPCHAST KOMIIOHEHTa Ha PACIIPOCTPaHEHHUE yJIapHO-BOJTHOBOI'O BO3-
MYIIIEHNS TOJIeil JaBJIEHUS W TEeMIIEpaTypbl HECYIEH Cpelibl UMEET CYIIEeCTBEHHbIE OTJIUYNS IIPHU
pacderax ¢ ra3oBOi KOMIIOHCHTON — BA3KOU TEIJIOIIPOBOAHONA Ccpeioi, HeBA3KOHN TeIlIOIPOBOAHON
U UJeasIbHON Cpe/lou.

Ha puc. Hpe,ZLCTaBJIeHI)I pacIipe/ie/IeHnst BeJIMIUH MOJIyJisi CKOPOCTHOTO CKOJIbXKeHust |V —

Vi = /(v —u1)% + (v — v1)2 17151 ra3oB3Beceil ¢ PA3ITMTHBIME O0LEMHBIME COJEPAKAHMAMI JIHC-
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V-V, m/c lViK' . M/c
50 6
e —=0.00001
40 S —ai[:-_[:-[:-m 5. A
i) a=0.001 A ﬁ“=ﬁ_ i
20+ 3 "
10 - 1
I T T -U\\' T 1 ] ) [ T
10 1.2 1.4 16x.M 1.0 12 1.4 X. M
a) ujieaJibHas HeCylIlas cpea 6) BA3Kas HECyllas cpeja

Puc. 7. IlpocTpancrBentoe pacipe/iesieHrne MOy MexK(a3HOro CKOPOCTHOTO

CKOJIb2KE€HHS B I'a30B3BECAX C Pa3JIMIHbIM 00 BEMHBIM ComepzKaHnueM ,ZLI/ICHepCHOﬁ KOMITIOHCHTDI

HepCHOfI cbasm. Bennauna CKOPOCTHOTI'O CKOJIb2KCHH CYHIECTBEHHO BBIIIIE B MOJCJIN UICaJIbHOT'O
rasa (pI/IC = ) Menbias HHTEHCUBHOCTD CKOPOCTHOI'O CKOJIb?KE€HU A B BSIBKOM cpene (pI/IC ) MO-
KeT 00bACHATHCA OOJIBIITUM Me}K(baBHbIM B3aHMO,ZLeI71CTBHGM, B CB#3UW C 9Y€M MeEHee CYIIECCTBECHHBI

pa3andud B CKOPOCTAX KOMIIOHEHT ,ZLBYX(baBHOﬁ CMeCH.

|V-¥ |, m/c
257
207
157
107

5

1.0 12 1.4 16 x. M

Puc. 8. IlpocrpancrBennoe pacipe/ie/ieHre MOYJisi CKOPOCTHOTO CKOJIbXKEHUS,
KpuBble: 1 — miaeajbHas HECYIas cpeja, 2 — HeBs3Kasl TeILIONPOBOIHAS HECYIasl cpejia,

3 — BdA3Kasg Hecylas cpejia

NuTencuBHOCTD CKOPOCTHOTO CKOJIBYKEHUS PHUC. npn MOJECIMPOBAHNA JIUHAMUKY HeCyIei
Cpebl MOJIEJISIMUA UJIEAJILHOIO T'a3a M HEBA3KOI'O TEIJIOIPOBOHOIO ra3a MMeeT OJIM3KOoe 3Hade-
HUe, CyIIEeCTBEeHHO OOoJIbIliee, UYeM B BA3KOI cpeje. JlaHHas 3aKOHOMEPHOCTH J€MOHCTPHUPYET, TO,
4TO IIPU MOJIC/IMPOBAHUMN NBUXKCHUA yAAPHON BOJIHBI 110 I'a30B3BECU B KaHaJle OIPeHe/IdAOuM
dakTOpOM sBJIsIETCH BS3KOCTb HECYIEl CpPeJIbl, a TaKOe CBOWCTBO HECYINEN CpeJibl KaK TeIio-
IIPOBO/THOCTHL MMeeT CYIIIEeCTBEHHO MEHbIIIee SHaYeHUe.

Ha puc. @Hpe,ILCTaBIIeHO IIPOCTPAHCTBEHHOE pacCIpelieIeHIE BeJINYNHbl KUHCTUICCKONA Hep-
My Hecyllel cpelibl ra30B3BeCU pV2 (puc. @a) U JUCIEPCHON KOMIIOHEHTDI p1V% (puc. @3) pu
PACIIPOCTPAHEHNN YAAPHON BOJIHBI U3 OJIHOPOJHOTO T'a3a B ra30B3BECh ¢ OOBEMHBIM COJEPIKA-
HueM jguctiepcHoit komrnoneHTsl v=0.001, jyu1sg pa3InaHBIX MO/Iesell JIMHAMUKHN HeCYIeil cpeJibl:
KpuBas 1 — uJieaJIbHBIN ra3, KpuBasg 2 — HEBA3KUI TEIJIONPOBOJHBIN I'a3, KpuBas 3 — BA3KUII
TEIJIONPOBOIHBIN Ta3. [Ipu MomenupoBaHUU HeECYIIel cpejibl KaK HEBS3KOW TEIJIONPOBOIHON 1
IpA MOJIEJIMPOBAHUN HECYINel cpesbl KaK HJIeaJbHOI KHHETHYeCKas SHEPrus HeCyIneil cpejibl

JOoCcTUraeT OOJIbININX MaKCAMAJIBHBIX SoHaLIeHI/II'/JI7 9eM B CJIy4dae y4deTa BA3SKOCTU ra30BOIl KOMIIO-
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a) Hecylast cpejia 6) jucrepcHast KOMIOHEHTa,

Puc. 9. IIpocrpancreentoe paciupe/ie/ienne KUHETHIECKON SHEPTUH KOMITOHEHT ra30B3BECH

HeHTHI. [Ipu 5TOM MakcUMaJIbHOE 3HAYEHE KMHETUIECKON SHEPIUn IMCIIEePCHOM (hba3bl B yaapHOI
BOJIHE OT COOTBETCTBYIONIEH BEJTMUUHBI JIJIsi MOJIEJIN HecyIieil cpejibl (M1eaabHoro ra3a) Jjisi Mo-
eI BA3KOIO rasa cocTapider 138.76%, a mig MoOmenum HEBS3KOIO TEIIOIPOBOIHOIO Ia3a —
105.3 % coorsercrBenno. CToOb CyMECTBEHHOE OTIMYNE B KUHETUYECKOH SHEPrUU JIUCIEPCHOM
KOMIIOHEHTBI MOXKET UMETh KPUTHUYECKOEe 3HAYCHUE IIPU MOAEJIUPOBAHUMN IIPOIECCOB OTPAXKEHUS
IPOMBIIIJIEHHBIX B3PbIBOB IIPUMEHAEMBbIX B I'€OTEXHOJIIUAX . CormocraBiieHre YNCIEHHBIX PaC-
YeTOB KMHETHUYECKOU 3SHEPIrud JAUCIIEPCHONR KOMIIOHEHTBI M CKOPOCTHOI'O CKOJIbXKEHUS Ta30BOM
U IUCIEePCHON (a3 cMecu B yJapHON BOJIHE JEMOHCTPHUPYET, 9TO B BA3KOH cpeme MexKkdasHoe
B3aUMOJICCTBUE, KOTOPOE ABJIACTCA OIPEJICJAIONIAM IIPU MOJICJANPOBAHUN CMECEl C PaBHBIMU
MaCCOBBIMHU JOJIAMH KOMIIOHEHT, UMeeT 6OJ'IleyIO NHTEHCUBHOCTDL, Y€M B HEBA3KUX Cpeaax. qTO
sABJIsIeTCsT OoJiee TPABUILHBIM C TOYKU 3pEHUS (PU3UKU TAKUX ITPOIECCOB, TAK KAK CYIIECTBYIO-
mue B IIPpUPOAE r'a3bl U 2KUJKOCTU ABJIAIOTCA BA3SKUMH, B TO BpPpEMA KaK OTCYTCTBUE BA3KOCTU
njm TeIJIOIIPOBOJAHOCTH fBJIACTCHA JOIIYIHIEHUEM, IIPpUMEHAEMbIM IIDU pa3pa60TKe MaTeMaTn4de-

CKUX MO,ZLG.J'IGfI JAVMHAMHWUKHM CIIJIOITHBIX CPEII.

3akJIo4YeHmne

B pabore npoBejieHO comOCTaBIEHNE YUCJIEHHBIX PACYETOB PACIIPOCTPAHEHUS y/IaPHON BOJI-
HBI U3 OJIHOPOJIHOTO I'a3a B Ia30B3BEChH, MOy YEHHBIX JJIS PA3JIMIHBIX MATEMATHIECKUX Mo/Ieseit
JIMHAMUKA HecyIneil cpeipl. B pabore BBIABIEHO, YTO IPU MOJIEIUPOBAHUN JIMHAMUKHU BA3KON
TEIJIONPOBO/IHOM CPEJIbl BEJIMYUHBI CKOPOCTHOTO CKOJIbyKeHUs (ha3 CMeCU CyIIEeCTBEHHO MEHBIIIE,
geM aHaJIOTUYIHbIC BEJIMYNHDBI IIPU OIMMCAaHUN HeCYU.LefI Cpeabl KaK HﬂeaﬂbHOﬁ. OHpeﬂeﬂeHO, 9TO
Ipu MO/Ie/IMPpOBaHUN y,[[a.pHO—BO.HHOBOfI JANHaAMUKN ra3oB3Becell B KaHaJlaX, BJIUAHNE BA3KOCTU
HecyIeil cpepl HanboJiee CyIeCTBEHHBIN (PaKTOP B3aMMOACHCTBHUS ra30BON U JUCIIEPCHON KOM-
MOHEHT cMecu. [Ipu onmcaHuy ra3oBoit KOMITOHEHTHI Ta30B3BECH KAaK BSI3KOU CpeJibl MexKpasHoe
CKOPOCTHOE CKOJIbYKEHUE JIOCTUTACT MEHBIINX BEJINUNH, 9eM B CJIy9Uae HEBSI3KOUM HEeCYIeil cpepl.
Takke mpu ydere BSI3KOCTU HECYIEH CpeJibl KWHETHIECKAs YHEPTHs JUCIHEPCHON KOMIIOHEHTBI
uMeeT OOJIBIIYI0 BEJIUUUHY. YUeT TeIJIONPOBOJHOCTU HEBSI3KOW HECYIIEH CpeJibl TaKKe MPUBO-
JIUT K PE3yJIbTATaM PAacueTOB ¢ HECKOJBKO MEHBIIUM CKOPOCTHBIM CKOJIbXKeHHeM (a3 u 6oJibIrneit
KUHETHIECKOI SHEPIueil MUCIEePCHON KOMIIOHEHTHI B CDABHEHUU C PE3YJIbTATAMU, Oy YCHHBIMI
71 HecylIeil cpenbl — uaeajbHOro rasa. lannbie 5¢dpdeKTbl MOXKHO O0ObSICHUTEL OOJIbINel WH-
TEHCUBHOCTBIO B3AUMOJEHCTBUAST MEXKJy KOMIIOHEHTAMH CMECH IIPU ydeTe BI3KUX HAIPsKEHUI

ra3a B yJapHO-BOJTHOBOM TE€Y€HUMU. Hpe,ZLCTaBJIGHHBIe COIIOCTaBJICHUA MO,II;eJIeﬁ IIOKa3aJIi, 9TO B
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3aBHCHMOCTHU OT BBLIOOpa MaTEeMATHIECKON MO OIUCAHUS HECYIEH Cpe/ibl MOTYT HabJIIOAaTh-
csl BaxKHBIE (IIPH pacdeTe TEeXHOJOIMYECKHUX IIPOIECCOB U arperaToB) OTJIMYHs B WHTEHCHBHO-
CTH MEKKOMIIOHEHTHOI'O B3aUMOJICHCTBUA U KUHETUYECKON SHEPrUU JAUCIEPCHON KOMIIOHEHTHI
B yIapHO-BOJIHOBOM TedeHMH. TakmMm 0Opa30M JaHHOE MCCJIEIOBAHNE BBISBUJIO, 9TO B KOHTHUHY-
AJIBHOM ITIOJIXO/Ie TUHAMUKH HEOAHOPOIAHBIX CPeJl IIPU MOACJIMPOBAHAYN JUHAMUKHN HECYIei cpelibl
cucreMamu ypasHeHnuit Happe—Crokca u Diijiepa pe3ysibTaThl PACIETOB, KPOME OTJIMINIA B IMOJISIX
CKOPOCTeN Hecylllell cpelibl, OTINYalOTC TaKKe€ NHTEHCUBHOCTBIO B3aUMOJECTBASI KOMIIOHEHT B
MOJIEJIUPYEMBIX T€UEeHUAX. BbIsIBICHHBIE 3aKOHOMEPHOCTH, BOZMOXKHO HCIIOJIb30BaTh IIPU pa3pa-
0OTKe BBIYHUCIUTENIBHBIX MOIEJEH CKOPOCTHBIX IOTOKOB B T'a30B3BECSIX C OOJIBIIMNM OOBEMHBIM
cojepX)kaHueM aucrepcHoil dasnl. JlaapHeHRmM pasBUTHEM IIPEICTABIEHHON MaTeMaTHIeCKO
MOJIEJIN JIMHAMUKM T'a30B3BECEll MOXKHO IPEJIIOJ0XKUTh YBEJIMYEHUN FE€OMETPUU C ILJIOCKOU J10
TPEXMEPHOI, a TaKxKe yUYeT B3aUMOJICHCTBUA MEXKJIy YaCTUIAMU JIMCIIEPCHON KOMIIOHEHTBI CMe-

CH.

Paboma svnoanena 6 pamrar 2ocydapcmeennozo sadarus PUIL KasHI[ PAH no meme «Pa3s-
sumue QUHAMUKY MHO20PAZHBLL cped, aaPO2UIPOYNPY2ULT CUCTMEM U METAHUKY 000A0%EK C NPU-

AOAHCEHUAMY, 68 MAWUHOCTPOEHUY U Hehmedobviues Ne 121021800126-4.
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This paper compares computer implementations of numerical algorithms for solving the equations
of mathematical models of the dynamics of gas suspensions with viscous heat-conducting, inviscid heat-
conducting and ideal carrier media. Mathematical models are developed within the framework of the
continuum technique for modeling the dynamics of multiphase media. In the study, the process of
interaction of a shock wave moving from a homogeneous gas into a gas suspension, which is often
encountered in the mining industry, was modeled. The relevance of the study of this flow of inhomogeneous
media is associated with the shielding of industrial explosions by aerosol curtains. When modeling
for a viscous medium, homogeneous Dirichlet boundary conditions were set, for an inviscid medium,
homogeneous Neumann boundary conditions. The equations of the mathematical model were integrated
by the McCormack finite difference method. To overcome numerical oscillations, a nonlinear scheme
for correcting grid functions was used. The program that implements the continuum method for the
dynamics of multiphase media consisted of a block for specifying boundary conditions, a block that
implements a numerical solution, and a block for accounting for interfacial interaction. As a result of
comparing numerical calculations of mathematical models of the dynamics of a gas suspension with an
ideal, inviscid heat-conducting and viscous heat-conducting carrier media, it was found that during the
movement of a gas suspension, the viscosity of the carrier medium of the gas suspension has the greatest
influence on the intensity of interfacial momentum exchange.

Keywords: numerical simulation, finite difference scheme, multiphase media, continuum model, interfacial

interaction, Fuler equation, Navier—Stokes equation.
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