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Abstract. We address a common problem in this paper. The only available documentation for a computer
program consists of a user API documentation while we need to identify functional requirements and build test
suite to test them. We describe a technique for functional requirements elicitation from the user API
documentation. Requirements management tool Requality is exploited in this technique. The tool has been used
in several industrial software verification projects.

Keywords: requirements elicitation; requirements extraction; APl documentation; Requality; requirements
management; functional requirements; requirements markup; requirements catalog.
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AnHoTanus. Hacrosmas pabora NOCBSAIIEHAa pELICHUIO CIEAYIOMIEH JOCTaTOYHO pPacIpoCTpaHEHHOU
mpobneMel. EQMHCTBEHHOH cCymecTBYMOMmEH AOKyMEHTAled HpOrpaMMbl SBJSIETCS IIOJIB30BATEIbCKAs
JIOKyMEHTAl¥sl, OIMCHIBAIOIAsl NpOorpaMMHBIN uHTepdeiic. Tpedyercs BBIABUTH (DYHKIHOHAIBHEIC
TpeboBaHMs K QYHKIMAM U3 IPOorpaMMHOT0 HHTepdeiica 1 pa3pabdoraTs Habop TecToB. B paboTe MbI onmcanu
METOJ], PYKOBOJCTBYSICH KOTOPHIM, MOXXHO BBEIIBUTH (DYHKIIMOHAQJIBHBIE TPeOOBAaHMS B ITOJIb30BATEIHCKOW
JIOKyMEHTAIlMH TPOTrpaMMHOT0 MHTepdeiica nprioxeHus. J[js aBToMaTn3anny 3TOro MeTo1a Mbl HCIIOJNIb3YeM
MHCTPYMEHT [Uisi ynpaBieHus TpebGoBanmsmu Requality. MHCTpyMeHT OBUT HCHONB30BAH B HECKOIBKHX
HMHIYCTPUAIBHBIX MPOEKTaX M0 BepUHKAIIMHU IPOTPaMMHOTO 00ecTIeueHusI.

KioueBble cjioBa: BBIABICHHE TpeOOBaHMI; W3BICUCHHE TPeOOBaHMI; BBIACICHHE TpPeOOBaHUM;
nporpamMMHBI - uHTepdeiic mpunokenus; Requality; ympaenenune TpeGoBaHUsIME; ()YHKIHOHAIBHBIC
TpeboBaHUs; pa3MeTKa TpeOOBaHUIA; KaTanor TpeOGoBaHMUA.

st mutupoBanus: I'epmun E.A., Kunmpmumes [[.C., XopommnoB A.B. BrisBnenne (yHKINOHAJIBHBIX
TpeOoBaHMH B JIOKyMEHTallMM MNpPOrpaMMHOrO WHTepdeiica mnpwiokeHUss sl (QYyHKIMOHAIBLHOTO
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1. Introduction

Many computer programs provide an application programming interface (API). These are operating
systems, software libraries and even social networks, messengers and online services.

API is usually specified in a user APl documentation. This kind of documentation commonly
includes overall description of the computer program, its subsystems and classes, describes class
attributes and methods (functions) including attribute types, possible attribute values, method
signatures, types of return values and behavior of methods and functions.

The behavior of functions is usually written in a natural language. Unlike the requirements
specification the function description in the APl documentation is often incomplete and even may
include conflicting and ambiguous statements. The reason is that the APl documentation is intended
for the needs of users while the requirements specification is intended for the needs of software
developers who need carefully written complete set of requirements. In addition, the requirements
specification document is often reviewed, verified and corrected during the software development
life cycle.

In this paper, we suppose the only written source of the requirements is the user APl documentation.
The task is to create functional tests for a subset of functions from this API. This situation is quite
common in practice. In our experience, a high quality functional requirements specification is
usually available if it is required by a standard like DO-178C [1] or an error in the software under
development can lead to significant losses (consequences).

8
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Software test engineers often design tests by reading and analyzing the API documentation text and
do not explicitly build a requirements catalog over the APl documentation. This approach can
sometimes be justified, for instance, when smoke tests are to be developed. However, a high quality
functional testing implies assessment of test completeness. A common test adequacy criterion for
functional testing is the percentage of the requirements verified by the tests. Every test should
somehow be traced to the requirements it verifies to be able to calculate the test coverage. As the
behavior of functions is described in the user APl documentation in plain text, an additional layer of
requirements is needed in which every requirement is isolated explicitly and has a unique identifier
[2]. This layer of requirements over the user API documentation is usually called the requirements
catalog.

In addition, standard ISO/IEC/IEEE 29148-2018 [3] defines key requirements characteristics. Some
of these characteristics are difficult to check in plain texts. These are completeness, verifiability and
traceability.

In this paper, we publish a technique to build a catalog of functional requirements over the API
documentation. Functional requirements are not explicitly listed in the API documentation as it is in
the functional requirements specification. Therefore, our technique aims at elicitation of functional
requirements from the API documentation. As we already explained the API documentation may
contain ambiguous and conflicting statements and other problems typical for plain texts. We address
these challenges in our technique.

This paper is structured as follows. We explain our reasons to perform this study in section 2. The
goal of this study and the reachability criterion for the goal are expressed in section 3. In section 4,
we represent our technique for functional requirements elicitation. This technique has been
elaborated during a series of industrial projects on software requirements elicitation. We briefly
mention these projects in section 5. We overview investigations related to our study and show the
novelty of our study in section 6. We explain why we reach the goal of this study with our technique
and come to some conclusions in section 7. Section 8 contains a reference list.

2. Motivation

To our mind, challenges associated with elicitation of functional requirements from the API
documentation may be overcome by applying:

e aproper requirements elicitation process;

o effective solutions for technical and scientific problems;

e automation of labor intensive tasks.

We address all these aspects in this paper. We present a requirements elicitation process elaborated
during a number of industrial projects. We also offer solutions to some markup issues of API
documentation text. We automate routine and labor intensive tasks with our requirements
management solution Requality [4].

Industrial requirements management tools [5] like Requality usually come along with a requirements
management process [6]. These processes do not usually address the problem of requirements
elicitation from written sources. We cover this gap with this paper presenting a requirements
elicitation process for API documentation and similar documents like API-related standards.

3. Problem statement

Suppose we have an APl documentation. One should extract functional requirements from this

documentation, build a catalog of functional requirements and supplement the catalog with new

requirements obtained from other sources.

A proper requirements elicitation technique should meet the following requirements:

1) The technique should construct a functional requirements catalog in which every requirement
has the unique identifier.
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2) The technique should support traceability of requirements to text fragments that represent those
requirements in the APl documentation.
Such a traceability relation can be used to estimate coverage of the documentation text by
the requirements markup.
3) The technique should tolerate possible changes in the API documentation text.
Problems are often discovered in the documentation during requirements analysis. The
author of the documentation fixes them and issues a corrected version of the documentation
text. Some text fragments may be changed due to fixes. These changed text fragments
might already be traced to existing requirements in the previous version of the
documentation. In this case, we should transfer the existing mapping of requirements to
text fragments onto the next (fixed) version of the documentation.
4) The technique should assist in requirements refinement which is the primary way to improve
understanding of the system under test.
5) The technique should assist in building a complete set of requirements for functions, subsystems
and the whole system.
6) The technique should not rely on a particular natural language.

4. Requirements elicitation technique
In this section, we describe different aspects of our technique for functional requirements elicitation.

4.1 Demo example

All examples in this paper refer to function select from POSIX [7] standard. This function waits
until an event is registered for one of the file descriptors provided. There are three types of events:
o afile descriptor is ready for reading;

o afile descriptor is ready for writing;

e anerror is registered for a file descriptor.

Function select is a complex one. The main reason is that the function handles different file types
differently. There are three main file types:

o regular files;

o sockets;

e terminals and pseudo terminals.

In this paper, we assume for simplicity that select function is applied to regular files only.

4.2. Requirements catalog structure

Let us build our requirements catalog in the form of a tree [8] in which:

e vertices are requirements;

e anarc between two incident requirements represents the refinement relation, i.e. the
requirement having the higher depth refines an aspect of the requirement having the lower
depth.

Before inserting a new requirement into the requirements catalog the following characteristics

should be checked [3]:

the new requirement is interpreted unambiguously;

the new requirement does not contradict the existing requirements;

the new requirement cannot be logically deduced from the existing requirements;

the new requirement has already been implemented or is going to be implemented and meets

the actual system or user need;

e the new requirement defines a single aspect of a function, subsystem or system.

10
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Proving each characteristic is a challenge but it is often not necessary. For instance, a requirement
can be considered unambiguous if all team members interpret the requirement in the same way. A
meeting [9] of all team members can be appointed to address this issue.

If one of the above conditions is not met, we should correct the new requirement or the requirements
catalog or both. Thus, by adding a new requirement to the requirements catalog we either:

o refine another requirement;

e or improve completeness of requirements.

¥ & Requrrements
¥ 5= POSIX
¥ = SYSTEM INTERFACES

¥ 5= SELECT
¥ .= ERRORS
5= EBADF
b o= EFAULT
5= EINTR
B 5= EINVAL

¥ -- RETURN VALUE
+— BY_TIMEOUT_RETURNED_ZERO
.= ERROR_MINUS_ONE
.- SUCCESS NON_NEGATIVE

Fig. 1. A fragment of a requirements catalog

The requirement analyst assigns mnemonic names to the requirements while Requality requirements

management tool automatically generates unique identifiers for them. The path from the root of the

requirements catalog to a requirement may be used as a unique link to the requirement. Such a link
is often used to trace a test to the requirement verified by the test. For instance, the unique link to
requirement EBADF on fig. 1 is the following: /Requirements/SELECT/ERRORS/EBADF.

The structure of the requirements catalog usually reproduces the structure of the API documentation

up to a certain level. For instance:

1) The root requirement formulates the main task, goal or mission of the computer program.

2) The root requirements for the subsystems or main components of the computer program reside
on the first level of the requirements tree (catalog) and formulate the main task or goal of the
corresponding subsystem or component.

3) The root requirements for the classes and global functions (C programming language) reside on
the second level and formulate the main task or goal of the corresponding class or function.

4) The root requirements for the methods of classes reside on the third level. Functional
requirements for the global functions start to appear on third level too.

5) Functional requirements for the class methods begin on the fourth level.

Description of individual functions in the APl documentation is often generated from structured

source code comments, e.g. written with Javadoc, Doxygen and etc. Structured nature of source code

comments leads to some structure in the description of functions in the APl documentation. The
structural description of functions in documentation, in turn, is projected onto the requirements
catalog. For instance, description of select function in POSIX [7] contains the following structure
of headings: NAME, SYNOPSIS, DESCRIPTION, RETURN VALUE, ERRORS. Sections NAME and

SYNOPSIS do not contain any functional requirements. Sections RETURN VALUE and ERRORS

describe the return value of the function and possible error codes respectively. The corresponding

headings become child requirements of requirement SELECT.

11
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4.3. Requirements text structure
Each requirement should have a textual description:

e anon-empty set of text fragments from the documentation;

e or a manually written text by a template.

Text fragment is a continuous word sequence in a document. Using Requality one can mark text
fragments in a document and then link them to a requirement. It is possible to switch between text
fragments and corresponding requirements with a single mouse click. There is, for example, the
following text fragment in the description of function select: if function select ends by time limit then
return 0. We assign this text fragment to requirement BY_TIMEOUT_RETURNED_ZERO. An
additional manual description of the requirement is not mandatory because the text fragment
describes the requirement properly.

Requirements have built-in attributes in Requality, e.g. a mnemonic name, a manual description, as
well as user defined attributes. If needed, we write manual descriptions for functional requirements
according to the following template [10]:

The function/subsystem/system MUST [actions set], [if/while/until CONDITION]. Actions can be:

o amodification of the internal state of the computer program;

e or return of a specific value from the function;

e  Oran exception.

Conditions are usually made up of logical predicates and logical operations like conjunction,
disjunction and negation.

Here is an example. A manual description for requirement ERRORS can be as follows: Function
select MUST write the unique error code into variable [errno] if an error happened.

A condition is skipped if actions are unconditional. If the subject of the actions is obvious then the
phrase Function/subsystem/system MUST may also be omitted.

All requirements without text fragments from the APl documentation (but with manual descriptions)
are considered to come from other sources like an interview with developers or completeness
analysis of requirements.

It is sometimes better to represent requirements in the form of tables, images and models. Requality
supports tables and arbitrary images in manual descriptions of requirements.

4.4. Heuristic technique

We formulate a set of heuristics in this section that make a requirements elicitation technique

effective. We tried to implement them in our technique.

1) Attempts to achieve the best possible requirements quality characteristics are often irrational.
The quality of requirements should be enough to achieve the planned testing quality defined in
the completeness criterion.

2) The API documentation is not supposed to contain the complete set of functional requirements.
Therefore, the authors of the documentation, designers, developers and test engineers become
an important source of functional requirements. They help to elicit and improve the requirements
catalog [11].

3) The use of special requirements management tools like Requality greatly facilitates and
simplifies the requirements elicitation process and the maintenance of large requirements
catalogs.

4) Improvement of the APl documentation is required to improve the quality of the requirements
extracted from that documentation.

5) Representation of some requirements in a more suitable form rather than textual one and visual
modeling of unclear requirements help to improve the requirements quality [7]. Effective non-
textual requirements representations include tables and formulas. Data flow diagrams [12],
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UML action diagrams, UML state diagrams, decision tables [13] and other models [14] can be
used to model different aspects of requirements.
6) A group work on a complex problem like requirements elicitation is efficient since it implies
mutual assistance and participation of engineers having complementary qualifications.
However, an excessive team may have a negative impact on the efficiency of requirements
elicitation.
7) The use of a task management system, bug tracking system and a version control system helps
to support controllable, goal-oriented, responsible interaction of team members and to meet
project deadlines.

4.5. Roles of participants

The process of requirements elicitation is a process of organized and controlled interaction of
participants:

1) Requirement analyst (analyst):

(e]

(e]

(e]

@]

(e]

@]

o

helps technical project manager to assign priorities to functions;

extracts functional requirements from the API documentation;

supplements the requirements catalog with requirements from other sources;
reveals issues in the requirements catalog and fixes them;

fixes issues in the requirements catalog reported by other participants;
reveals issues in the APl documentation;

participates in requirements verification procedures.

2) Author of the APl documentation:

@]

(e]

@]

@]

(e]

creates the API documentation;

reveals issues in the APl documentation;

fixes issues in the APl documentation;

as an important source of functional requirements provides them to the analyst;
participates in requirements verification procedures.

3) Test engineer:

@]

(e]

@]

(e]

@]

o

formulates a test completeness criterion;

traces tests to requirements;

as an important source of functional requirements provides them to the analyst;
reports issues found in the requirements catalog during testing;

helps technical project manager to assign priorities to functions;

participates in requirements verification procedures.

4) Developer of the computer program (developer):

o

o

(e]

o

as an important source of functional requirements provides them to the analyst;
answers to the questions about the implementation of the computer program;
helps technical project manager to assign priorities to functions;

participates in requirements verification procedures.

5) Technical project manager (manager):

o

o

o

ensures the requirements elicitation process to meet its deadline;
assigns priorities to functions;
organizes productive interaction of all team members;

13
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o helps other participants to solve various issues they find it difficult to solve by oneself.
All participants use a version control system to track changes in the APl documentation and
requirements catalog as well as to assign release versions to them. All issues discovered in the API
documentation and requirements catalog are trucked in a bug tracking system. We track all tasks
(as opposed to issues) in a task management system. Typical tasks are the following: markup
requirements for a function, verify completeness of the set of requirements for a function, assign
priorities to functions.

4.6. Requirements elicitation process

4.6.1 Preparatory stage

At first, the analyst structures functions provided for testing by dividing them into subsets. A subset
may contain interface functions to a single subsystem or functions performing related operations
like send and receive, write and read.

Then the analyst looks up the pages in the APl documentation describing each subset of functions
generally and each function individually in details, i.e. the analyst constructs the appropriate
relations between subsets of functions and documentation pages and between individual functions
and documentation pages. The analyst supplements this relation during the whole requirements
elicitation process.

Then the manager, the analyst and the test engineer assign priorities to the subsets of functions and
to the individual functions as well. Priorities depend on different factors: relative complexity of
functions, the size of the describing documentation text, restrictions imposed by the terms of
reference document, available human and time resources, etc. Priorities are not static and are subject
to change during the requirements elicitation process.

The participants of the requirements elicitation process track the progress of all activities using a
task management system or a bug tracking system. They assign priorities to the tasks taking into
account the priorities of the interface functions that are being worked on.

4.6.2 Requirements markup

The analyst marks up requirements in the documentation respecting the priorities of the interface
functions. This process is accompanied by a number of problems.

Does the fragment of text describe a requirement? One can focus on the keywords that may
indicate the presence of a requirement in a sentence [15]. For example, POSIX [7] standard requires
to use the verb must in requirement statements: Upon successful completion of the function, pselect
() and select () must return the total number of bits specified in bitmasks.

In general, a requirement cannot be recognized in a given set of text fragments on the basis of syntax
rules. A functional requirement is a statement about what the computer program, a subsystem or a
function should do under a condition or unconditionally. The object of actions in a software system
is data, e.g. a return value of a function, the internal state of the computer program, an exception, a
message. Let us assume that a set of text fragments formulates one or more requirements if:

an action is performed or a number of actions;

the subject of the action is the computer program, a subsystem or a function;

the object of the action is some data;

the action should be performed under a condition or unconditionally.

What should be done with text fragments that do not contain any requirements? Requality
marks text fragments containing requirements (assigned to a requirement node) with a color.
Unmarked text fragments have not been analyzed yet. To be able to control the completeness of
documentation markup, text fragments that have been analyzed and are known to not contain any
requirements should be separated from unmarked text fragments. Requality tool supports nodes of
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type text node (as opposed to requirement nodes). All text fragments that do not contain any
requirements are assigned to nodes of this kind and are marked with a color.

How should the analyst resolve a text problem found in the APl documentation? Some
examples of text problems are the following: unclear meaning of a certain text fragment, a
contradictory statement, an ambiguous statement.

The analyst should create a task in the bug tracking system and make the author of the API
documentation responsible for it to be resolved.

Should the analyst refine context dependent text fragments? The context of text fragments can
affect their meaning. We recommend to clarify context-dependent text fragments in the requirements
catalog. Requality provides description attribute in requirement nodes for this purpose.

4.6.3 Suspension criterion for the requirements markup of a function

The requirements markup process for a function is gradually approaching a state when further
progress is either limited or difficult. The main natural reason for this is the limited function
description in the APl documentation. In addition, a large number of issues may slow down the
requirements markup process for a function. An iterative markup of functions has proven to be
productive.

Criterion 4.1 (Suspension criterion for the requirements markup of a function). For every text
fragment in the function description the following should hold:

e either the text fragment is marked up, i.e. referred to a requirement or a text node;

e or atask has been created in a bug tracking system concerning the text fragment.

The criterion can examine extra values if needed:

e the number of issues revealed in the function description;

e the amount of marked-up text;

¢ the amount of time spent on elicitation of requirements for the function;

o the complexity of the function expressed numerically.

4.6.4 Transfer of requirements catalog onto a new APl documentation release

While the requirements catalog is being built over a certain documentation release, the API
documentation is being naturally improved. When a new documentation release comes out, the
requirements analyst should reflect the new improvements in the requirements.

Requality helps to transfer the existing requirements catalog onto a new documentation release. Text
fragments that have not changed are mapped to the requirements catalog automatically. Other text
fragments are mapped in a semiautomatic manner.

4.6.5 Verification of requirements catalog for a function

When the function description in the documentation has been completely marked up, it is necessary
to decide whether the requirements are ready for testing or should be preliminary verified.

High complexity of a function is the key factor in favor of verification. However, complexity is
difficult to estimate. The following values can be taken into account:

the time spent to build the requirements catalog for the function;

the number of issues in a bug tracking system related to the function;

the size of the function description in the APl documentation;

the number of completed iterations of the requirements elicitation and etc.

Many existing verification techniques demonstrate effectiveness when applied to requirements:
formal inspection [16], equivalence partitioning [17], boundary value analysis [18], decision table
analysis [13], meeting [9], consultation, interview [19] and questionnaires [19] [20].
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All issues found during verification should be tracked through the bug tracking system. We
recommend to verify requirements according to a preliminary elaborated plan which may include
the following information:

the object of verification, i.e. the requirements for a function or a set of functions;

the place, the date, the start and the finish times;

a list of participants and their tasks;

the subject of verification, i.e. the requirements properties to be verified such as uniqueness,
completeness, consistency;

o verification method.

4.6.6 Necessary conditions to stop the requirements elicitation process for a
function

The requirements analyst, software tester and developer should come to the same understanding of
the functions’ behavior. This can be achieved when they successfully complete all tasks dedicated
to the function.

Proposition 4.1 (Necessary conditions to stop the requirements elicitation process for a function):
o the markup of the function description in the APl documentation should have been completed;

o all tasks in the bug tracking system directed to correction of the function description in the API
documentation should have been completed;

o all tasks in the bug tracking system directed to correction of the requirements catalog for the
function should have been completed;

o all tasks in the task management system directed to supplementation of the requirements catalog
for the function from other sources should have been completed;

o all requirements verification tasks for the function in the task management system should have
been completed and the subject of the verification included:
o unambiguity of the requirements;
o the accuracy of the leaf requirements in the requirements catalog;
o consistency of the set of requirements;
o completeness of the set of requirements.
o the function has been tested and all found errors have been fixed.

4.6.7 Feedback from functional testing

API testing is always automated. Tests should be written in accordance with the functional
requirements. Tracing establishes links between tests and requirements being verified. Thus, testing
allows us to naturally confirm verify-ability of requirements.

The test engineer usually discovers many issues in the requirements during the requirements-based
test design. In addition, some inconsistencies between the requirements and the observed program’s
behavior may be due to issues in the requirements. The test engineer should create a task in the bug
tracking system for all discovered issues and make the requirements analyst responsible to resolve
requirements’ related issues.

Test development and analysis of the discovered issues highly improve the test engineer’s
understanding of the function’s behavior. Therefore, the analyst should engage the test engineer in
requirements verification and supplementation procedures. This will help to ensure the completeness
of the requirements catalog and improve the overall quality of the requirements.
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4.6.8 Necessary conditions to stop the requirements elicitation process

The whole requirements elicitation process finishes when all participants have successfully
completed their tasks.

Proposition 4.2 (Necessary conditions to stop the requirements elicitation process):
e the markup of the API documentation or its target part should have been completed;

o all tasks in the bug tracking system directed to correction of the API documentation should have
been completed;

o all tasks in the bug tracking system directed to correction of the requirements catalog should
have been completed;

o all tasks in the task management system directed to supplementation of the requirements catalog
from other sources should have been completed;

e all requirements verification tasks in the task management system should have been completed;
o all target API functions should have been tested and all found errors have been fixed.

5. Approbation

Our technique for functional requirements elicitation has evolved during a number of industrial
projects. Those projects have been performed by the authors of this study and other researchers from
the software engineering department of ISPRAS [21].

The technique has recently been used for requirements elicitation on input-output multiplexing
functions from POSIX [7] standard:

e poll;
e select;
e pselect.

The above functions were implemented in a real time operating system. The API of the operating
system was described in an APl documentation. A requirements catalog consisting of 317 functional
requirements has been built as a result of a multi-iterative requirements elicitation process. Dozens
of errors were found in the APl documentation including:

e incompleteness of information;

e inaccuracy of statements;

e conflicts with POSIX [7] standard.

We have also used Requality to build requirement catalogs for some parts of the following standards
and specifications:

e ARINC 653 [22];

e TTCN-3 interface specifications;

e several RFCs including RFC 826, RFC 760 and RFC 768.

6. Related work

One way or another, individual ideas or solutions expressed in this paper might already be published

in books or applied in practice. However, we couldn’t find any requirements elicitation techniques

characterized as ours:

e the method is aimed at a specific type of documentation, i.e. the user APl documentation;

e the method uses feedback from functional testing to enhance the quality of requirements;

e the method is effective in practice due to the use of a specialized software tools like Requality
requirements management tool.
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Our research group developed requirements management tool Requality. We know for sure there
are no publications concerning techniques for requirements elicitation on the basis of this software
tool. We fill this gap by publishing this study.

There are several alternative industrial tools [5]. Most of them are used in requirements development
from scratch. They assist in building requirements catalogs and support relations between
requirements originated at different levels of the software life cycle:

e business requirements;

e system requirements;

e functional requirements.

But most of these requirements management tools cannot maintain links between documentation
fragments and related requirements as Requality does.

NLP (natural language processing) methods [23] are widely used to extract various information like
requirements from texts written in a natural language. NLP methods are usually well automated
therefore they effectively analyze big text data.

Information about hierarchy of classes and methods of these classes is extracted with NLP methods
from the AP1 documentation in study [24]. Methods are divided into categories:

e create a resource;

e lock access to a resource;

e modify a resource;

e unlock access to a resource;

o delete a resource.

Then an automaton is created for every resource on the basis of the extracted information. The
automaton is then used to reveal defects in the computer program. For instance, the use of a resource
before creating it.

Our study and work [24] are similar in that we analyze the same type of documentation, i.e. the API
documentation. The both studies have the same goal to improve the quality of computer programs.
However, the methods to reach this goal are different. We look for functional requirements. The
authors of study [24] look for defects.

NLP methods can be used to verify some characteristics of requirements. For instance, software tool
QUARS [25] can reveal ambiguity of text and subjectivity of text (not a requirement but a personal
opinion). LOLITA [26] analyzes text and incorporates it in a semantic net [27]. Then possible text
interpretations are looked up.

Complex lexis, syntax and morphology of some natural languages and many exceptions from the
language rules make it more difficult to apply NLP methods to analyze texts written in those
languages. From one hand, these complexities restrict application of NLP methods. From the other
hand, these complexities simply become responsibilities of the analyst in our technique.
Application of several requirements elicitation techniques leads to synergistic effect. The choice of
a complementary technique depends on human resources available, i.e. the number of engineers,
their experience, qualification and etc. Techniques effectively complementing our requirements
elicitation technique do not strictly relate to mark up of texts. Among them are the following
methods:

formal inspection [16];

equivalence partitioning [17];

boundary value analysis [18];

decision table analysis [13];

meeting [9];

consultation;

interview [19];

questionnaires [19] [20].
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Correction of problems in the APl documentation is an important part of our requirements elicitation
technique. There are methods specially designed to reveal errors in the API documentation. For
instance, texts written in a natural language are analyzed with NLP methods and source code
snippets are analyzed by a code analyzer in study [28]. Combination of two different types of
analyzes helps to find inconsistencies between a text fragment and a source code snippet.

A method for requirements elicitation from the user documentation for a legacy system is proposed
in study [29]. The extracted requirements are then used to create a functional specification document
for a new system similar to the legacy system. Text structure, key words, lexical, syntactical and
other text characteristics are used to extract key features of the system, functional requirements, use
cases and nonfunctional requirements.

7. Conclusion

In this paper, we propose a technique for functional requirements elicitation from the user API
documentation. By means of this technique the requirements analyst can create a catalog of
functional requirements suitable for functional testing.

The requirements catalog is a tree in which every requirement has a unique identifier. This tree
structure assists in functional requirements refinement and usually reproduces the structure of the
API documentation up to a certain level.

Markup of all documentation text with requirements is a necessary condition for a requirements set
to be complete. Our requirements management tool Requality maintains links between
documentation fragments and related requirements helping us to transfer the requirements catalog
onto upcoming documentation versions.

We support requirements obtained from non-written sources, e.g. provided by team members or as
a result of a requirements analysis. We write down them in a natural language by a template and
replenish the requirements catalog with them.

An acceptable quality of requirements is obtained due to systematic verification procedures,
feedback from functional testing and team collaboration through a version control system, a bug
tracking system and a task management system.
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Anexceit Bnagumuposny XOPOILINIIOB — kanmunar ¢Gpu3uko-MareMaTHYeCKUX HayK, BELYIIHi
HayuHbIl coTpyaHuK, qupekrop lLlentpa Bepupukannu OC Linux B UCIT PAH, nouenr xadenp
cuctemHoro nporpammupoBanust MI'Y, BIID u MOTHU. OcHoBHBIE HayYHBIE MHTEPECHI: METO/IbI
MPOCKTUPOBAHUA U pa3pa60TKH OTBCTCTBCHHBIX CHCTCM, (l)OpMaJ'H)HI)Ie MECTOAbI HpOFpaMMHOfI
HWHXXCHEPpHU, MCTOJbI BepI/I(l)I/IKaHI/II/I " Bajlyganuu, TECTUPOBAHUC HA OCHOBE Mo,ueneﬁ, METOAbI
aHanm3a TpeOOBaHUH, onepanroHHas cucteMa Linux.
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ApXUTEKTYPHI, QYHKIMOHAIBHON U JOTHYECKOH apXHUTEKTyp II03BOJISIET CHU3UTH 3aTPaThl HA IUTAHUPOBAHHE
KOMIUICKCHOTO ~ (DYHKI[MOHAIPHOTO W HAarpy304HOTO TECTHPOBAHHUS CHCTEM, a TaKke OO0ECHeUnTh
B3aNMOJIEHCTBHE CITyXKO SKCIUTyaTaI[UH, CONPOBOXKACHUS U MOAPSIINKOB, (POPMUPYIOIINX CUCTEMY B IIEJIOM,
COXPAHATH €€ LIEJIOCTHOCTh B TCUEHHE BCETr0 )KU3HEHHOTO LIUKIIA.

KiroueBble ciioBa: nHpopMannoHHas cucreMa; pa3paboTka TpeOOBaHMIA; MPOCICKHBAEMOCTh TPeOOBaHUIl;
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Baarogaproctu. CraTthsi noAroroBieHa Mo Marepuainam jokiaga Ha Ceapmoit MexayHapoaHOM
KOH(EpEeHIINH «AKTyalbHBIE TPOOJIEMbI CHCTEMHOH U porpaMMHoit nHxeHepum» (AIICIIN 2021).

1. Introduction

Due to increasing complexity of software systems, an increasing number of stakeholders (customers,
users, developers, administrators, maintenance staff) are involved in ensuring their life cycle. This
leads to the need to ensure the transfer of knowledge about requirements to the software system and
the system itself between stakeholders. The key task of this process is to provide an understanding
of how the original business requirements are translated into functional and non-functional
requirements, requirements for the deployment and maintenance of the system.

For understanding, it is necessary to provide a model representation of the system architecture at
various levels of abstraction, where the initial requirements are determined based on the stakeholders
needs at the business level, and then consistently (seamlessly), without loss or distortion, are
converted into requirements for the software system.

Thus, three main tasks are formulating that arise at different stages of the system life cycle (creation,
commissioning and maintenance), the solution of which will be considered in this work:

e Adequate implementation and completeness of the functionality of the system, which is
validated by the end user, easily understood by him.

o  Deployment, i.e., adaptability to easy deployment by the operating unit of the owner of the
system, while maintaining an understanding of which business automation functions or entities
are located on each element of the deployment.

e Maintenance, i.e., ease of understanding of the logical architecture of the system by the end
user and the ability to set tasks for changes to counterparties.

The solution of these problems will be considered as the evolution of the requirements for the
system: their definition, transformation and modification. In [1], the need to obtain a coherence set
of requirements that provides two-way traceability between the requirements for system functions
and the sources of these requirements based on the attribution of requirements.

In this paper, the method of adaptive clustering (ACM) of information systems (IS) is used as a tool
for managing a set of requirements for the system that is consistent at all levels of abstraction [2].
CM is a top-down design method, where detailed architectural models are built on the basis of
decomposition of the higher abstraction level models elements, ensuring their seamless connection.
Seamless connection is a connection in which the process of decomposition does not violate the
traceability of transitions between elements of architectural models.
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2. Formulation of the problem

To describe the functional requirements for a software system, it is customary to use particularly
Use Case diagrams, which provide a good definition of the requirements for the system functions,
linking them to specific business needs Use Case diagrams use knowledge about the business
process implicitly, reflecting on a variety of formalized use cases, existing separately from them,
without giving a complete picture of the possibilities of automating the business process.
To ensure the completeness of the definition of business requirements, it is necessary to obtain such
requirements directly from the business process model, at the level of the business architecture. This
is how the initial business requirements for the system are determined in the ACM method [2], in
which UML activity diagrams and business process decomposition techniques are used to describe
them.
At the next level of architecture (functional architecture), the requirements for the functions of the
system are determined based on the business requirements accepted by the stakeholders. The
functional architecture models the interaction of the system with users, as well as with other external
agents. The functional architecture forms the appearance of the system based on the representation
of the compositions of the system's dialogues, defines the requirements for the dialogues and
specifies the interfaces with external systems.
The modern practice of designing a functional architecture of a system involves a heuristic transition
between architectural models of various levels of abstraction: a more detailed functional architecture
is built in such a way that technical solutions meet business requirements as much as possible. In
doing so, the architect uses his experience and knowledge to build a detailed model, and then proves
(or considers it obvious) that the resulting model satisfies the requirements arising from a more
abstract architecture.
As a result, there is no obvious transition from the requirements for automated functions defined
during the business architecture stage to the requirements for system functions defined by the
functional architecture. This means that there is a technological gap («seam») between architectures
of different levels of abstraction. The presence of a seam does not allow tracing the relationship
between the requirements for the system functions and the requirements for the functions of the
business process that need to be automated.
At the logical architecture level, the technological gap does not allow to transparently identify which
microservices implement specific business needs [3] declared in the system, do not provide an
opportunity at the business architecture or functional architecture level to define the bounded context
and microservice aggregates [4], to give “physical meaning" to the components of the microservice
architecture, thereby concretizing the system deployment plan that is understandable to the system
owner. In this case, the traceability of the initial requirements in the logical architecture of the system
is violated.

Finally, the technological gap does not allow to correctly build a comprehensive testing plan for the

system, and also complicates the process of localizing errors and making changes to the current

implementation of the system.

Summarizing, we can formulate the following problems that this work is devoted to:

1) The emergence of technological gaps (seams) between the levels of decomposition and the need
to form and use rules for eliminating seams to ensure a traceable functional decomposition of
business requirements for the system.

2) The technological gap between the business architecture and the functional architecture of the
system and how to bridge it.

3) Lack of traceability of requirements in the design of a microservice architecture, considered as
a set of units of development, deployment and maintenance.

4) The impossibility of using tracked functional models for planning complex testing of the system,
its regression testing and assessing its performance using load testing methods.

25



Pozin B.A., Tsiperman G.N. Requirements traceability as the basis for designing a functional and logical architecture of a software system.
Trudy ISP RAN/Proc. ISP RAS, vol. 34, issue 1, 2022, pp. 23-34

5) Impossibility to use the traceability mechanism when planning work on making changes to the
maintenance process.

3. Decomposition as a method of representing a business process model

In ACM, it is the business architecture that is the starting point for the design of IS. Business
architecture in the context of IS design is understood as a set of models of automated business
processes of an enterprise [5]. In the context of this work, a target business architecture is considered,
that is, a model of business processes taking into account the use of an information system. The task
is to determine, based on the decomposition of the business process, a complete set of business
process functions that can be automated.

Decomposition, as a method of representing a business process model, creates a classification
scheme that groups operations in accordance with a system of intermediate results of a business
process. Decomposition is not the only way to represent a business process. In the limiting case, it
can be described as a sequence of operations leading to the desired result. However, such a
description for real processes, where the number of operations is in the hundreds, is difficult to
understand and analyze.

It is operations (hereinafter we will call them "business operations™) that are the ultimate goal of
decomposition and are objective in nature. Business operations are located on the leaves of the
decomposition tree, and the rest of the structure of the decomposition tree is intended to define a
complete list of business process operations.

3.1 Definition of business process decompaosition

A business process is understood as a set of actions in which, on the basis of one or more types of
initial data [resources], a result is created that is valuable to the client [6]. To describe the
decomposition of a business process, the concepts of business function and business operation are
sufficient, which are based on the concept of action (A), understood as the transformation (T) of an
initial resource (Ir) into a target product (Tp).

Decomposition defines the following elements of a business architecture:

e  Business function - an action to obtain an intermediate target product required to solve the task
of a business process. The business function is always decomposing.

e  Business operation is an action that represents the final result of the decomposition within the
description of a business process. The result of the business operation itself is not a
decomposable target product, but an executor — a specific role function of personnel.

The transformation function T can include components that are predefined information objects (Po)
that are part of the transformation mechanism (for example, directories or values of the necessary
available constants and variables). Predefined objects are created and modified in other contexts.
Thus, the action can be defined by a four:

A := (Ir,Po, T, Tp).

Initial resource (Ir) is an information object of the system that initiates an action:

o defines that part of the context of the current state of the system, which is necessary to obtain
the target product of this action;

e can represent one or more input information objects, which are the target products of previous
actions that initiate this action.

e  Target product (Tp) is an information object of the system that represents the result of an action:

o defines a part of the context of the new state of the system, which is necessary for the further
advancement of the business process or its completion;
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e can be one or more information objects that represent an intermediate result of a business
process.

Functional decomposition of an action is an operator (D), defined on a set of actions (A),
representing an action as a set of action elements that implement the original action:

DA - (A, A,, ..., A,),A; € A.

The action elements obtained as a result of the decomposition are interconnected by relations

representing the control flows that initiate the decomposition elements (Fig. 1). By the scenario of a

business function, we mean a logical composition that includes:

e  business function decomposition elements (44, A,, ..., 4,);

e initial and final script element from a set of decomposition elements
A, Agin © (A1, 4y, ., Ap);

e set of binary relationships between elements R(4;, 4;) € (R,®), where R - is the set of
admissible connections between actions.

3.2 Coherence requirements of the decomposition model

The coherence of the decomposition model of a business process is understood as the absence of
contradictions between the elements of the model, compliance with the reality in terms of describing
business operations.
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Fig. 1. The first level of a coherent business process decomposition
Two types of coherence are defined:
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e  Functional coherence. Assumes that the action goals of the decomposition elements correspond
to the action goals of the decomposed element. To achieve functional consistency, it is
necessary to ensure [7]:

o a) continuity of decomposition - compliance with the sequence of transitions between the
levels of the decomposition tree;

o b) absence of defects - each lower level must reveal the previous one completely, without
missing a single element;

o ¢) lack of redundancy - it is unacceptable to add during division something that is not in the
original.

e Information (product) coherence. As an action, the business function converts the Ir to Tp using
the required predefined information objects. The business function decomposition elements,
organized into a business function script, should collectively perform the same transformation;
the Ir at the entrance to the business function decomposition script must match the Ir of the
decomposed business function, and the final of the script must have a Tp that matches the Tp
of decomposed business function (see fig. 1). Within the script, there must be decomposition
elements using the predefined information objects defined for the business function being
decomposed. In the scenario itself, new information objects can arise corresponding to the Ir
and Tp of the decomposition elements, and additional predefined information objects can also
be used.

Decomposition of a business process allows you to cluster a subject area, dividing it into subdomains

corresponding to business functions, with well-defined functional and informational boundaries.

Each subdomain represents a bounded context [4], which can be used as the basis for defining a

development task for a development team when implementing a microservice architecture of a

software system.

4. Formation of microservices

4.1 The task of identifying microservices

In [3], the principle of organizing microservices is declared: the division into services in accordance
with the needs of the business. This means that the identification of microservices must be done at
the level of the business architecture, i.e., the microservice must have a "physical™ meaning. At the
level of the architectural (logical) model, there must be an element that defines the boundaries of
what we mean by a microservice.

Approaches to the identification of microservices ([8], [9]) mainly dealt with the issues of clustering
the 1S code according to the criteria of strong and weak connectivity, while simultaneously clarifying
the principles that the identified microservices should comply with. The resulting technologies give
unstable good results.

The main task for the solution of which the microservice architecture was created is the struggle
with the complexity of the development, deployment and maintenance of 1S. However, no less
important, in our opinion, is the link between the requirements for the system and the system
architecture. The key element in this is the concept of a business operation: each business operation
must correspond to a microservice that implements its functionality. The input and output of the
microservice is determined by the respective Ir and Tp of the business operation. Such a
microservice as an architectural element, in our opinion, should correspond to a deployment unit,
which will allow tracing in which microservices of the developed and deployed system a particular
business operation is implemented, as well as checking the composition of the implemented
information context.

This approach requires clustering the functionality and, accordingly, the subject area of the system
into maximally independent elements, each of which defines its own limited development context.
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This bounded context is determined by the business function. At the same time, there is sufficient
freedom in choosing a development unit: the closer a business function is to the root of the
decomposition tree, the greater the amount of development it defines.

The independence of development and maintenance objects implies a minimal connection between
such objects both in terms of interaction and in terms of using common code: a quick response to
changing requirements for one microservice does not imply an order to change the code in another
microservice.

With this approach, the criteria for identifying microservices is determined only by business needs,
and not by the needs of optimization of development. This is quite consistent with the concept of
development and maintenance outlined in [3].

4.2 Criteria for identifying microservices

To determine the criteria for identifying microservices, it is appropriate to give the following
analogy. Imagine a car manufacturing industry. Each final product (car) is the result of industry
cooperation of various kinds of enterprises that produce both components for assembling a car and
the necessary resources. Each enterprise forms its own production infrastructure for the
corresponding type of product and, to a reasonable extent, minimizes dependence on related
enterprises that are part of the cooperation.

The consistency of the components of the final product is ensured by the necessary standards and
contracts between enterprises for the supply of the corresponding component or resource. The
contract with the enterprise fixes the terms of delivery of the manufactured product, determined by
its name and code within the framework of cooperation.

By this analogy, a microservice is understood as an enterprise included in a cooperation and
responsible for the production of one product, and the basis for defining a microservice is a business
operation since it meets two main criteria:

e Single Responsibility Principle (SRP) — a business operation is performed under the
responsibility of a specific role function of personnel to change the state of one Tp.

e  Common Closure Principle (CCP) — The non-decomposable result of a business operation is
represented by a single information aggregate (Tp).

e  The proposed criteria for identifying microservices [10] as deployment units can be formulated
as follows:

e When creating an IS, it is difficult to predict which parts of the system will change more often
and which less often as a result of operation. To ensure the independence of changes to
microservices during operation, the SRP principle can be applied, according to which a
microservice should have one responsibility and be associated with one role of an IS user, since
the main reason for changes is users.

e  Microservice is a software component responsible for changing the state of one specific type
of object during its life cycle. In this case, the type of object is an aggregate [4]: a cluster of
related objects, which are considered as a whole for the purpose of changing data. External
references are limited to one member of the aggregate, designated as the root. This is in line
with the CCP principle.

In [8], 16 criteria for the identification of microservices were proposed, concerning, in addition to

CCP and SRP, also the issues of determining the development boundaries. Based on a catalog of

such criteria, the required system specification artifacts are identified, which can be processed in a

structured, semi-automated manner to propose service decomposition that promotes weak

communication between services and a high degree of consistency within them. At the same time,
the criteria included in the catalog are determined only because, according to the authors, the
methods of forming aggregates and defining bounded contexts in the requirements are not known.
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5. Seamless transition between business and functional architectures

5.1 Operational Service

The business architecture defines the functional requirements of stakeholders to IS. Business
operations are the places where user interactions with the system occur, and therefore the description
of business operations allows you to determine the functions that should be automated (automated
functions). The set of these functions, defined for a business operation, constitutes the content of the
business operation service (hereinafter referred to as the operational service). Operational services
are generated for each business operation that includes automated functions. They are architectural
elements that are abstract in nature, do not imply any implementation and are intended only to
explicitly define the functions to be automated (fig. 2).

An operational service defines the boundary between the business architecture and the functional
architecture of the IS. It formalizes the requirements for the automation of business operations and
serves as the basis for the formation of technical specifications for the creation or development of
IS.

Vehicle registration System
service

Vehicle owner D

* Verify the originating message for authenticity
Go to the transfer of documents for registration/re-
registration of the vehicle

Go to pay state fees

Go to the choice of traffic police appointments
Complete the preparation for vehicle registration.

«Business Operation»
OPTC01.03. Initiate the
vehicle registration process

«Operatonal Services
SPTCO1.03. Initiation of the
vehicle registration process
SO

Registration
documents

?

/\

Citizen

False m&Ssage
source

Check the sufficiency of the set of documents
Transfer control to the vehicle registration service
on the public services portal

Continue execution of the vehicle registration
service.

«Operational Service»
SPTC01.04. Verification of
documents for vehicle
registration

«Business Operation»
OPTC01.04. Check vehicle
registration documents

Vehicle ID

Fig. 2. Business operations, operational services and automated functions (fragment of the diagram)

5.2 Transition to functional architecture

Functional architecture is understood as an architectural representation that includes architectural
models of the structure and composition of functional components of the IS that provide access to
the "internal™ functions of the IS that implement automated functions. In other words, the functional
architecture models the interaction of the IS with users, as well as with other external agents. The
functional architecture forms the appearance of the IS based on the presentation of the compositions
of the system's dialogues, defines the requirements for the dialogues and specifies the interfaces with
external systems.

The operational service is the connecting element that defines the seamless connection between the
business architecture and the functional architecture: the operational service is decomposed into IS
dialogs, the composition of which forms the operational service scenario. Automated functions of a
business operation are implemented in dialogs [2].
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Fig. 3. Seamless transition to functional architecture

In the example (fig. 3), the operational service SPTC01.03 is decomposed into two dialogs
D01.03.01 and D01.03.03, which form the service script. The informational coherence of the
operational service script with the decomposed service is determined by the fact that the information
object "Vehicle owner ID" is passed to the script input, and the "Registration documents" is sent to
the output. For dialog D01.03.03, the predefined information object "Required documents" is
specified, which is a directory of documents required for registration of vehicles.

Preparation for vehicle registration |

{ | Rezistration ] Reresistration
Required documents |4 [~ I Chiack: documents |
Citizen's passport n =
Vehicle passport I— l e I
Insvarence policy l_ I Ct 2 teafic police & |
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VF07. Go to duty payment ¢~ ! 2N || vE10. Exit thedialogue

Vi

VF11. Display message about
payment unavailability

Fig. 4. Description of the dialog: form and view functions
A system dialogue is understood as any act of interaction between agents that causes a change in the
state of the IS by launching the corresponding software components [11]. Thus, the dialogue is
understood in a broad sense - it is not only the interaction of the user with the system, but also the
exchange of messages between any specified IS objects. Dialogues are described [2]:
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o form (if it is a dialogue between the user and the system);

o functions of the IS presentation level (view functions), i.e., functions that provide access to the
implementation of automated functions;

e various constraints (preconditions, postconditions, error handling, etc.), which are also
considered as view functions (fig. 4).

Since a business operation corresponds to a microservice, then, ultimately, it is the implementation

of the operational service that determines its functional and informational boundaries, as well as the

interfaces between the IS microservices.

6. Complex system testing

The described approach, based on creating a seamless decomposition from a business process model
to a microservice that implements a business operation, while maintaining the traceability of system
requirements, makes it possible to build plans for complex testing of systems, including integrated
complex testing, on a single basis.

Static complex testing to verify the implementation of system functionality can be planned based on
business function models as a basis for designing complex tests, and detailed development of test
cases and database tables - based on the analysis of business operation models, taking into account
business function scenarios.

A static complex plan [12] is easy to document: based on a business function scenario, it is easy to
develop and document test quality criteria. This allows not only to generate tests for a single run,
but also, taking into account the traceability of requirements, to accumulate tests for regression
complex testing, taking into account the achievable degree of coverage of business function
scenarios with complex tests.

Dynamic (load) complex testing also requires planning and building (as rule with the participation
of stakeholders) dynamic load testing scenarios [12]. For each scenario of carrying out load testing
of the system, the formation of a load model is carried out on the basis of scenarios of business
functions, taking into account the assessment of the frequency (or probability) of using each business
function in the process of functioning of the system being validated on a model or perspective load.
In this case, load flows are determined from the standpoint of business rules - scenarios for the
implementation of business functions, and the load model is formed taking into account the
frequency of calls of end users and other actors to business operations of the system.

7. Planning for change

The planning of functional changes that are supposed to be introduced into the system, when using
the current models of all the described levels, is greatly simplified. When shaping changes in the
business process model, even a not very deep analysis allows you to understand which business
functions from the existing ones will be affected by the changes or what new business functions will
need to be implemented. In both cases, changing the boundaries of the system is explicitly reflected
in the business function models and their scenarios.

Likewise, the analysis shows which business operations are subject to change or creation. In this
case, the control of the integrity of changes is carried out according to the available documents
describing the corresponding models, taking into account the traceability of requirements. Based on
the lists of business operations subject to change, an appropriate list of microservices to be changed
is determined. Thus, the volume of changes can be quickly assessed down to specific software and
information components. The same mechanism allows you to estimate the labor intensity of
preparing tests for static complex testing.
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8. Conclusion

Integration processes are extremely important for complex custom software systems with a lifetime
of 10 years or more. The correct formulation of such processes in the life cycle of the system can
significantly reduce the costs of creating, maintaining and developing such systems and significantly
affect their integrity and quality. The key issue in solving the issues of ensuring the integrity of
systems is to ensure the traceability of requirements at the levels of business processes, the formation
of functional and logical architectures of systems up to the selection of criteria and identification of
microservices.

The paper shows how to provide a functional decomposition of business requirements, describing it
in the UML language, correctly identifying the structured elements of the decomposition. Such a
structured approach provides up to the logical architecture model to ensure the preservation of the
traceability property of requirements, makes it possible to completely get rid of" seams " not only
during the design and development of the system, but also during its operation, maintenance and
development. The result of such work makes it possible to support the processes of system operation,
its maintenance and development, to provide a fairly simple way to manage the configuration of the
system being operated by the personnel of the organization that owns the system.

It is shown how maintaining the traceability of requirements in the presence of business, functional
and logical architecture models can reduce the cost of planning complex functional and load testing
of systems, as well as ensure the interaction of operation, maintenance services and contractors that
form the entire system, maintain its integrity during the life cycle. This interaction using the models
described in the work allows you to quickly localize the errors that have appeared and identify
microservices that are subject to changes, as well as identify requirements that are violated and
require more accurate implementation — starting with business requirements.
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from the components of the TrustZone technology. The results of vulnerability analysis of TrustZone
technology implementations are presented. The structure of the trustlets security analysis tool has been
developed. The paper deals with the problem of assessing the credibility of foreign-made software and hardware
based on processors with the ARM architecture. The main results of the work are the classification of trustlets
using their threat level assessment and the model of security threat level estimation of information processed
by trustlets. Trustlets are software that operates in a trusted execution environment based on TrustZone
technology in computers with ARM processors. An assessment of the security of information processed by
trustlets for some implementations of trusted execution environments was carried out. The structural scheme
of the analysis tool that allows identifying potentially dangerous code constructs in binary files of trustlets is
presented. Also analysis tool's algorithm performing syntactic analysis of trustlet data is described. The
calculation of the security assessment is carried out on the basis of a set of features proposed by authors.
Calculated security assessment levels can be used to classify trustlets that are part of «trusted» operating
systems based on TrustZone technology. The levels of potential threat to the security of the information they
process are used to differ trustlets during certification tests and vulnerability search. It is advisable to use the
results of the work in the interests of conducting certification tests of computer software based on processors
with ARM architecture.

Keywords: ARM; TrustZone; trustlet; security estimation; software vulnerabilities

For citation: Markin D.O., Makeev S.M., Ho T.T. Security threat level estimation for untrusted software
based on TrustZone technology. Trudy ISP RAN/Proc. ISP RAS, vol. 34, issue 1, 2022, pp. 35-48. DOI:
10.15514/ISPRAS-2022-34(1)-3

Acknowledgements. The article is based on the materials of the report at the Seventh International Conference
«Actual Problems of System and Software Engineering» (APSSE 2021).

OueHKa ypOBHS 3alULWEHHOCTU HeA4OBEePEHHOro NPorpamMmMHOro
obecnevyeHusa Ha ocHoBe TexHonorum TrustZone

J.0. Mapxun, ORCID: 0000-0001-5823-0632 <mdo@academ.msk.rsnet.ru>
C.M. Maxees, ORCID: 0000-0002-7451-8115 <maksm57@yandex.ru>
Y. T. Xo, ORCID: 0000-0003-1149-8791 <mdo@academ.msk.rsnet.ru>
Axademus @edepanvrotil cyscowl oxpanvl Poccutickoi @edepayuu,
302015, Poccus, e. Opén, ya. I[lpubopocmpoumenvuas, 0. 35

AHHoTaumsi. B pabore mpemaraetcs MOJenb OIEHKH 3allMIIEHHOCTH HH(MOpMalmy, oOpabaThiBaeMoOi
HEZOBEPECHHBIM TPOTrPaMMHBIM O0ECIIeUYeHHEM, COCTOSIIMM M3 KOMIOHEHTOB TEXHOJOIrWH TrustZone.
[IpencraBneHsl pe3yabTaThl aHalmM3a YA3BUMOCTEH peanu3anuii TexHoioruu TrustZone. Paspaborana
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CTPYKTYypa HHCTPYMEHTA aHaJIn3a 3alMIICHHOCTH TPAacTIIeTOB. B craTbe paccmarpuBaercs npobiieMa OLEeHKH
HaJeKHOCTH IPOrPaMMHO-aNIAPaTHBIX CPEACTB HMHOCTPAHHOIO IPOM3BOJCTBA Ha 0a3e IpPOLECCOPOB C
apxutektypod ARM. OCHOBHBIMH pe3ynbTaTaMH paOOTHI SBIIIIOTCS KIACCU(HKAINS TPAcTIETOB C
HCTIOIb30BAHIEM OLICHKH YPOBHS MX YIPO3 W MOJENb OLEHKH YPOBHS Yrpo3 0e30IacHOCTH MH(OpMAIHH,
obpabaTeiBaeMoii TpacTieTaMd. TpacTiIeTsl — 3TO IporpaMMHOE oOecredeHre, paboTaromee B JOBEPEHHOMH
cpezie BBITIOJIHEHHSI HAa OCHOBE TEXHOJIOTHHU TrustZone Ha xommeioTepax ¢ nporeccopamu ARM. Iposenena
OLICHKA 3aIllMIICHHOCTH WH(OpManuu, 00padaThiBACMOH TpacTieTaMu, JUIi HEKOTOPBIX peaan3aiui
JIOBEPEHHBIX Cpell MCIOJHEeHuA. [IpencraBieHa cTpyKTypHas cXxeMa HHCTPYMEHTAa aHalu3a, MO3BOJIIONIETro
BBISBJIATH MOTEHLIMAIBHO ONAcHbIe KOHCTPYKLHMM Koja B OMHApHBIX (aifmax TpactieroB. Tawke omucaH
ITOPUTM MHCTPYMEHTA aHalM3a, BBINOJHSIOIIETO CHHTAKCHMYECKHIl aHAIM3 NaHHBIX Tpacmiera. Pacuer
OLIEHKH 0E30MacHOCTH OCYIIECTBIISIETCS Ha OCHOBE KOMIUIEKCA IIPH3HAKOB, IIPEIIOKEHHBIX aBTOPOM.
BerncneHHble YpOBHU OLCHKM OE30IIaCHOCTH MOXKHO WCIHOJB30BaTh Ul KIIACCH(UKALMK TPacTIETOB,
KOTOpBIE SIBIBIIOTCSL YacThIO «IOBEPEHHBIX)» ONCPAlMOHHBIX CHCTEM Ha OCHOBE TEXHOJIOTHH TrustZone.
VYpOBHH TOTEHIMATHEHOH Yrpo3sl 0e30IacHOCTH 00padaThIBaeMOM MMH HH(GOPMAaIUH HCIOJB3YIOTCS UL
pasrpaHHYeHUs] TPACTICTOB NpPU CEPTH(OHUKALMOHHBIX MCIBITAHUSAX U IOMCKE YSA3BMMOCTEH. Pe3ynbTaThl
paboThl  11e7ecCO00pa3HO HCMONB30BaTh B HHTEpPECaX MPOBENCHHSA CEPTU(PUKAIMOHHBIX MCIBITAHUI
mporpaMMHOT0 obecreueHus it OBM Ha 6a3e mpoueccopoB ¢ apxutektypoir ARM.

KiwoueBbie cioBa: ARM,; TrustZone; tpactieT; omeHKa O€30IACHOCTH; YSA3BUMOCTH IIPOTPAaMMHOTO
obecnieuenus

Jas uutupoBanus: Mapkun J1.0., Makees C.M., Xo T.T. OneHka ypoBHsS yrpo3 0e30MacHOCTH s
HeHazexHoro [10 Ha ocHoBe TexHonoruu TrustZone. Tpyast UCIT PAH, Tom 34, Bem. 1, 2022 1., cTp. 35-48.
DOI: 10.15514/ISPRAS-2022-34(1)-3

Baaropaproctu. CraTthsi moAroroBieHa Mo Marepuanam jokinaga Ha CenpMoit  MexayHapoIHOM
KOH(EpEeHIINH «AKTyalbHBIE IPOOJIEMbI CHCTEMHOH U mporpamMMmHoit mHxenepun» (ATICIIN 2021).

1. Introduction

In the modern market of microprocessor technology, an impressive share is occupied by processors
with the ARM architecture, which are a licensed development of the British company of the same
name. The vast majority of mobile devices, numerous sensors, sensors, "Internet of Things" devices,
on-board vehicle systems and even multiprocessor high-performance data processing systems are
built on the basis of processor data. The developer of the circuitry of these devices has laid down
the functionality of the processor in two modes: the so called ""Secure World" — "trusted" mode, and
"Normal World" — untrusted.

At the same time, in order for the software to work in the "trusted" mode, its developer must use an
electronic signature, which can be obtained only if the corresponding license of the copyright holder
is available. The described technology is called TrustZone, which determines the features of the
functioning of computer hardware based on ARM processors, as well as ways to implement system
and application software, their interaction when working in different operating modes of the ARM
processor, the composition of technical and software tools that protect system components from
unauthorized access, modification or blocking.

It is important to note that when using the vast majority of devices based on ARM processors, the
user does not have the ability to manage the so-called "trusted" software loaded by the device
provider into permanent memory. The described "trusted" software in terms of the developer the
ARM company is called trustlet (TA — Trusted Application). These factors and numerous studies
suggest that the use of such devices for processing protected information is strictly prohibited in a
number of structures due to the lack of trust in both the technical means of the devices and its
software. In this regard, there is an objective need to use a set of measures to assess the level of
security of information processed by these devices and their software (trustlets and other software
components), including within the framework of certification test procedures (certificate of state
registration of a computer program No. 2021610311 Russian Federation).
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In the absence of documentation for trustlets and system software, it is necessary to use methods for
obtaining source code from trustlets, as well as syntactic analysis of binary data of trustlets for the
presence of functional or information software objects that pose a threat, potential or immediate, to
the protected information being processed. These circumstances determine the relevance of research
devoted to improving the methods and tools of software research for identifying vulnerabilities and
undeclared opportunities.

This paper describes a model for assessing the security of information processed by trustlets, which
takes into account some binary code constructs that can be identified as potentially dangerous
functional and information objects and thereby assess the threat level of information processed by
trustlets.

Numerous works of both domestic and foreign studies are devoted to the problem of software
security analysis. The most famous of them are Avetisyan A.l., Belivantsev A. A,
Kurmangaleev Sh. F., Padaryan V. A., Gamayunov D. Yu. [1], Skovorody A. A.[1] and
Gaivoronskaya S. A. [2], Zegzda P.D., Boyko V.P., Zaborovsky V.S., Podlovchenko R. 1.,
Ivannikov V. P., Bagaev A. N.[3], Markov A.S. [4], ZakalkinP.V., Matskevich A.G. and
Goryunov M. N. [5] etc. Among foreign researchers, the most famous works are Ruan X,
Costan V. [6], Pinto S. [7], Cerdeira D. etc.

Attacks on Trustzone components based on device lacking memory protection are described
here [8]. Example of Breaking TrustZone memory isolation and secure boot through malicious
hardware on a modern FPGA-SoC described in work [9]. Samsung’s TrustZone Keymaster Design
is described in the article [10]. Developing memory-safe ARM TrustZone applications is described
here [11]. A Secure Cache for Arm TrustZone describes in the article [12].

In these works, various aspects of the problems of software research were touched upon, but not
enough attention was paid to the issues of obtaining numerical estimates of the degree of security of
information processed by trustlets in ARM systems.

2. Task description

2.1 The object of the study

The object of this work is a software solution for a trusted execution environment (TEE) — trusted
applications created on the basis of TrustZone technology in computer systems based on processors
with ARM architecture.

Loader
Trusted OS
(trusted execution environment _Guest 0s
core(TEE)) (Linux kernel)
J
Secure OS Rich OS

Fig. 1. Loading order in platforms based on ARM processors

TrustZone technology is a hardware-based secure boot environment that allows you to create a TEE.
TEE based on TrustZone is called in the terminology of ARM-Secure World or Secure OS,
"untrusted" - Rich Execution Environment or Rich OS (iOS, Android, Sailfish, Tizen, Linux,
Windows, etc.). The order of loading a computer with an ARM processor is shown in fig. 1, and the
interaction of the TEE (Secure OS) and guest operating system (OS) (Rich OS) modes is shown in
fig. 2.
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Secure Monitor

\ /
Guest 0S
(Linux kernel)

' !

Trusted Applications Applications

TEE

N

Secure OS Rich OS

Fig. 2. Interaction of trusted and guest operating systems in platforms based on ARM processors
The essence of the TrustZone technology is to manipulate the operating modes of the processor
using a signal set by the NS (Non-Secure) bit. If NS=1, then the processor is in Non-Secure mode
(guest OS, or Rich OS, or Normal World OS), if NS=0, then in Trusted, that is, Secure mode (Trusted
OS or Trusted OS, or Trusted Execution Environment (TEE)).
The NS bit does not just tell the processor core in which mode it should work. It is also an external
signal connected from the processor to almost all the peripherals. In general, the peripheral is
connected to the CPU by address, data and control buses. NS is part of the control signals for those
processors where TrustZone is implemented. Thus, not just Read, Write commands go from the
CPU to the device, but Secure Read, NonSecure Read, Secure Write, NonSecure Write.
ARM TrustZone, built into mobile devices, has been available to users for many years. Over the
past few years, the attention to TrustZone has increased significantly. Projects were developed to
apply it in various fields of activity: in mobile, industrial, automotive and aerospace. Attention to
the technology is supported by the publications of large manufacturers of technical parts and
recommendations for development.
The open nature of the TrustZone technology makes it possible to conduct research in the field of
improving the security of data processing, in contrast to the proprietary solutions discussed above.
Availability of the certificate of the "Aladdin TSM" module [13,14], based on the use of TrustZone
technology, according to the requirements of the FSTEC "Requirements for trusted download tools"
and the protection profile "IT.SD3.UB2.PZ", confirms this.

2.2 Comparative analysis of known implementations of "trusted" OS
Currently, there are about ten [15] so-called "trusted" operating systems that use the TrustZone
functionality. A number of implementations of the TrustZone technology are closed from
researchers (Trustonic TCP, Qualcomm SEE). A comparative analysis of the known
implementations of "trusted" OS [18] is shown in Table 1.

Table 1. Comparative analysis of "trusted" operating systems

Name Developer Features
GlobalPlatform Non-profit Industrial standard TEE
association of

companies G&D
Mobile Security,
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ARM, FIME,
Trustonic, Gemalto,
Oracle

General
Dynamics OKL4

Open Kernel Labs

Based on the L4 (L3) OS, a microkernel for i386 systems.
Developed for iOS devices, since 2012 the source texts are
closed

Google  Trusty | Google It is compatible with ARM and Intel processors. It consists
TEE (only fo Android) of three main elements: 1) the OS kernel (based on Little
Kernel); 2) the kernel driver for managing the interaction of
TEE (Trusty) and REE (Android); 3) the user space library
for managing the interaction of REE (Android) and TEE

(Trusty)
Linaro OP-TEE Research group | Based on GlobalPlatform 1.1. An open source project. It
Linaro, consists of three main elements: 1) the OS kernel (memory

STMicroelectronics

management modules, interrupts, etc.); 2) the client of the
untrusted user space-the monitor-intermediary between the
user and kernel spaces, the libraries of the GlobalPlatform
TEE Client API implementation; 3) the kernel driver for
performing transactions between the trusted and untrusted
0os

Jailhouse Siemens In a general sense, it is not an OS, but a monitor of resource
accesses. It can be run as part of the OS FreeRTOS, Erika3,
Linux, Zephyr. Supports processors with the following
architectures: ARMv8, ARMv7, x86_64. It requires 2
processors and 50 MB of RAM
QSEE Qualcomm  Secure | Based on General Dynamics OKL4. Closed source text
Execution
Environment
seL4 Open Kernels labs It is based on the L4 OS. It has passed a formal verification

of correctness by determining the functionality specification
and proving its correctness by means of strict logical
inference. Open source text. Real-time OS for the firmware
of Qualcomm wireless modem processors. The code volume
is about 9600 lines. Interrupts during code execution are
disabled. Supports ARM processors up to ARMv8

TrustTonic Kinibi | TrustTonic Closed source text. For the Android OS. For Samsung
devices (smartphones and tablet computers). Provides data
encryption and device authentication. The trustletshave
access to the network. There is a developer kit (SDK) that is
compatible with the GlobalPlatform API standards

Xen University of | The microkernel hypervisor. Supports ARM and Intel

Cambridge processors
Xvisor Developer Type 1 hypervisor. Open source text. It has a memory

Community Xvisor

management module, a scheduler, a load balancer and a
thread balancer

Aladdin TSM [13,
14]

Aladdin R. D.

Supports i.MX6 processors. It is certified according to the
requirements of the FSTEC for the means of trusted loading
of the level of the basic | / O system of the second class of
protection "IT. SDZ.UB2. PZ" (certificate No. 4155)
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The analysis of the features of the TEE functioning in modern ARM processors allows us to
conclude that the adaptation of TrustZone technology to the needs of the domestic economy through
the use of approaches to increase trust in it, including certification and development of domestic
software based on TrustZone, is an important direction for improving domestic information security
technologies in the absence of production of a sufficient number of elements. Especially considering
the number of modern devices based on processors with ARM architecture.

2.3 Comparative analysis of file formats for trusted application execution
environments based on TrustZone technology

The analysis of publications on the TEE research based on the TrustZone technology allowed us to
identify the peculiarities of binary files (trustlets) of software executed in the TEE data. According
to the list of well-known "trusted" OS for computer systems based on ARM TrustZone, the following
binary file formats are used:

for TrustTonic Kinibi OS, the MobiCore Load Format (MCLF) is used, for trustlet files-the
extension .tlbin;

for Linaro OP-TEE and Aladdin TSM OS-HSTO form-mate, trastlet files have an extension .ta.
Trustlets are located in the normal file system of the device and are files containing executable code.
They have a similar format to ELF (Executable Linux Format), but with a smaller amount of header
and additional structures.

Unlike. ta trustlets,. tlbin does not have the usual ELF file header. To determine the address of the
beginning of the executable code, it is necessary to add its length (0x80 + TSHL) to the offset of the
text segment header. The formats of the HSTO and MCLF trustlets are shown in fig. 3, 4.

Trustlet Virtual
Binary Offset Address Space
ox | | 0x1000
I MCLF Header !
i I
Pommmm e m e mm oo |
I ! Text Segment Base (0x1000) | :
i fmmmmmmm e mmm e mmmmmmm e 1
' ! Text Segment Length (TSL) | !
e 1
| || DataSegmentBase(DSB) | |
———e=L =
: | Data Segment Length (DSL) i :
N
——— Tt | EntyPont o
: I Wersion Number i :
0x50 | ! 0x1050
I Empty '
0x80 1 i 01080
| Text Segment Header !
: | Text Segment Header Length E :
R (TSHL) 1]
Ox80 + TSHL! ' 0x1080 + TSHL
1 I
1 I
g Text Segment i
1 I
1 I
TSL 1 0x1000 + TSL
1 I
TSL | DSB
1 I
1 I
I Data Segment i
1 I
TSL+DSL ! | DSB + DSL
1 I
: Signature Blob :
1 I
1 I

Fig. 3. File structure .tlbin

40



Mapkun J1.0., Makees C.M., Xo T.Y. OueHka ypoBHS 3aIIHIICHHOCTH HEJOBEPEHHOTO IPOrPAMMHOT0 00ECTIeYeHHsI Ha OCHOBE TEXHOJIOTUH
TrustZone. Tpyowt UCII PAH, Tom 34, Bem. 1, 2022 1., ctp. 35-48

Offset OP-TEE value
0x0
Header (magic) 0x4F545348 — “HSTO”
0x4
Image Type (img_type) 0x00000001 — “Trusted Application”
0x8
Image Size (img_size)
o ‘ Signature Algorithm (algo) ‘ 0x70414930
ox10 g g g (TEE_ALG_RSASSA_PKCS1_PSS_MGF1_SHA256)
‘ Digest Length (digest_len) ‘ 0x20 — 32 bytes
0x12
‘ Signature Length (sig_len) ‘ 0x100 — 256 bytes
0x14

‘ Digest (digest) ‘

0x14 + digest_len

Signature (sig)

UUID (TA’s unique ID)

Empty (reserved)

0x14 + digest_len +sig_len

0x14 + digest_len +
+sig_len +0x14

0x14 + digest_len +
+sig_len +0x14 +

+img_size Stripped ELF

Fig. 4. File structure .ta
The digital signature is located after the "Data Segment" field, the address of its beginning can be
determined by adding the lengths of "Text Segment"and" Data Segment". The SHA-256 algorithm
is used as a digital signature. The first 4 bytes determine the length of the module, followed by the
module itself. After the module, 4 bytes are allocated to describe the length of the public key (0x1),
followed by the public key itself, the final 256 bytes are occupied by the signature.
The main differences in the file structure .ta and .tlbin:
o format .ta allows you to specify which crypto algorithm will be used to sign the trustlet,

e .tlbin always uses the SHA-256 algorithm as a signature .ta uses an ELF file without service
information (stripped elf) as an executable code,

o .tlbin does not use the ELF file format.

At the same time, when extracting stripped elf from .ta its use is impossible without modification.

From the analysis of the formats, it can be seen that they differ from the ELF format, so it is

impossible to run the trustlet in the Unix system emulator without additional preparation of the

trustlet or the environment [16]. The task of preparing a trustlet to run in an emulator (for example,

QEMU, Virtual Box, etc.) can be solved using static instrumentation methods [3]. To do this, you

need to convert the trustlet file to the ELF format.

An example of the names of traslites in the Kinibi Trustonic OS is presented in Table 2. Examples

of the names of trustletsin the OS based on Aladdin TSM and OP-TEE are presented in Table 2.

Table 2. Examples of MCLF format TAs™ names in Kinibi TrustZone

vendor.app.mcRegistry
07010000000000000000000000000000.tIbin
07060000000000000000000000000000.tIbin
fFFFFFFF00000000000000000000000f. tlbin
system.app.mcRegistry
00060308060501020000000000000000.tIbin
fFFFFFFF00000000000000000000000c.tlbin
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FFFFFFF00000000000000000000000d.tlbin
FfFfffffd00000000000000000000004.tIbin
Table 3. Examples of HSTO format TAs™ names in Alladdin TSM TrustZone (JaCarta Box)
Aladdin TSM (JacartaBox)
5b9e0e40-2636-11el-ad9e0002a5d5¢c51b.ta
5ce0c432-0ab0-40e5-a056782cale6aba?.ta
48002366-708f-4b23-ab0921ce46766all.ta
€13010e0-2ae1-11e5-896a0002a5d5¢c51b.ta
OP-TEE
5b9e0e40-2636-11el-ad9e-0002a5d5c51b.ta
5ce0c432-0ab0-40e5-a056-782cale6aba2.ta
5dbac793-f574-4871-8ad3-04331ec17f24.ta
ffd2bded-ab7d-4988-95ee-e4962fff7154.ta

In the file systems of computer systems based on ARM processors, the trustlets files are usually
available to unprivileged users.

2.4 Task description

The task description is as follows.

Source data:

1) the set of trusted applications (truslets) extracted from the TEEs based on the TrustZone
technology:"Aladdin TSM", "OP-TEE", "TrustTonic Kinibi";

Necessary:

1) to develop a model for assessing the level of security of information processed by the TEE
software based on TrustZone technology, which differs from the known ones by taking into
account the logical features of information input-output flows and API calls.

Limitations and assumptions:

1) the source code of the trustlets is not available;

2) the studied trustletshave one of the following formats: "HSTO" (Linaro OPTI OS) and "MCLF"
(Trustonic Kinibi OS);

3) the format of trustlets (ELF-like) does not allow them to be executed in a traditional environment
(untrusted UNIX-like operating system — Android, Debian, Ubuntu, etc.).

3. Investigation of vulnerabilities of the trusted application execution
environment based on TrustZone technology

Trusted Execution Environments is one of the modern security mechanisms for protecting the
integrity and confidentiality of applications. This technology is de facto a hardware technology for
implementing TEE in mobile environments, as well as industrial control systems, servers, and
budget household devices. The most common implementations of TEE are the developments of
Qualcomm, Trustonic, Huawei, Nvidia and Linaro [17].

The features of vulnerabilities detected in the TrustZone-based TEE [18,19] are usually associated
with:

e classic input data validation errors, such as "buffer overflow";

e numerous architectural shortcomings of TEE systems, such as the lack of ASLR technology and
other system protection tools for applications;

o the lack of consideration of hardware properties at the architectural and microarchitectural level
when implementing system TEE, for example, associated with the appearance of side channels
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for transmitting information in cache memory or interaction with the memory of reconfigurable

equipment capable of accessing confidential data.
The E1 exploit exploits an error in the LCB kernel and is able to execute arbitrary code with the EL1
privilege level, and, as a result, is able to develop the attack further, up to extracting secret keys and
decrypting the disk and unlocking the device bootloader [20].
The E6 exploit allows an attacker to take control of the Linux kernel by sending a special set of data
from a user-level application to trusted Widevine applications [21].
The TEE system requires drivers in the software to access protected software, technical components,
1/0 devices that process critical information. The complexity of implementing drivers that are
traditional sources of errors and their functioning with an extended privilege level lead to the
appearance of critical vulnerabilities.
Interfaces between the TEE components allow you to exchange sufficiently large amounts of data
with privileged access rights to a sufficiently large number of trusted applications — trustlets. For
example, in some implementations of the "trusted” OS Trustonic TEE, their number reaches 32, and
in Widevine-70.
Another architectural problem is the excessively large amounts of data that are transferred between
trusted and untrusted environments. For example, in Qualcomm's TEE, the buffer size for such data
reaches 1.6 MB, and this volume can indirectly increase.
In some implementations of TEE, trustlets can be displayed in the physical memory of the
unprotected mode. This applies primarily to Qualcomm's TEE. After scanning the physical address
space of the Linux kernel and fixing it, it is possible to introduce a backdoor into the system (exploit
E6 [21]). Unlike Qualcomm's TEE, in the implementation of Trustonic TEE, the display of the
trustlet in the physical memory of the unprotected mode is excluded.
Some security problems are associated with the appearance of side channels through application
debugging tools. Such channels are found in Huawei's TEE implementations [20]. In particular,
using the TEE system call, the trustlet (trusted application) uploads its own stack trace to public
memory, which allows an attacker to study the address space of the trustlet and use it to create an
exploit in the future. The same vulnerability was found in the Trustonic TEE.
It should be noted that in all known implementations of TrustZone there is no ASLR technology
(with the exception of its limited implementation in Qualcomm TEE), i.e. all trusted applications
are always loaded at a fixed address of the virtual address space (0x1000). In addition, a shared
library (mcLib) is provided, which is also downloaded at a permanent address for each trustlet
(0x7D01000). Thus, any vulnerability found in the trustlet can be used without much effort when
determining the address of loading the trustlet into memory. In addition, the shared library used by
trustlets contains a significant amount of code that serves as a source of gadgets (data) for identifying
system calls and calls to trusted applications.
Another system vulnerability is the lack of a separate stack for cookie data, as well as the lack of
protective (barrier) pages between the data of protected processes, which leads to the appearance of
a technical possibility for implementing a "buffer overflow"attack.
The TEE has mechanisms for protecting against code execution in memory areas by means of the
WXN bit in the SCTLR register, as well as the XN memory page attribute. However, well-known
TEE implement these protection mechanisms partially. For example, there is no stack for cookie
data in the Trustonic TEE. Cookie data is stored as global variables from the data segment of the
trustlet without buffer protection pages. In addition, the layout of data in memory is implemented in
such a way that the stack is located at the end of the data segment, and global variables are in front
of it, which creates ideal conditions for exploiting a buffer overflow vulnerability.
Unlike Trustonic, Qualcomm's TEE creates a stack with a random location in the address space, but
there is also no mechanism for monitoring the integrity of protective buffer pages.
Huawei's TEE lacks both data execution protection and protective buffer pages.
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A common disadvantage of TEE is also the lack of hardware control of the integrity of the TEE
code, which weakens the overall level of trust in "trusted" software.

In addition to the considered architectural vulnerabilities, there are numerous typical software errors
in the TEE implementations associated with:

e incorrect processing of input or output data;

e name verification errors;

e errors that lead to the possibility of exploiting a vulnerability such as "buffer overflow";

e incorrect processing of parameters.

Such errors can be used as starting points for extending privileges and are found in almost all existing
components of the TEE of various manufacturers.

Thus, the analysis of a number of detected vulnerabilities in the implementation of TEE based on
ARM TrustZone shows that even the implementation of the technology that increases the overall
level of security of the system has numerous vulnerabilities and errors that can be used by attackers
for unauthorized access and performing illegitimate operations with data.

4. Security threat level estimation for untrusted software based on TrustZone
technology
The analysis of open sources of information [2,3,5] allowed us to identify signs that the presence of

which in the software implementation may indicate the potential danger of this software from the
point of view of the possible implementation of threats to the security of the processed information.

Module for identifying signs
of potentially dangerous
structures

Module of interaction
with Radare2

\

A A
A

Control Module DataBase

A
A

Trusted
Applications User Interface

| A

v '

Module for loading

r:e:)rc;rt?on executable files (TAs) |
P mpodule and static

instrumentation

A 4

Fig. 5. Block diagram of the program for identifying signs of potentially dangerous structures

These include [18]:

e the presence and number of data entry and exit points (N;, and N, respectively), the amount
of input/output data (V;,, and V,,;, respectively);

o the variety of APIs Eipr’afe, including specific API functions of TEE that handle critical data

and information (account and authentication information, key information for the cryptographic
subsystem that identifies(address) of the network, and information about the technical
characteristics of the computer, etc.);
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Funsufe
system !

e the presence of calls to function objects (functions) of the standard system libraries
including the processing critical information and data;

o the presence of specified sequences of calls to functional objects, including calls to certain API
functions and calls to functional objects of standard system libraries IF¥msa/e;

e the volume V¢, and frequency of processing data Ny, coming from the "untrusted” OS via
the WSM (World Shared Memory) buffer (V™ N*¥SM) and transmitted from the TEE to the
"untrusted" OS — (VVsM NWSMy,

Thus, the model for assessing the level of security of information processed by the TEEe based on

TrustZone technology can be represented as a tuple:

_ unsafe punsafe ypunsafe WSM pnWSM WSM N WSM
zZ = (Nin' Nout' Vin' Voutv E4PI_TEE' Fsystgm ) IF f ) <Vin ’ Nin ): (Vout ’ Nout ))

In order to identify the listed features, a program was developed (certificates of state registration of
a computer program No. 2020666135, 2021610311 Russian Federation), the block diagram of which
is shown in the fig. 5.

In order to study the machine code instructions in the binary files of trustlets, a tool for analyzing

binary files of trustlets was developed and implemented in Python.

Table 4 shows a list of some functions found using a Python software tool.

Table 4. Names of system functions in the ffd2bded-ab7d-4988-95ee-e4962fff7154.ta file
utee_storage_free_enum, utee_storage_reset_enum, Working with the file system
utee_storage_start_enum, utee_storage_next_enum,

utee_storage_obj_read, utee_storage_obj_write,
utee_storage_obj_trunc, utee_storage_obj_seek
utee_hash_final, utee_cipher_init, utee_cipher_update, Cryptographic functions
utee_cipher_final, utee_cryp_obj_get_info,
utee_cryp_obj_restrict_usage, utee_cryp_obj_get_attr
utee_open_ta_session, utee_invoke_ta_command, Working with sessions
utee_close_ta_session (data exchange between the trustler and
the application via the OS)

After studying the last group of system calls, we can conclude that all calls are preceded by a call to
the_open_ta_session function. This function returns the session ID, which is used in subsequent
calls. And after working with the system functions, the session is closed by ut ee_close_ta_session.
That is, the exchange of translit information with other applications will occur between the call of
ut ee_open_t a_session and ut ee_close_ta_session.

5. Conclusions

As a result, based on this information, it is possible to identify the places of system calls in the
machine code and determine the type of functions for further classification according to the degree
of vulnerability or the information being processed.

As part of the work, the analysis of executable file formats for TEE based on TrustZone technology
— trustlets for Kinibi Trustonic OS (Samsung smartphones), OP-TEE (Linaro) and JacartaBox
(Aladdin TSM) was carried out. Their distinctive features and approaches, such as static
instrumentation, are identified, which allow using dynamic analysis methods in relation to trustlets
in the future.
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UccnegoBaHue NpMMEHMMOCTU annapaTHOM
KOMIMPEeCCUM AaHHbIX B MEXNPOLECCOPHbIX
KaHanax cBsi3M NpoL,eCCOPOB C apXUTEKTYpPOM
Anbopyc
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AHHOTanmsi. B coBpeMeHHBIX MPOIECCOPHBIX CHCTEMax HaOII0AaeTCs yBeINUYeHNE HAarpy3KH Ha OJICHCTEMY
HaMsTH, BBI3BAHHOE NIPEUMYIIECTBEHHO TEHICHIIMEH K YBEIMUCHHIO YHCIIa IPOLECCOPHBIX siaep. B yacTHOCTH,
OOHMM un3 Hauboiee KPUTHYECKMX MECT C TOYKH 3pPCHUS MPONMYCKHOW CIIOCOOHOCTH CTaHOBSTCS
MEXIIPOIIECCOPHBIE KaHaJbI CBSI3H, TEMII Ilepejadl HHPOPMAUH B KOTOPHIX 3aMETHO HIDKE, YeM Ha IIMHAX
BHYTpU TIIpolieccopa. B KadecTBe OAHOTO M3 CIOCOOOB MOBBINIEHHS IPOMYCKHOH CIIOCOOHOCTH
MEXIIPOLIECCOPHBIX KaHAJIOB CBSI3H MOXKHO pacCMaTpHBaTh alapaTHYE KOMIPECCUIO JaHHBIX, IIPU3BAHHYIO
YMEHBIINTh 00BeM HHPOpPMAaWH, TepeJaBaeMOll MO MEKIPOLECCOPHBIM KaHanaM. B paHHO#W pabore
MIPOU3BOJIUTCS OLIEHKA aKTYaJIbHOCTH NPHUMEHEHHUs allapaTHOH KOMIIPECCHU JaHHBIX B MEKIIPOLECCOPHBIX
KaHalaXx CBs3M IIPOLIECCOPOB C apXUTEKTypod Onpbpyc. B KauecTBe paccMaTpuBaeMoro ajropuTMa
KOMIpeccHn BeIOHpaercst anroputM BAI*-HL, nemoHcTpupyomuii 10CTaTOYHO BBICOKYIO 3()(EKTUBHOCTD
NpU MalbIX 3a7ep)KKax M 3arparax Ha peannsanuto. MccnenoBanust mpomsBomsatcss Ha FPGA-mporotune
npoireccopa «msopyc-16Cy» mist 3anau maketa SPEC CPU2000. Pe3ynbraThl HecIe0BaHKS TOKA3bIBAIOT, YTO
3a CYeT annapaTHOH KOMIPECCHH JaHHBIX yaaeTcs cxkath 38,0% ¢ JaHHBIMHU, a B IIeIOM 00beM IepeaaBaeMoit
10 MEXIPOIECCOPHBIM KaHAJaM CBS3M MH(OpPMAIMK 33 cYeT KOMIPECCHM NaHHBIX CHIDKaercs Ha 13,4%.
TTony4eHHbIe pe3yJIbTaThl I03BOJISIOT CACNATH BHIBOA 00 aKTyalbHOCTH IPUMEHEHHS allapaTHOH KOMIPECCHH
JIAHHBIX B MEXKIPOLIECCOPHBIX KaHaaX MaMsITH NPOLIECCOPOB C APXUTEKTYPOil DNBOPYC € 1ENBbI0 YBETUYCHUS
MPOU3BOJUTEIBHOCTH MOJJICUCTEMBI TAMSITH.

KiroueBble cjioBa: apxutektypa DiabOpyc; anmapaTHas KOMIIPECCHsS JaHHBIX; MEXIIPOLIECCOPHBIC KaHAIIbI
CBSI3U; IPOU3BOJAUTEIBHOCTD MOICUCTEMBI TTAMSTH
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MEXKIIPOLIECCOPHBIX KaHaJaX CBS3M MPOLECCOPOB ¢ apxutektypoit dnsopyc. Tpyast UCIT PAH, Tom 34, Bbim.
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Evaluation of Hardware Data Compression in Interprocessor Links of
Elbrus Processors
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Abstract. The tendency to increase core count in modern processor systems leads to a higher strain on memory
subsystem. In particular, one of the most critical points in terms of throughput is interprocessor links, where
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bandwidth is significantly less than in processor data buses. Hardware data compression can be considered as
one of the ways to increase throughput in interprocessor links, as it allows to decrease the amount of information
transmitted over the links. This paper presents the evaluation of hardware data compression in interprocessor
links of Elbrus processors. BAI*-HL compression algorithm is chosen for the evaluation. The results are
obtained of FPGA prototype of “Elbrus-16C” processor for the tasks of SPEC CPU2000 benchmark suite. They
show that by using hardware data compression 38,0% of all data packets were compressed and that the amount
of information transmitted overall has decreased by 13,4%. These results demonstrate that the use of hardware
data compression in interprocessor links of Elbrus processors is justified and has potential to significantly
increase memory subsystem performance.

Keywords: Elbrus architecture; hardware data compression; interprocessor links; memory subsystem
performance
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1. BeedeHue

VYBenndyeHne MPOM3BOIUTEIHLHOCTH B COBPEMEHHBIX IPOIECCOPHBIX CHCTEMaX JIOCTUTACTCS
MIPEUMYIIECTBEHHO 32 CUET YBEIMYCHHUS YHCIIa POIECCOPHEIX siep. B ¢Bs3M ¢ 3TUM MPOU3BOANTCS
Oostblliee YUCIIO OOpalIeHUIl B MaMsITh, T.K. YBEINYHUBACTCS YHUCIO YCTPOWCTB, OCYIIECTBIISFOLINX
noZioOHble 3ampockl. Kak ciencrTBue, yBenMuMBaeTCsl Harpy3ka Ha IOJCHCTEMY NaMsTH, U ee
MPOITYCKHOW CIIOCOOHOCTH MOXKET OKa3aThCsl HEIOCTATOYHO, YTOOBI CBOEBPEMEHHO H 0e3 3a/iepiKeK
00pabaThIBaTh 3allpOCHl B IIAMSATh, TOCTYTAOIINE OT SACP.

B vacTHOCTH, OHUM U3 HauboJIee KPUTHIECKUX MECT C TOUKH 3PEHUS NMPOITyCKHOM CIIOCOOHOCTH
SIBJISIFOTCSL KaHaNbl CBsi3M, Haxomsmecss BHe ywma (Off-chip) [1][2]. D10 obOwacusercs manoii
IIMPUHOH MOT0OHBIX KaHAIOB, 3aBUCSIICH OT YrciIa KOHTAKTOB (MIMHOB) IPOLIECCOPHOTO YHIIA.
IIpu paccMOTpeHHH MHOTOIPOIIECCOPHBIX CHCTEM aHAJOTHYHOE OrpaHHUYCHHE 10 MPOIYCKHOU
CroCcOOHOCTH HaKJIAJBIBACTCA M Ha MEKIIPOIIECCOPHBIE KaHAIBI CBA3M. TeMII Iepeadu MakeToB C
JAHHBIMM B JTHX KaHajaX, KaKk IpPaBWIO, B HECKOJIBKO pa3 HIDKE, YeM BHYTPH IPOLEccopa.
HecmoTps Ha TO, 4TO mepemada MO MEXKIIPOLIECCOPHBIM KaHAJaM CBSI3H OCYIIECTBISETCS Ha
OoJbIIel yacToTe, YeM 4acTOTa MPOIeccopa, Pa3HUIIBI B YACTOTAX BCE €IIe HeI0CTATOYHO, YTOOBI
TEMII TIepeadn JaHHBIX 0 MEXKIIPOIIECCOPHBIM KaHajaM CBSI3M COOTBETCTBOBAJI TEMITy TepeIavn
BHYTpH Tporieccopa. KpoMe Toro, moMHMO TTAKETOB C JaHHBIMH 0 MEXKIIPOIIECCOPHBIM KaHaJIaM
CBSI3H TIEPEHAIOTCS TAKKe U IPYTHE MaKeThl CHCTEMHOTO MPOTOKOJA (MTAKETHI C IIePBOHAYATBHBIMH
3alpocaMH, MAKeTHI-TIOATBEPKICHUS U JIp.), a TAKXKe CITykeOHas HHPOpManus, HeOOXOMMast IS
KOPPEKTHOH pabOTHl KaHAJIOB CBS3M Ha (U3UUECKOM YpOBHE mepenaun. Bcece 3T (akTophr
JIOTIOJTHUTEIHHO CHIKAIOT TEMII IIepeIady JAHHBIX 110 MEXIPOLIECCOPHBIM KaHAIaM CBSI3H.

B kadecTtBe OmHOTO W3 CIIOCOOOB TOBBINICHUS TPOITYCKHON CHOCOOHOCTH KAaHAJIOB CBS3H,
HAXOJISIIUXCS BHE YU, MOXKHO pacCMaTpPHUBaTh anmnapaTrHyio kommpeccuto nanubix [2][4][5][6]. 3a
CYET €€ MCTIOIh30BaHM MOYKHO JOOUTHCS YMEHBIIEHHS 00beMa HHPOpMAIUH, TIepeiaBaeMoii uepe3
MEXIIPOIIECCOPHBIE KaHANBl CBS3M, TEM CaMbIM YBEJIWYHBas TPOIYCKHYIO CIIOCOOHOCTH
MTOJICCTEMBI TIAMSITH.

B pamkax pgaHHOIl paboOTBl MPOM3BOIMIOCH HCCIIEOBAHHE IPUMEHHMOCTH AalllapaTHOM
KOMIIPECCHH JTAHHBIX B MEXITPOIIECCOPHBIX KaHAIaX CBSI3U MPOIIECCOPOB € ApXUTEKTYPOil DIp0pycC.
B mocnenyromux pasmenax CTaThi NPUBOIATCS OETATH HMCCIENOBaHUSA. B pasnm. 2 mpuBOAWTCS
nH(pOpMaIUs 0 BEIOOPE aNropuTMa KOMIIPECCHH, HanOoJee TMOIXOISIIErO sl HCIIOIb30BaHMS B
MEXIIPOIIECCOPHBIX KaHAJIaX CBS3U MPOIECCOPOB C ApPXUTEKTYPOi DIbOpyC, a TaKKe MPON3BOANUTCS
BEIOOp TMepeaBaeMoi yepe3 KaHalbl HH(pOopMaIny, KoTopasi OyJeT MoaBepraThecs CxkaTio. B pas.
3 omnuceiBaeTCs, KakMe WMEHHO CTaTHCTHYECKHE JaHHBIC OBUIM COOpaHbl JUIsl OIICHKH
MPUMEHUMOCTH aIIlapaTHOW KOMIIPECCUU NAHHBIX B MEKIIPOIECCOPHBIX KaHAIAX CBS3H, a TAKKE
MIPUBEJICH TECTOBBIA CTEHJ, pa3paOOTaHHEIN JUIs cOOpa ITHX CTATUCTHYCCKHUX JaHHBIX. B pa3m.4
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MIPEICTaBICHBl PE3yNbTaThl aHAN3a MPUMEHUMOCTH KOMIIPECCHH ITAHHBIX B MEKIPOIECCOPHBIX
KaHayax cBsi3u. Pa3x. 5 3aBepmaet pabory.

2. Bbi6op anzopumma Komrpeccuu u o6bekma KoMnpeccuu

2.1 Kputepuu, npeabsiBnseMblie K anroputmy

B xome wuccienoBaHusi ObLI BBIABUHYT psii KPUTEPHUEB, OINPEACIAIONIMX BBIOOp aiaropurMma

KOMITPECCHH, MOAXOSIIET0 JJIsl NCIIOJIB30BaHus B TojcUcTeMe naMsaTH. Hipke mpuBeieHsl caMu

KPUTEPHH U MOSCHEHUS K KKIOMY U3 HUX:

1) mnpouenypbl KOMIPECCHH H OEKOMIIPECCHH IPH HCIONB30BaHUH BBIOPAHHOTO AaNrOpHTMA
JIOJDKHBI IPOU3BOUTHCS OBICTPO;

2) Peanusamnus arropuT™a B amnmaparype He A0JDKHA MPUBONTH K CYIECTBEHHBIM CTPYKTYPHBIM
M3MEHEHHUSIM,

3) anroput™ J0iKeH GBITh 3PHEKTHBHBIM (T.€. TOIKEH CKUMATH TOCTATOUHO 3aMETHBIN MPOIICHT
JIAHHBIX).

BeIcokasi CKOpOCTh KOMIIPECCHH U JIEKOMIIPECCHH HEOOXO0AMMa, MMOCKOJIbKY B IPOTUBHOM CIIydae,

HECMOTpA Ha, BO3MOXKHO, OOIBIIYI0 3((MEKTHBHOCTh, ANTOPHTM OyAET BHI3BIBATH OOJIBIIHE

3aJepKKHU MPH Tepeade, 9YTo OKaXET HeTraTHBHOE BO3JICHCTBHE HA MPOIYCKHYIO CIIOCOOHOCTS.

TpeOoBaHne K OTCYTCTBUIO CYIIECTBEHHBIX CTPYKTYPHBIX M3MEHEHHH BBOJIUTCS C IIENbBIO

NPEeOTBPATUTH MMOTEHIUAILHOE YMEHBIICHHE MTPOU3BOANTEIBHOCTH YCTPOUCTB, KOTOPOE MOMKET

MPOU30MTH N3-3a N3MEHEHUH B X CTPYKTYpE.

Haxkonen, tpebGoBanne Kk 3((GEKTHBHOCTH alrOpUTMa IO3BOJMUT TapaHTUPOBATh, YTO IMPUPOCT

MPOU3BOIUTENBEHOCTH OT PEATH3ALMH aJITOpUTMa OYAET MPEBHIIATh 3aTPAaThl HA €T0 PEATH3ALIHNIO.

CoryiacHO MPOBEJCHHBIM paHee HCCIIEO0BaHUsIM, OJHUM M3 HauOosee ONTUMAIbHO MOIXOJSIINX

N0/l 3TH KPUTEPUH AaJITOPUTMOB SIBISIETCS anroputM kommpeccun BAI*-HL [6]. Creayrommit

MOZpa3/iesl ONMKChIBAET MPUHIMUIBI PabOThl 3TOrO aJrOPUTMa, a TAKXKe IPHBOAUT CBEJICHHS O €ro

MPOU3BOIUTEIEHOCTH.

2.2 Anroputm BAI*-HL

Aunroputm BAI*-HL sBisietcst Moandukanueii npeiokentoro B [7] anropurma BAI (Base-Delta-
Immediate). OcuoBHO# npuHIMI paboTs! anroputMa BAI oCHOBBIBaeTCS Ha HAOIIOACHUH O TOM,
YTO aHHbIE, IepeaBacMble B OACHCTEME TAMSTH (SBIISIOLINECS, KaK MPAaBHJIO, CTPOKAMH JaHHBIX
K3IL-TIAMSITH MTOCJIEJHEr0 YPOBHS), 00JaIat0T ONPEAEIEHHBIMU 3aBUCUMOCTSIMH.

Ecin pa30ouTh OTIENBHYIO K3UI-CTPOKY Ha HECKOJIBKO CETMEHTOB OZMHAKOBOTIO pa3Mepa, TO IaHHbIC
B IIpeJeIIax 3THX CErMEHTOB 3a4acTYIO SBISFOTCS OJIM3KMMHU 110 3HAYCHHUIO JTMOO0 IPYT K APYTY, JIH00
K Hymo. VMeHHO 3Ta OJM30CTh B 3HAYCHHSAX IMO3BOJSCT YMEHBIUUTH OOBEM XPaHUMOMH
nH(OpMaILMH, TTOCKOJIBKY B TAKOM CJIydae MOXHO BBIOpPATh Kakoe-To 0a30BOe 3HAUEHHE M XPaHUTh
€ro, a JUIsl OCTAIBHBIX CETMEHTOB XPAaHHUTh TOJBKO CMEIIEHHS («IENbTHI») OTHOCHTEIHHO ITOTO
3HAYCHHUSI.

Puc. 1 v puc. 2 WIUTIOCTPUPYIOT MPOLIECC KOMIPECCUH U IEKOMITPECCHH JIAHHBIX C UCIIOIb30BaHUEM
anroputMa BAI*-HL. [lnst ynpolueHus BBIYHCICHHH B KadecTBe 0a30BOro 3HauyeHus («0a3bl»)
BBIOMPAIOTCST CTAapIIMe paspsiibl cerMeHTOB. CMENIeHUSAMHU («IeIbTaMu») SIBISIOTCS MJla/IIue
paspsijibl CErMEHTOB, KOTOPbIE MOTYT Pa3jinvaThCs MEXAY cO00ii. J[OMOMHUTENbHO cyKaTash KIIi-
CTPOKa COZIEPIKHT T.H. «MACKY», KOTOPAsl O3BOJISIET ONPECIIUTh, SBISIOTCS JH CTApIIUE pa3psibl
KOHKPETHOT'O CErMEHTA HYJIEBBIMHU WII PaBHBIMH 0a3e. Komipeccust MpOU3BOAUTCS MapaJlIebHO C
pa3HbIMH pa3MepaMu CErMEHTOB M CMEUICHHH, KaX/as napa u3 pa3mMepa CerMeHTa W paszMmepa
CMELICHHs IPU ITOM Ha3bIBAETCs CXeMO# kKoMipeccuu. KoMmrpeccus cuMTaeTcsi yCIeHOM, eciu
XOTsI ObI JJIsl KAKOW-TO CXEMbl KOMIIPECCHH CTaplINe Pa3psijibl BCEX CETMEHTOB JIMOO COBIA/AIOT,
100 paBHbI HYJIIO.
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Jlexommpeccust o anroputMy BAI*-HL B TO e BpeMs CBOAWUTCSA K TMPOCTONH KOHKATCHAIMH
cMelneHus ¢ 0a30i Wi HYJISIMH B 3aBUCUMOCTH OT COOTBETCTBYIOIIETO OMTa MACKH.

So 5 S; Sis
0x000175FA | 0xQ00175FC | 0x000175FD 0x00000003
Base Mask
0x000175 OxFAleFC|DxFD| |0x03| b000...1 | S, = {base » ~m, A}
Ay Ay Fi% Qg

Moty My, .. Mys

Puc. 1. Komnpeccus no areopummy BAI*-HL
Fig. 1. Compression using BA1*-HL algorithm

Base Ao A Az Ais Mask
0x000175 OxFAIOJcFCIOxFD‘ |Ox03] b000...1
{}
L% Ve 0x000000
. {D
\\_ 0 |
{}
{ 1 ' v
0x000175FA | 0x000175FC | 0x000175FD 0x00000003
8{1 S| 52 815

Puc. 2. Jlexomnpeccus no arcopummy BAI*-HL

Fig. 2. Decompression using BAI*-HL algorithm
BaxHO OTMETHTB, YTO CXeMBI KOMIIpeccHu it anroputma BAI*-HL Opiim momoOpaHBI TakuM
00pa3oM, 4TOoOBI pa3Mep CKAaTOW KAII-CTPOKH OBUT PaBeH IOJIOBHHE OT pa3Mepa MOJHOH. DTo
CBSI3aHO C TEM, YTO B ITaKeTaX C JaHHBIMH MOTYT I€PeJaBaThCs KaK IOJIHBIC KAII-CTPOKH, TaK U
MOJIOBHHBI K3MI-CTPOK. TakuM o00pa3oM ymaeTcsl MPaKTHYECKH Oe3 KaKUX-THOO HAKJIaTHBIX
Pacxo/I0B IEPEHUCIIONB30BATh TAKETHI, IPEIHA3HAUYCHHBIC IS OTIPABKH ITOJIOBHHBI KAII-CTPOK, IS
YIaKOBKH TyIa KAMI-CTPOK, CKATHIX IT0 allTOpUTMY. ENTHHCTBEHHBIM JOMOTHEHUEM K TAKOMY TTaKEeTy
Oyner sBIsATbCS HMHGOpPMAaIM O CXKAaTUM, HEOOXoquMas Ui JEeKOMIIPECCHM JIaHHBIX Ha
MIPUHUMAFOIIEH CTOPOHE.
B Tabn. 1 meMOHCTpUPYIOTCS XapaKTepUCTHKH 10 3(P(QEKTUBHOCTH W HAKIAJAHBIM PacXoiaM Ha
peanmzanuio anropurMa BAI*-HL, monydeHHble B XO0[e NpeasAyIIMX HcciaeqoBanuii [8].
PesynpTatsl o 3amepkkaM KpUTHIECKOTO ITyTH, M YHCTY JIOTHYECKHUX IEMEHTOB, 3aTPadnBaEMBbIX
Ha peanu3aluio aroputMa, ObUIM TIOJydeHBl B X0JIe TIPOOHOTO CHHTE3a Ha TEXHOJOTHH 16 HM C
neneBoil gacrtoroi 2 I'Tu. Pe3ynpTaTel Mo mosie CKMMAaeMbBIX CTPOK M TEOPETHUECKOW CTETIeHH
CXKAaTUS TO aJrOPUTMY COOMpAIMCh Ha [AHHBIX, IMOCTYMAIONIMX MO 3alHuCH B KIMI-TIAMSTH
TIOCJIE/THETO YPOBHSI Iporieccopa Dibopyec.

Tabn. 1. Xapaxmepucmuxu ancopumma BAI*-HL
Table 1. BAI*-HL algorithm characteristics

Compression Decompression
Critical path delay (2 GHz) 300 ps (1 cycle) 70 ps (1 cycle)
Number of logical elements 6700 2400
Lines compressed (from lines written to LLC), % 24.2%
Theoretical compression ratio 1.246
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Kak MOXHO BHAETh, HA CTPOKAX, MOCTYMAIOLINX MO 3aMHCH B K3UI-NAMSTH MOCIECAHETO yPOBHS
JITOPUTM TIOKA3bIBAET JOCTATOYHO BBICOKYIO JOJIO CXKATBHIX CTPOK, M IPH 3TOM KOMIpECCUS U
JICKOMITPECCHs TIPH €ro HCI0JIb30BaHUU 3aHUMAIOT Beero | TakT npu yacrore 2 I'Tm.

Takum 00pa3oM, aaropuTM yIOBIETBOPSIET BCEM KPHUTEPHUSIM, IOCTaBJICHHBIM B IIPEABIIYIIEM
paszerne.

2.3 Bbibop 06beKTa komnpeccumn

Kaxk yxe 0p110 0T™MEUeHO paHee, anroputM BAI*-HL opueHTHpOBaH Ha ckaTne KIII-CTPOK. Takum
o0pa3oM, mpoenupys 3TOT (aKT Ha THUIBI [AKETOB, MEPENaBacMBIX depe3 MEXKIPOLECCOPHBIE
KaHAJIBl CBS3M, MOXKHO NPHUTH K 3aKJIIOYCHHIO O TOM, YTO PACCMOTPEHHBIH aNropuT™M Hamboiee
HOAXOAMT JUISl COKATHUS TAKETOB C JAaHHBIMU.

[Ipoure makeTsl copepkaT TOJBKO HHGOPMAIHMIO, HEOOXOAUMYIO IS KOPPEKTHOH pPabOTHI
CHCTEMHOTO TPOTOKoJIa. B 3Tol MHpopManuu yxe He OyIyT MpOSBIATHCS 3aBHCHMOCTH MEXIY
CETMCHTaMHM JTaHHBIX, a IOTOMY NMPUMCHCHHUC TaM PACCMOTPCHHOI'O ajropurMa KOMIPECCUU HE
SBIIACTCS LIETIeCO00Pa3HBIM.

OT0 NPUBOIUT K PEIICHHIO O TOM, 4YTO CpeAd Bcell HHGOpPMAUWH, IeperaBaeMoi 1o
MEKIPOLECCOPHBIM JIMHKaM, KOMIIPECCHS OyIeT pacCcMaTpUBAaThCS TOJBKO JUI IIAKETOB C
JaHHBIMU. [[JI1 OCTaNbHBIX TUIIOB MAKETOB MOMBITKA CKATHS IPOU3BOINUTHCS HE OyleT.

3. Tecmoenbili cmeHO

Jlig mpou3BeieHUs: OKOHYATEIbHOM OIIEHKH TOTO, HACKOJIBKO MPUMEHUMOH SBJISIETCS anmapaTHast
KOMIIPECCHSl JIaHHBIX B MEXKIIPOLECCOPHBIX KaHallax CBf3M, HEOOXOAWMO OIpE/eIIHTh,
CYIIECTBEHHO JIM yMEHbBLIAETCS OOBbEM IepefaBacMol I0 KaHaJlaM CBS3M HMH(pOpMAIMU NpU
HCIIOJIb30BaHUN KOMIIPECCHH.

IIpu oTBere Ha STOT BONPOC HEJOCTATOYHO IIOJAraTbcs TOJBKO Ha paHee MOJIydYCHHBIE
XapaKTepUCTHKH IO J0JIe CXKAThIX CTPOK It anroputMa BAI*-HL, mockomnbky, Bo-TiepBBIX, OHU
OBUTH TIOJTy4eHB! Ha 0oJiee BRBICOKOM YPOBHE HE€pPapXUH B IMOACUCTEME TTaMATH (HE BCe KAII-CTPOKH,
MOCTYIAOIIKME B KAII-NIAMATh MOCIETHETO YpPOBHSA, AOHAYT Tak Xe WU J0 MEXIPOLECCOPHBIX
KaHaJIOB CBSI3W), a BO-BTOPBIX, HEOOXOIMMO TaKKe y4ecTh M HH(DOPMALMIO, NEpelaBacMyro C
JPYTHMMHU TUIIAMU NTAKETOB.

B cBsA3u ¢ 3TUM OBUIO pElIEHO cOOpaTh CIEAYIOIIYI0 CTATUCTHUECKYI0 HH(popMmanuio. Bo-nepssIx,
MOYKHO OLICHHUTh COOTHOIIEHHE 00beMa MH(POPMAIMK, OTHOCSIIEHCS K Nepe/laBaeMbIM MaKeTaM C
JaHHBIMH, KO Bcell mepenaBaeMoi mHpopmanuu. Taknum 00pa3oM MOXXKHO ONPENENUTh 00BEM
uH(OpMAaLMK, KOTOPHI B HPUHIUIIE MOXXHO MOMNBITATHCS MOIBEPTHYTHh CXKaTHIO. BO-BTOpBIX,
MOXHO TaK)ke OLEHUTh, Kakas J0Js1 MHPOPMAIMK B MAKeTaxX C JaHHBIMH SBILSIETCSI CKMMAaEeMOM.
Haxonen, 13 cOBMECTHOTO aHann3a 000X Pe3yIbTaTOB MOYKHO CJIEJIATh BBIBOJL O TOM, KaK CHIIBHO
YMEHBIIHUTCS 00BbEM TIepeaBaeMoii nHpopManny 3a cueT KOMIIPECCHH.

Processor

IPLA Counters Block

IPL A
Interface ‘ Event

i Counters

IPLB \\
IPLB
T e [P
| weaaps. | Configuration
IPLC PLC / ARB Slave I —Amwg‘> registers
¢ '[ Interface \]

Puc. 3. Tecmoswiii cmeno
Fig. 3. Testing bench
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s coopa cratuctrdeckoit HHGpOpMAauH ObUT pa3paboTaH TECTOBBIM CTEH, MPEICTABICHHBIN Ha
puc. 3. B xome pabotel mpomeccopa wHGOPMAIus O THMAX IAKETOB, OTHPABISIEMBIX II0
MEXIIPOLIECCOPHBIM KaHallaM CBSI3H, a Takke MHPOpPMAIHsi O KOMIIPECCHH MAaKeTOB C JaHHBIMHU,
3aIMCHIBACTCS. HAa NOOABICHHBIC B CHCTEMY CUCTYHUKH COOBITHH, CyMMHpPYSCh IO BCEM KaHalIam
(MEKTIpOIIECCOpPHBIE KaHAaJbI CBSI3M Ha pUCYHKe 0003HaueHs! Kak IPL, Interprocessor Links).
3HayeHNsI CYETYUKOB KaXOT0 U3 IIPOLECCOPOB IPH ATOM SBJISIOTCS MPOrPaMMHO IOCTYITHBIMH Ha
KOH(UTYpallMOHHBIX perucrpax mpoueccopa udepe3 muHny AMBA APB, mosBossmomyro Kak
CUUTHIBATh, TAK U 3aIIMCHIBATH 3HAYCHHS 3THX CUCTYHKOB.

Co6op cratuctuku npousBoauics Ha FPGA-mpototumne nporeccopa «apopyc-16C», coOpaHHOM B
JIBYXIIpOIleCCOpHOH KOoH(purypauuu. s TecTupoBaHus 3amyckaiuch 3agaun mnakera SPEC
CPU2000 B 0HONOTOYHOM pEXHME, MPUYEM ISl CO3J[aHus JOCTATOYHO BBICOKOI Harpy3kd Ha
MEXIPOLIECCOPHBIC KAaHAIBI CBSI3M 3a/laud 3allyCKAIUCh C MOMOIIBI0 YTHIUTBL Numactl takum
00pa3oM, 4To cama 3ajja4a 3alycKajiach Ha OJHOM IIPOLECcOope, a MaMsITh U Hee BBLIEIIACh Ha
IPYTOM.

IMony4eHHbIC CTATHCTHICCKHE PE3YIbTAThI, YCPSTHEHHBIE M0 000MM MPOLIECCOPaM, MPEICTABICHBI
B CJICAYIOLIEM pa3fere.

4. Pesynbmambi

Ha puc. 4 mokazan rpaduk, OTpaXkalOIIUi IO MHGOPMAIMH, OTHOCSILIEHCS K IaKeTaMm ¢
JAHHBIMH, CPEIM BCEH MepeaaBacMoil 10 MEXIPOLECCOPHBIM KaHajdaM CBA3U HH(pOPMAIIHH.
Ienouncnennpie 3amaun makera SPEC CPU2000 mnoka3aHel KpacHbIM IIBETOM, a 3aJadd C
IJIaBalOIIeH TOUYKOU — CHHUM.

CpeAm'm aons HH¢0PM3“MM, OTHOCﬂI.I.IeﬁCﬂ K NaKetam € AaHHbIMM, %
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Puc. 4. Cpeousisi 0ons unghopmayuu, nepedasaemori no MexicnpoyeccopHbiM IUHKAM, OMHOCAUASACS K
naxkemam ¢ OaHHbLMU
Fig. 4. Average percentage of information sent through interprocessor links that relates to data packets

Kak moxHO BHmeTh, miasi OonbimuHCTBa 3amad maketa SPEC CPU2000 monst mubopmanmu,
OTHOCSIIICHCS K MaKeTaM C JJAHHBIMH, SIBJISCTCS JOCTATOYHO BBICOKOH, YTO YaCTHUYHO OOBICHICTCS
3aMETHO OOJIBIIMM Pa3MepOM MAKETOB C TaHHBIMU 110 OTHOIICHUIO K JPYTUM IakeTaM. B kpaitHem
IIPaBOM CTOJIOIIE TIPEICTABICHO YCPEIHEHHOE 3HaYCHHE 110 BceM 3anadaM makera SPEC CPU2000,
cocTasistroree mpuMepHo 71,7%.

Ha puc. 5 nokaszan rpaduk, ZeMOHCTPHPYIOIIUH JIOTIO cxaThlX 1o anroputMy BAI*-HL crpok,
nepe/iaBaeMbIX B TAKETaX C JaHHBIMH [0 MEXIIPOICCCOPHBIM KaHajaM CBSI3U. AHAIOTUYHO
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npeapiayieMy rpaduky, nenodncienssie 3axaun nakera SPEC CPU2000 noka3zanbl KpacHbIM
LIBETOM, a 3aJ]a4y C IIABAIOIICH TOYKOM — CHHHUM.

CpeaHAs AONA CHKATHIX NAKETOB C AAHHbIMM, %
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Puc. 5. Cpeonss dons cocamuix no aneopummy BAI*-HL nakemos ¢ oanHvimu cpedu nepeoasaemuix no
MedHCNPOYEeCCOPHbIM KaHAladM CesA3U
Fig. 5. Average percentage of data packets sent through interprocessor links that can be compressed
MOXHO BHIETh, YTO KOMIIPECCHS B LIEJIOM padOTaeT JIydlle Ha IEIOYUCIICHHBIX 3a1adax, 4To
OOBSICHACTCSI OTVIMYMSIMHU B JIBOWYHOM MPEICTABICHUM MEXAY IICTBIMH YHCIAMHU M YUCIIAMHU C
IJ1aBaromieil TOYKOI.
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Puc. 6. Cpednuii npoyenm, na komopbwlii yoaemcs. COKpamums 06vem nepeoasaemori no MejicnpoyeccopHbim
Kananam ceAiasu uud)opmauuu 3a cuem Ucnoib306aHUsA annapamuod Komnpeccuu OaHHbIX
Fig. 6. Average percentage by which the amount of information sent over interprocessor links can be reduced
by using hardware data compression
Takke CTOUT OTMETHTH, YTO CPEHHSAA MOJS CKUMAaeMbIX NaHHBIX MOJy4HJIach OOJbIIe, YeM
MOJTlydeHHasl paHee Il KAII-NaMATU IOCIEAHEro YpoBHs, cocraBias 38,1%. OTo MoOxHO
OOBSCHHUTB, BO-TIEPBBIX, PA3IMUMSIMA B HAOOpax K3II-CTPOK, IMOCTYMAIOIIUX B KAIMI-NAMAThH
MOCJIEAHETO YPOBHS U Ha MEXIIPOLECCOPHBbIE KaHalbl CBA3M, a BO-BTOPBIX, TEM, 4YTO [yl
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MEXIIPOLIECCOPHBIX KAHAIOB CBS3M HCIIOJb30BATACh YCOBEPLICHCTBOBAHHAS BEPCHS alTOPHTMA
BAI*-HL, thne mourm 0e3 HakJIagHBIX pacxoJoB OBUIO JT0OaBIEHO JBE HOBBIE CXEMBI
komnpeccuu [8].

Puc. 6 mpexncraBmser coboii rpaduk, NOKa3BIBAIOIINN yYMEHBIIEHHE IIepeaBaeMoi 1o
MEXIIPOLIECCOPHBIM KaHaJlaM CBSI3M MH(OPMALUH IIPU HCIIOJIB30BAaHUH KOMIPECCHU. AHAJIOTHYHO
npeaslaymuM TpadukaM, nenournciacHasie 3agadn nmakera SPEC CPU2000 moxa3aHbl KpacHBIM
LBETOM, a 33/1a4H C TUIABAIOLIEH TOUKOW — CHHUM.

Taxk xe, KaK 1 Ju1s rpaduKa ¢ 1oJei CKaThIX IaKeTOB ¢ JaHHBIMH, 00BEM IepeiaBaeMoii [0 KaHaIam
nH(pOpManuK HanboJee 3aMETHO YMEHBIIACTCS VTS LeTOYHCICHHBIX 3a/1a4, TOCKOJIBKY IJIS TAKHX
3a7a4 OOJIbILE M JOJISI COKMMAEMBIX MAKETOB C JaHHBIMH. B cpeqHeM e 1Mo BceM 3ajadaM MakeTa
SPEC CPU2000 yznaetcst ymeHbIINTH 00beM nepenaBaeMoit nHdopmanuu Ha 13,4%, yto sBisieTcs
BECHbMa CYIIECTBEHHBIM PE3yJIbTaTOM.

5. 3aknro4yeHue

B xone nmanHO#M paboThl OBUI pacCMOTpPEH BOIPOC aKTyalbHOCTH HMCHOJIB30BAaHUS ammapaTHOW
KOMIPECCHHU JaHHBIX B MEXKIIPOLIECCOPHBIX KaHaIaX CBS3H IPOLIECCOPOB C apXUTEKTYpol DmpoOpyc.
Bbutn mpezacTaBiieHbl KPUTEPHU AJSI alllOPUTMa KOMIIPECCHH, HCIIOIb3yeMOIro B IIOJCHCTEME
namsTH. COrJIaCHO 3THM KPUTEPUSIM, JUIs IIPOBEACHUS HCCIIEI0BAHUSI IPUMEHUMOCTH anmapaTHON
KOMIIPECCHHU JaHHBIX OBUT BEIOpaH alroput™ KoMipeccun BAT*-HL.

Bbut pa3paboTaH TECTOBBIN CTEH/I, TI€ VIS IPOU3BEACHUSI U3MEPEHUI OBLIH T0OABICHBI CYCTUUKH
COOBITHIT C BO3MOXHOCTEIO TIPOTPAMMHOTO JJOCTYIIA IT0 YTSHHUIO U 3aIIHCH.

CornacHo pe3ysbTaTaM U3MepeHui, mpousBeaeHHbIX Ha FPGA-nporoTume nporeccopa «mpdpyc-
16C» s 3anau nakera SPEC CPU2000, annapaTHasi KOMIIPECCHsI JAaHHBIX 110 aJlrOpuTMy BAI*-
HL mo3BossieT cxxath 10 MOJI0OBUHBI pazMepa 38,0% MmakeToB ¢ JaHHBIMH, CHHKasl TEM CaMbIM 00beM
BCEH IepesaBaeMoil 10 MEXIPOIIECCOPHBIM KaHAJIaM CBS3M HecnyxeOHo# napopmanun Ha 13,4%.

ITomy4yeHHBIE pe3yNbTaThI MO3BOJISIOT CUUTATD ANNAPaTHYI0 KOMIIPECCHIO JaHHBIX TPHUMEHUMOMH 110
OTHOIICHHIO K MEKIIPOLIECCOPHBIM KaHasaM cBsi3u. [lanbHeiine ucciienoBanust Oy1yT HOCBSILEHBI
MIOJTHOIICHHOHM MHTETpaliy MEXaHHW3Ma amlapaTHOW KOMIIPECCHU JAaHHBIX B MEXIIPOLIECCOPHBIE
KaHaJIbl CBSA3M MPOIIECCOPOB C apXUTEKTypoit DIbOpycC.
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AnHoTanmmsi. PaccMOTpeHsI Ipo0ieMbl M pelieHHs B 001aCTH 00eciedeH s apXUTEKTYPHON HE3aBUCHMOCTH 1
OpTaHM3aIUY MPOIIecca CKBO3HOTO MPOEKTHPOBAHMS U(POBBIX HHTETPATBHEIX cXxeM. [IpencraBiieH MeTo 1
SI3BIK MTApaIEIbHOTO MPOTPAMMHUPOBAHUS Ul (PyHKIIMOHAIBHO MOTOKOBOTO CHHTE3a MPOEKTHBIX PEIICHUH.
IMpn peanmmzanuy MeToAa BBIAENEHBI 33aa4d PEAyKIUH IHapaljielIn3Ma U ONECHKH 3aHHMAaEeMBIX PECYpPCOB.
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IIPOrPAMMHOI0 UHCTPYMEHTApHs IOAJCPXKKHU IPOEKTUPOBAHUS U PEATU30BAHHBIC HA IIPAKTUKE IPOCKTHI
CBUC.
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Baaronapuoctu. CraThsi MOATOTOBIICHa IO MaTepuanaM Jokidaga Ha Cexpmoll MekayHapoIHOM
KOH(epeHIIN «AKTyallbHbIE TPOOIEMbI CHCTEMHOM 1 iporpaMMHoi nrxenepumn» (AIICIIN 2021).

1. Introduction

The current level of digital integrated circuits (IC) development is characterized by constantly
increasing requirements for the systemic organization of the entire design flow. One of the most
important tasks is to reduce the time to get the final result. The main reasons for slowing down the
design flow are iterative operations that lead to returning to previous stages. The elimination of
iterative operations provides an “end-to-end design flow” resulting in lower financial costs and
increased product competitiveness. Another urgent task is to ensure the architectural independence
of the product being developed, in other words, design solutions portability between the target
platforms of the IC. Portability allows the developer to optout of being tied to the target
implementation platform that provides more efficient solutions for key product specifications such
as speed, chip area, etc.

An integrated circuit is, in fact, a system for parallel processing of information flows. At the final
stages of the synthesis, the architecture and operation algorithm of the IC are presented in hardware
description languages. Therefore, efficient solutions for ensuring architectural independence can be
found in the area of portable parallel programs. In turn, end-to-end design can be ensured through
the use of a parallel computing model of the functional flow and the presentation of the original
algorithms in the form of acyclic structures [5, 10, 12, 13].
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2. Related work

A key feature of well-known research in this area is the use of a functional-flow parallel computing
model and language for the initial description of algorithms for the operation of IC.

Currently, there is a steady tendency to increase the abstraction of the initial algorithms from the
final implementation of the project. At the same time, methods for describing the IC architecture
develop in several ways. The most common is the introduction of constructs for high-level
description into existing hardware description languages (HDL) [1]. Such solutions led to the
emergence of the SystemVerilog language based on the classic Verilog [1]. But even in this case,
the level of abstraction from the specific architecture of the target chip is not fully provided.

There are a number of solutions based on the use of adapted imperative high-level programming
languages (primarily C and C ++) as hardware description languages, for instance, SystemC [2],
Handel-C [3], and Impulse-C [4]. However, these languages were created to solve narrow problems,
for example, to implement streaming applications or to support alternative programming models, so
they do not provide architectural independence of the designed solutions. They are predominantly
sequential languages; therefore, they do not support parallelism, which is necessary for describing
parallel processes occurring in the IC.

Of particular interest is the COLAMO programming language [5], which is a high-level language
with an implicit description of parallelism. Parallelization is achieved by declaring variable access
types and indexing array elements, which is typical for data flow languages. Currently, this language
is used for programming reconfigurable computing systems. It allows developing parallel
application programs with high specific performance [5]. However, this language is focused on
solving applied problems in the field of high performance computing for multichip systems.

The most effective solutions are obtained using functional languages that have a more powerful
abstraction mechanism and a developed type system. The initial 1C operating algorithms described
in similar languages are easier to transform and verify [6]. For example, the languages Hydra [7]
and uFP [8] use flows to describe signals and recursive expressions to provide schema
transformations. Lava, like Hydra, is a built-in subset of Haskell. It possesses powerful circuit design
tools derived from its predecessor. At the same time, Lava is simpler and more convenient to use
due to the extended type system for describing hardware. However, the mechanism of "lazy"
calculating inherent in Haskell and the sequential structure of lists impose restrictions on parallelism
transformations and do not allow efficient automatic parallelization of programs [12].

The works of Donnagara [10, 11] show that the effective portability of the IC initial description can
be implemented by using functional programming languages and presenting algorithms as data flow
graphs. The high efficiency of this approach is proved in practice using the example of parallel
software (PaRSEC) for high performance computing [11].

In this case, the solution lies in the application of a programming paradigm, which must meet the
following conditions [10]:

e Lack of explicit control over computations (control by data availability / readiness);
e Data flow model;

e Parallelism at the level of operations.

The model that meets the listed requirements is the basis of the functional-flow parallel (FFP)
programming languages [12]. This gives grounds to consider the FFP programming methods and
the corresponding computation model as the most suitable for solving the problem of high-level
architecture-independent IC synthesis.

Among the programming languages that support the FFP model, the Pifagor language is chosen [12].
This language allows a developer to describe an initial algorithm without resource constrains,
supports a data flow model and parallelism at the operation level, which is the most important for
the architecture-independent end-to-end design of IC. In Pifagor language, architectural
independence is achieved by describing only informational connections existed in the program.
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Unlike Haskell, Pifagor only supports explicitly describing delayed computations. This allows
executing alternative program fragments only when they are needed. Also, there are no loop
operators in Pifagor. This prevents conflicts when using different data with the same fragments of a
parallel program. In theory, this allows a program to start executing any function as soon as its input
is ready. In practice, only resource limits are imposed on the maximum concurrency specified in the
language.

The authors have proposed a method for an architecture-independent high-level VLSI synthesis on
the basis of the FFP computation model and the Pifagor language that supports it [13]. When
implementing the method, the dynamic type system was replaced by a static one, which is supported
in hardware description languages, delayed computations were excluded, and it was proposed a
method to transform them in compliance with the target IC platform. Also, in the modified Pifagor
language, a mechanism for converting recursion into an iterative scheme with a subsequent transition
to a pipeline scheme was introduced [13].

The proposed method for ensuring architectural independence in the course of high-level synthesis
assumes that a program in Pifagor is transformed into an intermediate representation in the form of
a pair of graphs: a data—flow graph (DFG) and a control-flow graph (CFG). DFG specifies
information connections, and presenting CFG in an explicit form allows a more detailed description
of the computational control process.

The DFG is shaped during the program translation, and the CFG can be elaborated both dynamically
and statically. The last approach is used to switch from a program in Pifagor to a program for
describing IC in an HDL language.

The intermediate presentation of the FFP of the program during translation is developed in two
stages. At the first stage, the initial code is translated into DFG. Then, a control-flow graph is formed
from the obtained data-flow graph. CFG can be formed from DFG in various ways. For example, in
accordance with the model of computation control by data flow, either it can be reduced to a
sequential traversal of the DFG, or provide another strategy for managing computations.

To switch to the target IC platform, the DFG is converted into a pipeline scheme. The pipeline
computing scheme is a tiered-parallel form of DFG.

To convert parallelism of the initial algorithm to the target IC platform taking in account the specific
resource constraints, the following stages are performed: determining the boundaries of changing
parallelism, an algorithm for changing parallelism, and evaluating the result based on resource
constraints.

The main task of the transition from the unrestricted parallelism of the FFP model to the target
platform is reduction of parallelism. This is the key moment of all ongoing transformations in the
architecture-independent method of VLSI synthesis. To implement the reduction mechanism, a new
meta-layer called "HDL graph™ was introduced. It is an intermediate layer for making changes to
the FFP model. According to the authors, the term "HDL graph" most fully corresponds to the
method of VLSI synthesis. HDL graph allows you to specify connections between elements of lists
of connected vertices, which in turn allow performing optimization transformations by calculating
the operation of selecting data from the list. With the help of the introduced meta-layer, when
processing types in a statically typed model, a restriction is introduced on the dynamic resizing of
lists during computations.

Recursive computations often become an obstacle when porting such programs to some real
computing platforms, since at a significant depth of recursion memory overflow can occur. The
introduction of the HDL graph made it possible to solve this problem by transforming such
computations into iterative ones using tail recursion and specifying the recursion depth at the
translation stage.
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3. Parallel conversion3.1 Parallelism reduction algorithm

The main feature of the introduced synthesis method is the transition from parallelism induction into
the algorithm description to reducing the initial maximum-parallel algorithm description according
to specific resource constraints of the target platform. As shown in [10, 11], this ensures the
portability of parallel algorithms to various platforms. The main advantage of parallelism reduction
compared to induction is significant decreasing in the number of steps required to obtain the final
result. When reducing a maximally parallel data flow graph, the number of maximally admissible
transformations is set at the synthesis stage.

In the process of synthesis, the following tasks are solved:

e Assessment of the resources of the resulting architectural solution;
e Evaluation of the performance of the resulting solution;

e Calculation of the reduction factor for each class of resources;

e Parallelism reduction of the circuit to achieve the required coefficients.

To estimate resources, an intermediate representation of the program HDL graph is used, in which
architecture-dependent data are already specified. An HDL graph is an acyclic graph in a tiered-
parallel form, at each node of which types and widths of data are specified [14]. The N, resource
classes whereby the scheme should be evaluated are determined depending on the target platform.

For example, the main resource classes of the FPGA platform include:

1) Number of registers N,;

2) Number of logical cells N,.;

3) The amount of block memory N,,, Nm;

4) Number of arithmetic and other specialized computing units Nygy,.

Resources can be divided into two subsets:

e Memory resources Nyem = {Ny, N }i

o  Computing resources Neommp = {Njc, Nusp }:

Within the subset, there are restrictions for fungible resources. For memory resources, any data
storage can be implemented on block memory, while its implementation on triggers has volume
restrictions. For computational resources, it is possible to implement any computation on logical

cells, while the type and set of operations for specialized blocks is limited. Resource estimation
results are used to further parallelism reduction.

3.2 Memory resources estimation
To estimate the required memory amount, the total amount of resources can be referred to the total
amount measured in bits (kbit).
As an example for estimating the circuit resource, consider its HDL graph. Each k-th layer of the
tiered-parallel form consists of a set of information inputs B, and a set of operations O, . After data
typing, each information input of HDL graph vertices has a width of W,.. Based on the input number
and the bit width of each input of a specific graph layer, it is possible to determine the amount of
memory required to store the result in the corresponding graph state:
To calculate the resource, it is necessary to traverse the graph and sum up the bit widths of the inputs
and outputs of all vertices:

NR = Z NR,,.

After an initial evaluation of the required memory resource for the initial maximum parallel
implementation of the circuit, two options are possible:
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The required resource is less than the available one NR < Ny, ., where Ny, is an available
resource;
The required resource is greater than the available one NR = Ny, ;.

The first option does not require the calculation of the reduction factor for memory resourcesG,,.
But when the scheme is changed during its reduction, for other resources, the memory resource must
be evaluated and checked again.
In the second case, the reduction factor G, is calculated using the following formula:

NR

Nm/lc

This factor is used in the parallelism reduction algorithm of the scheme.

In addition to the memory limitation, the memory performance limitation must also be considered.
If the memory is built on registers/ flip-flops, his limitation does not exist, since the width of the
data bus is equal to the amount of data. For block memory, the amount of data read per clock cycle
is less than the amount of stored data. If resource NR exceeds the available volume of N,. registers,
it is necessary to calculate the total data interface to the memory and the reduction factor by the
memory interface G,,4.

G =

3.3 Algorithm for determining the reduction coefficient

To determine the minimum required reduction factor over the memory interface, a set of stages with
the maximum total interface implemented in registers is selected from all stages of the pipeline. To
do this, a subset of the stages is selected from the set of pipeline stages, such that:

(Nmjic — NR,) > max ¥ NR || ¥ NRy.
The || sign denotes logical addition.

The G,,4 factor is defined as the ratio of the total memory interface of the remaining stages to the
total block memory interface IM.

The following algorithm is used to determine the reduction factor over the memory interface:

To select a subset of the pipeline stages such that the sum of resources NR, of the selected stages
will be less than NR, and selected values sum NR; will be maximum;

To calculate the memory resource implemented on block/sequential memory:
NR,, = NR — Y. NR,,

where k belongs to a subset of the pipeline stages selected at step 1.
Calculate the coefficient G,4:

Gma = 1+ Int(NR,,/IM),
where Int is rounding to an integer value.
As an example, the calculation of a 4-point FFT (Fast Fourier Transform) will be considered, where
the discrete Fourier transform is calculated by the formula:

_1lyn-1 —kj ; 1yn-1 kj

The input data type is signed 16-bit.

The Data-Flow graph after transformation into HDL graph and reduction to a tier-parallel form
(TPF) is shown in fig. 1.

The value of recourses NR,, for each stage of the pipeline is calculated as follows:
NR, = 10*2 %16 = 320;
NR, = 16 x4+ 8% 32 = 320;
NR; = 16 x4+ 433 = 196;
NR, =33%4+4+34 = 268.

Total resource value is:
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NR = 1104 bits.
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Fig. 1. HDL graph of the maximum parallel form of 4-point FFT
Let’s consider two architectures, Al and A2. Value N, . for both architectures is 1536 bits. In the
Al architecture, the entire memory resource is in registers. For such architecture, the 4-point FFT
scheme in maximum parallel form is implemented unchanged, as in fig. 2.
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Fig. 2. HDL graph after reduction

In the A2 architecture, the register resource is 512 bits, and 1024 bits are presented in the form of
block memory with a data interface of 36 bits. The total block memory interface value IM is 36 bits.
In accordance with the algorithm for calculating G,,4, a subset of stages that are implemented in
registers and have a maximum interface is selected. In this example, it can be either stage 1 or stage
2.

In this case, value NR,,, will be calculated as follows:

NR,, = NR — NR; = 1104 - 320 = 784 bits.

The value of the reduction factor by the memory interface will be:

=22,

G =
md 36
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In this case, the data feed period becomes equal to G,,,; and pipeline stages 2, 3, 4 or 1,3,4 are
implemented sequentially, since the result is written to one memory block. The scheme obtained as
a result of the reduction with the corresponding ratio G,,, is shown in fig. 2.

The values c1-C12, d1-dg and So-S3 are calculated in this scheme sequentially. Since stages 2, 3 of the
original scheme after reduction require 22 cycles to execute, stage 1 can also be increased to 22
cycles without affecting the overall performance of the system, which will lead to a proportional
decrease in the computational resource of stage 1.

3.4 Estimation of the required computing resources
The total number of layers (stages of the pipeline) is M. At each j-th layer of the graph, a certain set
of operations is implemented: O; , where j = 1, ..., k.
For the entire HDL graph, the number of each operation:

F = Zf-io Oé-
Let L, be the total number of different types of operations, where k = 0, ..., L. The type of operation
here means the type of arithmetic / logical, etc. operations along with the indication of the data width.
For example, adding 16-bit data, comparing 20-bit data, etc.
After calculating the total number of operations of each type based on the available a specific
architecture resource, it is necessary to assess the degree of parallelism with which it is possible to
implement the scheme.
It is supposed that the amount of resource for each specific type of operation is known. Let Y be the
type of resource (logical cells, specialized arithmetic blocks DSP, etc.), V (Y), will be the amount
of resource of type Y required to implement an operation of type k. Then the total resource of type
Y for all operations in the HDL graph will be:

V(Y) =XE_ VY, * Fy.

For each class of computing resources, the reduction factor G, can be calculated as the ratio of the
total required resource to the resource of the target architecture, rounded to the nearest larger integer:
G, = Int(V(Y)/N,).

So, the final reduction factor for computing resources is determined as the maximum among all

reduction factors:

Geaie = max{Gy}
This algorithm is considered using the example of the graph diagram shown in fig. 2. The total
number of pipeline stages for a given graph is 4. The number of operation types L will be 5: 16-bit
multiplication (k = 0), addition and subtraction of 33 and 16 bits (k = 1.2), addition of 34-bit
data, and subtraction of 33-bit data (k = 3.4). The number of operations on the layers of thegraph
will be:

0, = {8,0,0,0,0};
0, = {0,2,2,0,0};
05 = {0,0,0,4,4};
0, = {0,0,0,0,0};

The number of each operation of the k-th type:
Fop=8F =2F =2F =4, F = 4
Let there be architecture with two types of resources for implementation of computations: logical

cells (Y = 0) and DSP sections (Y = 1). The following resource values for each type of operation
are taken:

For logic cells:

V(0), =0, V(0), =5,

V(0), =5, V(0); = 10, V(0), = 10.
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For DSP sections:
V(1) =1V(1); =0,
V(1), =0,V(1); =0, V(1), = 0.
The total resource for each type for all operations in the graph will be:
V() = Xk _ VY *F,=0%8+5%2+5+2+4%10+4*10 = 100,
V) =Yk VY *F,=1+8+0%24+0%2+0%10+0+10=38
The architecture where the number of DSPs is N; = 2, the number of logical cellsis N, = 200 is
considered. According to it, the reduction factor for each type of resource is:

G It<V(O)) 100 0.5
0 Go 200
V(1) 8
G, = Int == =
()3

The value of the reduction factor for computing resources G4, is:
Geqre = max{0.5,4} = 4.
After reducing each stage with a factor of 4, the delay of each stage will increase to 4 clock cycles,
while the resource will also decrease by 4 times. The resulting circuit is shown in fig. 3.
Note that changing the computational resource may change the memory resource.
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Fig. 3. Scheme of HDL graph after reduction by Gcalc

3.5 Generalized Parallelism Conversion Algorithm

Let the ratio of the resource required to implement the circuit in the original maximally parallel form
to the available resource be denoted as R. It is assumed that the available resource is the smallest of
the resources. There are three options for transforming the original maximum parallel scheme can
be distinguished depending on the available resource of the target platform.
The first option: if R > 1, a reduction in parallelism is required.
In this case it is possible to increase performance by placing several circuits in parallel:

S = Int(1/R).
Consider a reduction algorithm using the reduction coefficients described in subsections 3.2-3.4.
) Calculating the reduction factors G, and Ggqec;
) Choosing the maximum coefficient Gpqy = Max(Gpy, Gearc):
) Reducing the parallelism of the circuit to Gpgy:
)

S N

Recalculating the coefficients G, and Ggy for the modified
circuit;
5) If they are less than 1, the algorithm is finalized;
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6) If some operations can be implemented using a different type of
resources, change these operations to another type of resources
without changing the R coefficient and recalculate the G, and
Geqic coefficients;

7) If any of the coefficients are greater than 1: Gpgy =1+ Gpuex and
return to step 3.

A sequential increase in the reduction factor allows selecting the minimum possible ratio to meet
the resource requirements and at the same time achieve maximum performance (the minimum
possible reduction in performance relative to the initial maximum parallel version).

Second option: when R < 1/2, an increase in the number of circuits is possible.
The third option: when 1/2 < R < 1 the resource is enough to accommodate 1 maximum parallel

version of the circuit.
In the second and third options, no conversions of the maximally parallel circuit are required.

4. Results

In the framework of the research, the authors have implemented a set of software tools that perform
the following functions:

o Transformation of the source code in the FFP language into an intermediate representation in
the form of an DFG and CFG;

e  Optimization transformations that increase the efficiency of FFP programs;
e Debugging and analysis of FFP code at runtime, including finding errors and tracing;

e Compilation of the intermediate representation of FFP programs into the description of VLSI
in HDL languages [15].

Fig. 4 shows the architecture of the developed design support tools based on the proposed high-level

synthesis method

FFP Program
CFG

( veiir ) (Usynthesizer oL ) ( optimizer )
- 7

HDL- graph
~

Parallelism reduction
Preprocessor

Code on Verilog! VHDL

Fig. 4. Architecture of design support tools

The interpreter provides executing the program developed in the FFP language. The input data for
the interpreter is the data flow and control graph, as well as the argument of the top-level function.
The argument is presented in the format of the DFG description, for this it is processed by the
translator.

The optimizer also uses the input intermediate representation and performs optimization of the DFG,
the result is saved as an intermediate representation of the DFG.
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Optimizing transformations carried out at this stage include:

A. Removing unused code;

B. Optimizing repetitive calculations;

C. Direct function substitution;

D. Removing duplicate code;

E. Optimizing based on equivalent transformations of the FFP algebra of the model.

The translator checks the syntax of programs developed in the Pifagor functional data flow parallel
programming language and converts the program into its intermediate representation in the form of
DFG and CFG [16]. It transforms a functional-flow description into a description at the level of
combinational logical circuits. The translator includes a debugger, a DFG generator, and a CFG
generator. The result of the translator's functioning is a set of debugged functions implemented in
the Verilog / VHDL languages.

The developed software package also includes a parallelism reduction preprocessor and resource
estimation preprocessor. The parallelism reduction preprocessor automatically converts the
parallelism of programs intended for translation into an HDL language, taking into account resource
restrictions. The preprocessor gets an intermediate representation of the 1C operating algorithm in
FFP language in the form of a typed data flow graph (HDL graph) and resource constraints of the
target platform obtained using the resource constraints preprocessor. The result of the operation of
the parallelism reduction preprocessor is the data flow graph, transformed taking into account
resource constraints. The resulting representation is used by the circuit synthesizer to obtain a
description of the IC in HDL languages.

Translators have been developed for the Verilog and VHDL languages [17]. The program
implements checking the initial description for suitability for synthesis, assembling the initial
description from a set of functions, assigning data types in the original description and synthesizing
the output circuit description in Verilog / VHDL languages.

A set of software tools functions as part of an integrated development environment and allows a
developer to form a set of debugged functions for their implementation in the form of a IC. The shell
provides information resources for organizing the entire process of high-level VLSI synthesis based
on the FFP approach.

By means of the developed tools, a number of scientific and technical solutions have been obtained:
a set of complex functional blocks of a single-chip driver of the on-board network of a spacecraft
[18], VLSI of the DSP unit based on the BMK K5540TNO14A from the MRKO6 navigation device
[19] and others.

5. Conclusion

The review of recent languages and methods for designing logical circuits made it possible to
substantiate the choice of the functional-flow parallel computing model and the Pifagor parallel
programming language for the development of an architecture-independent method for synthesizing
integrated circuits.

In the process of developing the proposed method for synthesizing IC based on a modified FFP
model, a parallelism transformation method was proposed, which consists in reducing the maximum
parallelism of the IC operating algorithm when switching to specific target architecture. This
approach provides portability of parallel architectures to different platforms.

The parallelism transformation includes resource estimation, calculating the parallelism reduction
factor for each resource class, and reducing circuit parallelism to achieve the required characteristics
of a specific target platform.

The presented reduction methods make it possible to change the parallelism of the initial algorithm
description and provide the implementation of the transfer mechanism to different architectures with
different resource constraints.
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The proposed method, in contrast to the parallelism induction methods, reduces the complexity of
the transfer process by reducing the enumeration of the number of implementation options obtained
in the synthesis process, taking into account resource constraints. At the same time, resource
estimation methods at the high-level stage require accounting for overheads when changing
parallelism to more sequential schemes. For this case, it is necessary to increase the accuracy of the
estimate. For this, neural networks and machine learning methods can be used, which, based on the
parameters of the circuit evaluation at a high-level stage, can predict the values of the circuit
parameters with the required accuracy after implementation at a low level.

Direct calculation of resource required to implement the developed circuit is complicated due to the
many transformations that occur during the synthesis and implementation at the low-level stage. The
implementation of accurate methods for assessing the resource will further reduce the number of
circuit options considered in the synthesis process under resource restrictions.

On the basis of the proposed methods of parallelism reduction and resource estimation, a number of
tools have been implemented, such as a translator of an architecture-independent description of
automaton and combinational schemes, resource estimation and parallelism reduction preprocessors.
Preprocessors calculate and quantify the required circuit resource for selected types of unit blocks
(cells, memory, triggers, LUTS, etc.) on supported target platforms.
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AnnoTtanusi. OHO# 13 poOJIeM pH aBTOMaTHYeCKOH 00paboTKe TEKCTOB sBIsIeTCS UX aTpuOymws. [ox stim
TEPMHHOM IIOHMMAIOT YCTaHOBJICHHE aTPHOYTOB TEKCTOBOTO IIPOM3BEACHHUS (OMpeleleHne aBTOPCTBA,
BPeMEHH CO3aHHs, MecTa 3amucd W Ap.). B craTee mpeacraBieHa 00OOLICHHAs KOHTEKCTHO-3aBHCHMAsI
TeopeTuko-TpadoBasi MOAENb, NMpPEAHA3HAUCHHAs U aHaiau3a (ONBKIOPHBIX M JIUTEPATypHBIX TEKCTOB.
MuHHManBHON CTPYKTYpHOH eauHUIEHd Monenu (IPUMHTHBOM) SIBIAETCS CIIOBO. MHOXKECTBa CJIOB
O00BEUHSIOTCS. B BEPIINHBI, TIPHYEM OJHO M TO XK€ CIIOBO MOXKET MMETh OTHOLICHHE K Pa3HBIM BEpIIMHAM.
Pebpa u rpadoBbIe MOACTPYKTYPHI OTPAXKAIOT JIEKCHUECKUE, CHHTAKCHIECKHE U CEMAHTHYECKHE CBSI3U TEKCTa.
XapaKkTepUCTHKaMH MOJENHU SBIAIOTCS €€ HEYETKOCTh, MePApXUYHOCTh M TEMIOPAIBHOCTh. B KadecTBe
NPUMEPOB TIPUBOIATCS HEpapXuueckas TeopeTHKo-TpadoBas MOJETb COCTaBIIOMNX (Ha IpuMepe
murepaTypHbeIx npousBeneHnid A. C. IlymkuHa), TeMmopanbHas TEOpPETHKO-TpadoBas MOIENIb CKa304HOTO
CIoKeTa (Ha TpHMepe PyCCKUX BONMEOHBIX cka3ok A. M. AdaHackeBa) M HedeTKas TEOPETUKO-TpadoBast
MOJIETTb «CHITBHBIX)» CBA3€H TPaMMAaTHIECKHX KJIACCOB (Ha IPHMepe aHOHIMHBIX CTaTei U3 JOPEBOTIOHOHHBIX
KypHAIOB «Bpems», «3Omoxa» W exeHenmenpHHKa «['pakImaHHH», KOTOpble pemaktupoBan . M.
JHoctoeBckuit). Monens CTpOUTCsT TAKUM 00pa3oM, 4TOOBI B JajbHEHIIEM ee MOKHO OBUIO MCCIENOBaTh C
MOMOIIBIO METO/IOB HCKYCCTBEHHOT'O HHTEIUIEKTa (HAapuMep, EPEBLEB PELLICHHUH HIIH HEHPOHHBIX ceTeit). J{s
9TOH menu B MHpOpMannoHHOW cucteMe «Domnbkiop» ObuT paspaboTaH (opMar Uit XpaHEHHs MOJOOHBIX
JIaHHBIX, a TAKKE PeaTn30BaHbl IPOLETYPHI A BBOJA, PEIAKTUPOBAHNUS M aHAIIM3a TEKCTOB H UX TEOPETHKO-
rpadOBBIX MOJIEINEH.
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Abstract. One of the problems of automatic text processing is their attribution. This term is understood as the
establishment of the attributes of a text work (determination of authorship, time of creation, place of recording,
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etc.). The article presents a generalized context-dependent graph-theoretic model designed for the analysis of
folklore and literary texts. The minimal structural unit of the model (primitive) is a word. Sets of words are
combined into vertices, and the same word can be related to different vertices. Edges and graph substructures
reflect the lexical, syntactic and semantic links of the text. The characteristics of the model are its fuzziness,
hierarchy and temporality. As examples, a hierarchical graph-theoretical model of components (on the example
of literary works by A. S. Pushkin), a temporal graph-theoretic model of a fairy tale plot (on the example of
Russian fairy tales by A. M. Afanasyev) and a fuzzy graph-theoretic model of «strong» connections of
grammatical classes (on the example of anonymous articles from the pre-revolutionary magazines «Timey,
«Epoch» and the weekly «Citizeny, edited by F. M. Dostoevsky). The model is built in such a way that it can
be further explored using artificial intelligence methods (for example, decision trees or neural networks). For
this purpose, a format for storing such data was implemented in the information system «Folklorey, as well as
procedures for entering, editing and analyzing texts and their graph-theoretic models.

Keywords: graph-theoretic model; text attribution; lexis; syntax; semantics; fuzzy graph; hierarchical graph;
temporal graph; information system «Folklore»
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1. BeedeHue

3ajaun aHaiM3a TEKCTOB, KaK OJTHO U3 HAIlPaBJICHHI MCKYCCTBEHHOro MHTeIeKTa [12], Bce yamie
PEMIaroTCsl C HOMOIIBIO COBPEMEHHBIX MAaTEMAaTHUECKUX METO/IOB M KOMITBIOTEPHBIX TEXHOJIOTHH. B
HayYYHOH JIHUTepaType 0003HAUECHBI Pa3IMIHbIE ITOIX0/IbI © METOIBI PELICHUS 3a/1a4 KIIacCH(pHUKAIIN
1 MOWCKA TEKCTOB, aTpUOYIINHI TEKCTOB, MAIIMHHOTO NIEPEBO/Ia, aBTOMATHIECKOTO pedepHpOBaHNS,
BBIABJICHUS IIJTarMaTa, aHAJIN3a TOHATbHOCTH TEKCTOB, T€HEPALINH TEKCTOB, PEKOHCTPYKIIMU TEKCTOB
u ap. [7] Ortu 3amaum oOBenuHSAET HEOOXONUMOCTh IOHMCKAa HECTAHAAPTHBIX, CKPBITHIX
3aKOHOMEPHOCTEH, MPUCYIIUX TEKCTaM, KOTOPbIE MOXHO OOHapyXUTb, HalpUMEp, C MOMOLIBIO
METOJIOB MICKYCCTBEHHOT'O HHTEJIEKTa M MAIITMHHOTO 00y4eHus. Takke OTMETHM, YTO PE3yJIbTaThI,
MOJTydECHHBIE NP PEIICHUH OJHOTO Kiacca 3ajad oO0pabOTKH TEKCTOB MOYKHO NMPUMEHHUTh WU JUIA
JIPyTOro KJlacca.

B mHacrosmee Bpems akTHBHO DPAa3BHBAETCS HampaBieHHE OOpabOTKH ECTECTBEHHOTO S3bIKa
(MaImIMHHBIA TIEpeBOJ], CO3/laHNe YaT-00TOB M T.X.), CBI3aHHOE C MCIIOJIb30BaHHEM HEWPOCETEBBIX
texuonoruit (Transformer, RNN, CNN) [11, 17]. DTu TeXHOIOTHH TO3BOJISAIOT BBISBISTH CKPBITHIC
3aKOHOMEPHOCTH sI3bIKa, OJIHAKO JUISi MX HACTPOWKM U aJIeKBaTHOW paboThl TpeOyeTcsi OObIIOoi
00beM [aHHBIX. JIpyrUM HEIOCTAaTKOM JTHX TEXHOJOTMH SBISETCA 3aKPHITOCTh IOJy4aeMbIX
SI3BIKOBBIX 3aKOHOMEPHOCTEH (MOeNeit) M OTCYTCTBHE 0OOCHOBAHHS IPHHUMAEMBIX PEIICHUH. DTO
JIOITYCTUMO TIPH HMX TEXHOJOTMYECKOM HCIIOJIb30BAHUM, HO YacTO HE ITOJXOIUT Ul HAYYHBIX
HCCIIeIOBAaHUN 1O aTpUOYIIUK TEKCTOB.

OcHOBHas HJest MaTeMaTHYECKHUX ITOIX0JI0B K PEIICHHIO 33/1a41 aTpUOYIIMN TEKCTOB 3aKJII04aeTCs
B II0/ICUETE CTATUCTUUECKHUX MapaMeTPOB, KOTOPBIE, C OJHOW CTOPOHBI, HACHTH(UIHUPYIOT CTHIb
aBTOpA, a, C IPYroil CTOpPoHBI, UM ciabo koHTpoaupyrotes [15, 16]. DTo HanpapieHHe M3BECTHO
1oJ Ha3BaHWeM ctuiieMeTpus (Stylometry). Yuensle u3ydaroT Takue XapakTepUCTHKU Kak JUTHHA
NpeATIOKEHHs], JJIMHA CJIoBa, OOTaTCTBO CIIOBapHOro 3amaca M T.I. MHOTAa wuccienoBaHUs
0a3upyroTcs Ha TOJACYeTe N-TpaMM - TOCIIEIOBATEIbHOCTEH TEKCTOBBIX AJIEMEHTOB (OYKB, CIIOB,
HICHTH()UKATOPOB YacTel Peud M T. 11.), B3SITHIX B MOPSAKE uX mosiBiieHust B Tekcre [18]. Omnako
9acTo TOJOOHBIE OJKCIHEPUMEHTHI HE JaBaji yOeAWTENBHBIX pPE3yNbTaTOB M  SBJIUIUCH
TPYZXHOOOBSACHUMBIMH IS (PHUIIOIIOTOB.

OTMeTnM, 9TO 1O IPUYHHE CBOSH MHOTOIIJIAHOBOK M MHOTOYPOBHEBOH CTPYKTYPBI TEKCT SIBIISETCS
CIOXHBIM OOBeKTOM mansi u3ydeHusa. C OJHOW CTOPOHBI, B HEM MOJKHO BBIICIHTH DPa3HbIC
CTPYKTYPHBIE €OUHHIBI (HAampuUMep, Ha JIEKCHIECKOM, CHHTAKCHYECKOM H CEMAaHTHYECKOM
VYPOBHSIX), & C IPYTOii CTOPOHBI, yCTAHOBHUTH Pa3HbIC BUJIBI CBSI3€H, T.€. B PE3yJIbTAaTe OJHOMY H TOMY
K€ TEKCTy MOTYT COOTBETCTBOBATh HECKOJBKO DPA3MMYHBIX Mozeied. Takne Momenn MOXKHO
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MPECTaBUTh B BHJIE TPadOB, KOTOPBIC COCTOAT U3 MHOKECTBA OOBEKTOB (BEPIITNH) U CBI3EH MEKITY

3TUMU oO0bekTamu (pebep). Ha wHam B3MIAm, TEOpeTHKO-TpadOBBIE MOJEIH  SBISIOTCS

MePCICKTHBHEIM HaNpaBiIeHHEM B 00IacTH aTpuOyIMH TeKCTOB. Hampmmep, MCIONB30BaHUE

texnonoruu GNN (Graph Neural Network unu B mepeBosie ¢ aHIIUHCKOTO 2pagosvie Heliponivle

cemu) TIO3BOJISIET HE INMPE0OpPa3OBBIBATH CTPYKTYPY B YHMCIOBOM BEKTODP, TEPsis IPH ITOM YacTb

BO)XHOH MH(pOpMAIMU, a COXPAHUTH TOIOJIOIMYECKUE OTHOLICHUS JUISl MOCIEAYIOIIEro aHajau3a

[19].

PazpaboTtka 00001IEHHONH MOJEeNu 00ycIOoBJIeHa HECKONbKMMHU (akropamu. PazHble TeopeTHKo-

rpadoBble MOJENHM TIO3BOJSIOT IOJIYYUTh HOBYIO MH(OPMAIMIO 00 HCCIEIyeMbIX TEKCTax.

Oco0eHHO 3TO BaKHO B ciydae (HOJBKIOPHBIX M JINTEPATypHBIX TEKCTOB, KOTJa WX YHCIO B

KOJUISKIIMSIX B CWJIy MCTOPUYECKUX NPHYMH HEBO3MOXKHO YBEIMYMTh. [IpM 3TOM Mojydaemble

BBIOOPKH MOTYT OBITH HecOallaHCUPOBAHHBIMH (HAIIpUMeEp, ITPOU3BEICHUS OJJHOTO aBTOpa CHIBHO

npeoOIagaroT Hax TPOWM3BENEHISIMHA JPYroro apropa). MHTepec NPEencTaBISIIOT W HOBEIC

XapaKTepUCTHKH, TOIy4aeMbIe B pPE3ylbTaTe CHHTE3a Pa3HBIX MOJeNeil, U BO3MOKHOCTH IS

JManpHeHmel pa3paboTku Oojiee COBEPUICHHBIX THOPWUAHBIX CTPYKTYyp. Peanmm3oBaHHBIE B

TpoTrpaMMe MaTeMaTHYECKHe METOIBI M aITOPUTMEI O€3 TpyJa MOKHO MIEPEHECTH C OTHOTO Kilacca

MoJeneil Ha Apyroi. B ciydae jke, KOrga OHH WMEIOT Pa3HOE OMHCAHWE, MONOOHBIH ITOIXOX

BEITJBIIUT TPYAHOPEATA3YEMBIM U CIIOKHO HHTEPIIPETUPYEMBIM i (GIII0NIOroB. OTMETHM TaKke,

YTO CTAQHOBUTCS MpOLIE HAa OJHUX M TEX K€ JAHHBIX MPOBECTH CPaBHEHHE pPE3YJIbTATOB

KJIaccu(UKAIUH, TIOTYYCHHBIX C TOMOIIBIO Pa3HBIX METOIUK, M BBIIBUTH Hanboiee 3¢ ()eKTUBHBIC.

[ToaTOMy 3HAUUMBIM SBJISIFOTCS HE TOJBKO €IMHOOOpA3HOE CTPYKTYpHOE ONHCAHUE TEOPETHKO-

rpadoBBIX MoJenel A1 aTpHOYLK TEKCTOB, HO M pa3paboTka obiero gopmara Juis MX XpaHEHHs

U JanpHeiliiero anamusza. JlaHHoe wWccienoBaHME B II€JIOM IPEACTABIISCTCS IOJIE3HBIM JUIS

CHUCTEMaTH3allU TEOPETHKO-TPAPOBEIX MOACTICH TEKCTOB 1 METOJOJIOTHU MX TIOCTPOCHUSI.

B nanHoit pabote mpesyaraetcst 00OOIICHHAS KOHTEKCTHO-3aBHUCHMAasi TEOPETUKO-rpadoBas

mozenb. OHa Obula anpoOMpOBaHa HA PA3IMYHBIX KOJUICKIMAX (DOJBKIOPHBIX M JIUTEPATYPHBIX

texcros [10, 11, 14]:

e TeopeTuko-rpadhoBas MOJENb CHHTAKCHMYECKOH CTPYKTYPBI, PacCMOTpEHHas Ha MaTepHaie
¢donbkiopusix necen (JIyxckue necHu, OecéaHble NECHU) U CTUIM30BAHHBIX MO (OJIBKIOP
texcroB (H. A. Kiroes, A. K. Toncroii, C. A. Ecenut u 1p.);

e  pepapxXuyeckKasi MOJIeNIb CHHTAKCHUYECKON CTPYKTYPHI Mpeiokenus (Ha Matepuane Tekctos I1.
A. Bszemckoro, D. Ilo, M. A. Bbpoackoro, a Takxe mnepeBogoB C. Anapeesckoro, /.
MepesxkoBckoro, K. Bprocosa, I'. 'onoxBactosa, H. Tosst, B. TonopoBsa u ap.);

e HeueTKas TEOPETHKO-rpadoBas MOJETb Ha OCHOBE JCPEBHEB 3aBHCHMOCTEH (Ha MaTepHale
IyXOBHBIX CTHUXOB O [omyOmHo#l kHmre u3 cOopuuka Kupmm JanumoBa m «CoOpaHus
Hapojusix necen [1. B. Kupeeckoroy, 0butie B 3anucu I1. H. PeiOHHKOBA);

e  TeopeTHKO-TpadoBas MOJIEIb CEMAHTHIECKOH CTPYKTYpPhI (DOTBKIOPHBIX MECeH (Ha MaTepuaie
nieceH 3aoHexbs X1 X —navana XX Beka B 3anucu ©. Ctyaurckoro, B. [lamkosa, B. JIeicanoBa
uIp.);

e  JIepeBbsi PElICHHH, MTOJTyYCHHbIE HA OCHOBE aHaJI3a aHOHUMHBIX CTaTel U3 JOPEBOJIIOLMOHHBIX
xKypHasoB «Bpemsa» (1861-1863), «Omoxa» (1864-1865) u exenenenpHuka «I paskpaHuH»
(1873-1874), kotopsie penakTuposan @. M. JIOCTOEBCKHIA.

2. O606ujeHHasi KOHMEeKCMHO-3agucumMasi meopemuko-2paghoeasi Mooeslb
pOILKIIOPHBIX U JlumepamypHbIX MEeKCmMoe

2.1 HeveTkue, TeMnopanbHbIe U uepapxuyeckue rpadbl

Kaxk ormeuaercs B [10], BaXXHBIME XapaKTEePUCTHKAMHU TEOPETUKO-TPa(GOBBIX MOJIEIICH TEKCTOB MPH
peLIeHNY 3a71a41 aTPUOYIIMH SBIISIOTCS HEYETKOCTh, HEPAPXUIHOCTD U TEMIIOPAILHOCTb.
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OnHHUM M3 NIPOSIBICHUI HeuemKocmy Ha Pa3HbIX YPOBHAX S3BIKOBOM CTPYKTYPBI TEKCTa SIBIISIOTCS
cirydan omoHuMuK. OMoHEMaMu (rped. hOmos — oMHaKOBEIA, ONYyMa — UMs) Ha3bIBAKOTCS CIIOBA,
pasHble N0 3HAYCHUIO, HO OJMHAKOBBHIC 0 3BYYAHUIO U HANUCAHMIO. Pa3nM4aroT JEKCHYECKYIo
OMOHHMHIO, MOP(OJIOTHUECKYI0 OMOHUMHUIO, JIEKCHKO-MOP(OJIOrHIeCKy0 OMOHUMUIO (Hanboee
YaCThIN BUJT) U CHHTAKCHYECKYIO OMOHUMHIO [5].

IMousitre HeweTkoro rpada (fuzzy graph) ocHoBaHo Ha ompenecHUM QYHKIIUHU TPUHAIICKHOCTH,
KOTOpasi CTaBUT B COOTBETCTBHE BepIIMHE MM peOpy rpada 3naueHue ot 0 1o 1. Bomnee crporo
HeueTKuii rpad BToporo pona G = (17, E ) ompenensietcs cieayroum oopazom [3]. ITycts umeercs
HEKOTOPOE YHHBEpCAIbHOE MHOKECTBO X H 3a[]aHO HEYETKOE MHOXKeCTBO V/ B X MMelolee BH

V={mww\v)}veX,
rae 0 < py(v) < 1 — 3HayeHue QyHKUMH MPUHAUIC)KHOCTH ISl BEPIUUHEL ¥ (31ech V — HOCUTENb
MHOKeCTBa I 3amanuM Taxke HEUETKOE MHOXKECTBO pebep
E = {(,uE(vi, 17]))}, Vi, vj € V,
rie 0 < pp(v;,v;) <1 — 3HaueHue (QYHKUMM HPUHAIJIEKHOCTH s pebpa (v,-, v]-). Ecmu
MHOKECTBO BEpIINH ABJSIETCS YETKHM B OTIMYHE OT MHOXKECTBa pedep, TO Takoi rpad) Ha3bIBaeTCS
rpagom nepBoro poza.
Taxxe B psage padot JI.C. bepmreiina (Hanpumep, B [2]) BBOIUTCS IOHITHE MeMROPAIbHO20 2paga,
T.€. MOJIEH, TAE CBSI3M MEXIy 3JeMEHTaMH (BepIIMHaMH rpada) M3MEHSIOTCS BO BpeMeHHU (B
ciTydae MOJEIMPOBAHUS TEKCTa MOJ 3THM TEPMHUHOM Oy/eM IOHHMAaTh yNOPSIOYEHHOCTH CJIOB B
TEKCTe ¥ COOTBETCTBYIOIIMX UM BEPLIMH). ABTOp OTMEYAeT, YTO IOHATHE TEMIIOPAIBHOTO Tpada
(temporal graph) B nuTeparype TpakTyeTcs B IOCTAaTOYHO HIMPOKOM JHAIla30HE — OT BPEMEHHBIX
rpadMKOB JO OPUCHTUPOBAHHBIX AlIUKIHYECKUX rpadoB u cereit [letpu.
B MareMaTHYeCKUX TEPMHUHAX HA30BEM TEMIIOPaIbHBIM rpadom Tpoiiky G = (X, {I;},T), rne X —
MHOYECTBO BepIIUH rpada ¢ uuciom Bepiun n = |X|, T = {1,2, ..., N} — MHOXeCTBO HaTypaJbHbIX
YHCEI, ONMPEAENAIOMHUX (AUCKpeTHOE) BpeMs; {I;} — ceMeliCTBO COOTBETCTBUM, WIIM OTOOPAKEHHUH
MHOXecTBa BepiinH X B cebs B MomeHT Bpemenn t € T, 1.e. (Vt € T)I;: X — X. Tpuuem, ms
Pa3IMYHBIX MOMEHTOB BPEMEHH 3TH OTOOPaXXEHUsI, B 00IIEM CIlydae, pa3iIndHbIe:
(Vx € X)(Vty, t; € Tty # t)[I1, (x) # I, (%))
Bo wMHoOrux cny4asx TpeOyroTcs Oosiee ciiokHbie rpadoBbie (GopMaau3Mbl, 00IaIArOIIHE
uepapxuueckoit crpykrypoit (hierarchical graph). WssectHsl uepapxuueckue epaghosvie mooenu,
OINMHKCaHUe KOTOPBIX MpHBOAUTCs, Hanpumep, B [8]. I'pad C naswiBaercs dparmentom rpada G
(o603nHaunM C S G), ecnu C — 3TO MOJAMHOXKECTBO 351eMeHTOB rpada G. O603Ha4uum F — nepapxuio
¢parmentoB G, ectn G e F u uis1 mr00bIx 1Byx (pparmentoB C1 u C; u3 F nmubo ¢parmentst C1
C> He nepecekaroTcsi, MO0 OJIMH U3 HUX SBJISIETCS 4acThio (noadparMeHTom) apyroro. ®@parMeHT
G — ocHOBHO}#! (TT1aBHEIH) pparmeHT uepapxun F. @parment C € F — 3neMeHTapHbIH, eciii B F HeT
¢bparmentoB G, sBistomuxcs noapparmenramu pparmenra C.

[Tycts 3anana HekoTopas nepapxus ¢pparmenros F rpada G. dns mobeix Cy, C, € F dparment Cy
—npsmoii mondparment Cy, ecim C1 — noadparment Co ¥ He cyliecTByeT Takoro C; € F oTIMYHOTO
ot C1 1 Cy, uto C; € C3 € C,. Uepapxuuecknii rpap H = (G, T) coctout u3 rpada G u kopHEeBOTO
nepeBa T, BEpIIMHBI KOTOPOTO COOTBETCTBYIOT 3JIEMEHTaM HEKOTOpoil mepapxuu B G, a ayru
OTPaXAIOT OTHOIIEHHE MX HEMOCPEJCTBEHHOW BJIOKEHHOCTH. | Ha3bIBaeTCs JIEPEBOM
BJIO’KEHHOCTH, @ G — OCHOBHBIM rpadom nepapxuieckoro rpaga H.

OpHaKO OTMETHM, YTO IOJI00HbIE HepapXxudeckue rpadbl He TOAXOAAT ISl OIMCAHUS CTPYKTYPBI
Tekcta. Kak mokaszano B 1. 2.3, CBS3M MOTYT CyIIECTBOBATh HE TOJIBKO MEXIy BEpPIIMHAMH, HO U
MEX1y KaKoi-1mbo BepIIMHON U pparMeHToM rpada.
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2.2 PekypcuBHOe onpegeneHne o6OGLWEHHOW KOHTEKCTHO-3aBUCUMOW

TeopeTuko-rpachoBomn moaenum

Jamum pexypcuBHOE ompenerneHue 0000MEeHHONH KOHTEKCTHO-3aBHCHMOM TEOPETHKO-TpadoBOi
MOJIEN [T PEIIEHUs 3a1a4ui aHanu3a TeketoB. O1o Habop G = (V,H,E, a, B, i, y) mns tekcra T,
KOTOPBIi OTPE/ICIIMM B TPH dTala:

1

2)

3)

CerMme”ranus Tekcra 1.

ITycTh TekeT T COCTOMT U3 yIOpPSAIOUEHHOH mocneoBatensHocTd cioB W = {w, }X_.  rne K >
0 — ofmee KOIMYECTBO CIOB (MHAEKC K COOTBETCTBYET MOPSAIKY IOSBICHHUS CIOBAa Wy B
TEKCTe);

W, € W — ynopsiioueHHble moMHoxkecTBa cioB B Tekcre (I = 1,2, ..., L). [Togmuo)ecTBO W,
MOJKET COCTOATh KaK W3 OJHOTO CJIOBAa, TaK M W3 COBOKYITHOCTH CJIOB (HEOOS3aTENBHO
clenyromux noapsin). Jomyckaercs, 4To MOJMHOXKECTBA MOTYT NEpeceKaTbes;

OnpeeneHue 3JEMEHTOB TeOpeTUKO-rpadoBoii Mmozenu G

V = {v;}]-, — HemycTOEe KOHEYHOE MHOXECTBO BEPIIIUH;

I/}- cV,j=0,1,.., m— D0OIMHOXECTBA BEPIINH TCOPCTUKO-TPa()OBON MOJICIH, TAKHX UTO UX
00beIMHEHNE CcOBIAgaer ¢ V = U}';l V} Jomyckaercsi, 4YTO HOAMHOMECTBA MOTYT
nepeceKarbes;

m
H= {{vi}?zl U{Gj}j=1} — MHOXECTBO, OOBEAMHSIONICEe BEpIIMHBI M3 V M COBOKYHMHOCTh

BJIOYKEHHBIX TEOPETUKO-TPa(OBBIX CTPYKTYp G; = (Vj,Hj,Ej) YPOBHSA j, TAE MHOXeCTBO H;
YpOBHS j = 2,3, ..., m onpenensercs 1100 KaK MyCTOe MHOXKECTBO, JINOO KakK ITOJMHOXKECTBO
BJIOXKEHHBIX TEOPETUKO-TPA(OBBIX CTPYKTYp YPOBHEH MeHBIIMX j, T.€. H; C {Gl}{;ll , a Ej
TPENCTaBIAET COOOH TTOAMHOMKECTBO YIOPANOIEHHBIX Tlap u3 V; U Hj, T.e. pebep BIOKEHHOH
MozeIH (MepapXUIHOCTb);

E c H X H (IOIMHOXECTBO YIMOPSAOYCHHBIX Tap 3neMeHToB u3 H) — MHOXecTBO pedep G,
KOTOPOE COCTOUT W3 S AJIeMEHTOB. [Ipu 3TOM momMHOXKecTBa pebep Ej CEj=12,...mmu
MIONIApHO HE TIEePECeKaoTCs;

Omnpenenenne aTpuOyTOB MIEMEHTOB TEOPETHKO-TpadoBoi MoaenH G

y — oToOpakeHune, 3a/jaroliee COOTBETCTBUE MEXY 00BbEKTaMH TEOPETHKO-TPadOBOH MOJIEIH
x; E HUE u nonMHoxecTBaMu clioB B Tekcte W, € W. Jlomyckaercs, 4TO HEKOTOpHIE
BEPILMHBI WK MOJCTPYKTYPBI MOTYT OBITh «(DHKTHUBHBICY (HE CBSI3aHHBIC CO CJIOBAMH B TEKCTE),
T. €. ¥(x;) = @. Takum o6paszom, y onpesensieT ynopsa04eHHOCTb (TEMIIOPabHOCTE) 0OBEKTOB
TEOPETHKO-rpad)OBOI MOJIENH.

A — MHOXecTBO aTpuOyTOB (METOK) BEPIIMH, KOTOPHIE ONPENEINSIOTCS XapaKTepUCTUKAMHU
TEKCTa. DJIEMEHT MHOKecTBa A MOXET ObITh BEKTOPOM, KOTOPBIH OINpeAeiseT HECKOJIbKO
aTpuOyTOB,;

a:V — A — dyskuus, 3anaromas aTpuOyThl (METKH) BEPIIMHAM;

B —MHOXecTBO aTprOyTOB (METOK) pedep, KOTOPBIE ONPEIENIIOTCS XapaKTEPUCTUKAMHU TEKCTa.
OneMeHT MHOXecTBa B MokeT OBITh BEKTOPOM, KOTOPBII OIpeaessieT HECKOIBKO aTpHOyTOB (B
TOM 4HCIIe, HallpUMep, OTCYTCTBUE HallpaBIEHHOCTH Y pe0pa);

B:E = B — dyHkums, 3axaronias atpubyTel (MeTKH) pedpam;

u:H UE - [0,1] — gpynxums, 3anar01as HEYETKOCTh 00bEKTOB TEOPETUKO-TPadOBOM MOIEH.

PaccMoTpuM, Kak MOYKHO TIPEJICTABUTH B TEPMHHAX 0000IIIEHHOM MOJIENI TPH TEOPETHKO-TpadoOBbIe
CTPYKTYPHI, 00JIaJJaf0IIHe COOTBETCTBEHHO CBOWCTBAMHU UEPAPXUIHOCTH (1. 2.3), TEMIIOPaIbHOCTH
(1. 2.4) u HeweTkocTH (II. 2.5).
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2.3 Uepapxuueckas TeopeTuko-rpadpoBasi Mogesib COCTaBMAKOLWMX

B nureparype M3BECTHBI ABa BHIA ACPEBHEB, KOTOPHIC OIMCHIBAIOT CHHTAKCHYECKYIO CTPYKTYPY
TekcTa. [Jepesvs 3asucumocmeti OOBIYHO HCIIONB3YIOTCS B ONHCAHUAX SI3BIKOB CO CBOOOTHBIM
HOPSAKOM CJIOB (HalpuMep, pycckoro). s onucaHus S36IK0B ¢ (PMKCHPOBAHHBIM ITOPSIIKOM CJIOB
MPEUMYIIECTBEHHO HCIIOIB3YETCSI BTOPOM THII rpadoB — depesvs cocmasnsiowux [5]. Tlpu sToM B
HPEIUIOKEHUN BBIIEIISIIOTCS TPYIIBI CJI0B, (YHKIHMOHUPYIOIINE KAaK OTACIbHBIC CHHTAKCHYCCKUE
eIMHULEI — cocTaBiritomue. CHcTeMa COCTaBILIOIINX — 9TO MHOKECTBO OTPE3KOB MPEIOKEHHS,
KOTOpoe 00JjiajaeT TeM CBOMCTBOM, YTO KaJble JBa BXOJIIMX B HEro OTpe3ka JuO0 He
nepecekaroTcs, JM00 OJMH W3 HHUX COJEPXKUTCS B ApYroM. Peub HaeT o Tak Ha3bIBAEMBIX
cunmazmax. DTO COBOKYIHOCTb HECKOJIBKHX CJIOB, OOBEAMHEHHBIX 110 MPUHLUIYY CEMaHTHKO-
IpaMMaTHYECKOI COUeTaeMOCTH, CANHNIIA CHHTarMaTHKH.

Puc. 1. Mooenv cocmasnsiowux ¢ppacmernma « One2ut, 0o6pwitl Moti npusmens, poouncs na opezax Hegwvly
Fig. 1. Model of the components of the fragment «Onegin, my good friend, was born on the banks of the
Nevay
Tabn. 1. Coomeemcmeue epuiut u 108 mekcma
Table 1. Correspondence of vertices and words of the text

Ne IMoaMHOKECTBA CJIOB l/]l?::l;)l:lﬁl-ll:) Tpymmse Hp“g;};[:g;:;i e
1 W, ={w;} = {“Onerun} Vi a(v)=N ulvy) =1

2| W, ={w,} = {*noGperii”} \Z a(Vy) = A H(v,) =1

3 | Wy ={wz}={“moii"} V3 a(vz)=C u(vs) =1

4 W, ={w,} = {“npusrens”} A a(vy)=N uvy)=1

S | Wy ={ws}={"poauncs”} Vs a(vs) =V H(vs) =1

6 | W ={wg}={"na" Ve a(vg) =P 1(ve) =1

7| Wy ={wy}={“Gperax} V7 a(v7)=N u(v7) =1

8 | Wy ={wg}={"Hesrr} Vg a(vg)=N u(vg) =1

PaccmoTpuM mMogens coctapmsitoniux (puc. 1) Ha nmpumepe ¢parmeHTa U3 poMana B ctuxax A. C.
IMymkuna: «OHeruH, X0OpbIM MOM mpusTens, poxwics Ha Operax Heswsi» [5]. Ormernm, 4ro
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CYIIECTBYET MHOXKECTBO TEKCTOB, KOTOpBIE IPHUMHUCHIBatOTCs Anekcanapy CepreeBudy M 10 CHX
IIOP B 9TOM BOIPOCE HET OKOHYATENbHOro oTBera [13]. O0miee KoauyecTBO CiIoB Gparmenta K =
8. B nmanHoMm ciyuae moamuoxectBa W (I = 1,...,L = 8) OyayTr cooTBETCTBOBAaTh HE TOJBKO
CJIOBaM W;, HO ¥ BepIuHaM rpada v; (1adi. 1). @yHKuus a MOXKeT 3a7aBaTh, HAIPUMED, YaCTh PEUH
cioBa (T.e. OBITH aTprOyTOM BepuInHbI). Onncanne MHOXecTBa A mpejcrasieHo B 1. 3.2. Cpasy
oTMeTHM, (DyHKOUS W Ul BCEX BEpUIMH M pebep NMpHHUMAeT 3Ha4deHHEe | (HEYEeTKHE CBA3M

OTCYTCTBYIOT), T.¢. (v;) = /,L(ej) = 1.

HanHast TeopeTHKO-TpaoBas MOJENb COMEPKUT CEMb TOACTPYKTYp G; = (V], H;, Ej), j=
1,2,...,m = 7. IlepBas moncTpykrypa G, comepxur G, u G5, KOTOPBIE COCTUHSIOTCS pedpoM e,
r.e. V; =0, H ={G,,Gs}, E; = {e; = (G,,Gs)}. AHAIOIMYHO ONUIIEM APYrHE MOACTPYKTYPBI
(pe6pa u3 MuoxectBa E = {e,};=] He SABIAKOTCA OPUEHTUPOBAHHBIMH, ATPUOYTH UM HE 3a/1aHBI, T.C.
B = @, oHH MOT'YT COCIMHATE HE TOJNBKO BEPLIMHBI, HO U IIOACTPYKTYPEI):

o V,={v},H, ={Gs3}, E; ={e, = (v1,G3)};

o V3 ={v}, H; = {G:}, E3 = {e; = (v, GL)};

o Vi={v3,v},H,=0,E, ={e, = (v3,v)};

o Vs ={vs} Hs ={Ge}, Es = {es = (vs,Go) };

o Vo =1{ve}, Hs = {G;}, Es = {es = (v6,G7)};

o V,={v, v}, H; =0, E; = {e; = (v;,v5)}.

ITockonbKy BCe BEpIIHMHBI U peOpa HAXOIATCS «BHYTPU» TOM MM HHOM MOACTPYKTYPhI, MHOXKECTBA
Vo =E, =0.

2.4 TemnopanbHas TeopeTuko-rpadoBas MoAesnb CKa3O4YHOro CloXeTa

Bropast Teoperuko-rpadoBas MOJACTh BO3HHUKACT IMPHU HCCICIAOBAHUU CKA30YHBIX CHOYKETOB
(mampumep, u3 BomeOHBIX cka3ok A. M. AdanaceeBa [1]). OCHOBOMOJIOKHUKOM MOIOOHOTO
CTpYKTYpHOro HamnpasiieHus siBisiercs B. 5. [Iponn u ero nocnenosarenu. B Tekcrax BblaensOTCS
WHBAapHUAHTHI — JAEHCTBYIOIIHE JIUIA CKa3Ku [4], KOTOPBIX MOKHO OOBEINHHUTH B AECATH TPYIIIL:

e repoii (H);

e  aHTUTepOH (aHTArOHHUCT, BpeaAuTels) (A);

e mpopurareins (P);

e napurensb (cHabaurens) (/);

e nomoruuk (I7);

e anTunomornHuk (V);

e raynen (G);

e antupapurens (W);

e mHarpaza (N);

e mpemsrcraue (R).

Temo cka3ku B caMOM OOIIIEM BHIC €CTh KOHEUHAS TOCIICA0BATEILHOCTS BCTPEY ACHCTBYIOIINX JIUII,
CBSI3aHHBIX COCTUHHUTEILHBIMA (ppazaMu (HAPUMED, «ITOJTO-TH, KOPOTKO-IU e OH U HaKOHEIl
YBHUJIEN...»). BCcTpeun HemocpenIcTBEHHO CBSA3aHBI C UX MOCTYIIKAMU: Hampumep, «Jlapurens gact
I'eporo coBeT 0 TOM, KaKk ACWCTBOBATH Aajblle)». BO3MOKHBIC BCTPEUH JCHCTBYIOIIMX JIHI] CKa3KH
npeacraBieHsl B Tabnuue 2 [4].

Tabn. 2. Bozmooichble cmpeyu 0eticmeylouux iy CKasku

Table 2. Possible meetings of characters in the tale

JleiicTByIOLICE JIMLIO C keM Mo:KeT BCTPEeTHThCS
H AP | | O|V |N|G|W
A P |V |N|G|W
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P Jii N | G

/i Jii N

Jii vV | N w
Vv N | G

N G| Ww
G w

ITocTponm TeopeTHKo-rpadoByI0 MOJEIb, I/I€ BEPIINHAMHE SBJISIFOTCS ICHCTBYIOIINE JINNA CKa3KH,
a pebpa OyayT OTpa)kaTh X BCTPEUH, IPOHYMEPOBAHHBIE B COOTBETCTBUHM C UX TOSBICHUEM B TEJIE
cka3ku. Ecim BcTpeu ObLI0 HECKOJIBKO, TO pedpa OyayT KpaTHBIMH.

Tabn. 3. Coomeemcmeue gepuiun/pebep u ux epynn
Table 3. Correspondence of vertices and their groups

¥ | secroncaon | wan peipo Cpynus -
1 A A a(vy) =“Tepoit (H)” ulvy) =1
2 W, V2 a(v,) = “Harpana (N)” H(Vv;) =1
3 W, Vs (V) =“Napurens ()" uvg) =1
4 W, A a(Vv,) = “Anrurepoii (4)” uvy)=1
5 Wy Vs a(vs) =“Ipensrersue (R)” uvs) =1
6 W & ple) =“H-1" pe) =1
! W € B(&y) ="H-I" u(e;) =1
8 W € B&3) ="H-I" u(e;) =1
9 W € B(e,) ="HR” u(ey) =1
10 Wio es Bles) ="H-R” u(es) =1
11 Wiy €s B(eg) ="H-R” u(eg) =1
12 Wi, & Bles) ="H-A" u(e;) =1
13 Wis € Bleg) ="H-N u(eg) =1

Puc. 2. Teopemuko-epagosas modens cKazouHo2o crodcema
Fig. 2. Graph-theoretic model of a fairy tale plot
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PaccMoTpuMm mpuMep CKa30YHOTO CIOXKETa, B KOTOPOM BBILACIAIOTCA MATh NEHCTBYIOIIUX JIMIl U
BOCEMb BCTped [6]. 31ech He TOIBKO KaXKIOMY I—OMY JEHCTBYIOLMIEMY JIUIY (BEPIIKHE), HO U j—i
BcTpede (pedpaM) OyAyT COOTBETCTBOBATH B TeKcTe Habop cioB (cioBocoueranuit) Wy, toe | =
1,2,..,L =n+s =13 (tabxn. 3). [Ipu sToM noaMHO)ecTBa W, BKIIIOYAIOT CJIOBA, KOTOPBIE MOTYT
MOBTOPSATHCS ¥ HEOOS3aTENBHO CIIEA0BATH APYT 3a ApyroM. Hanpumep, riiaBHbIH Tepoii v; CBsI3aH ¢
HabOpOM CIIOB, KOTOpbIE HAaXOJATCS B pa3HbIX YacTAX CKa3ku (BKJIIOYAs MECTOMMEHHUS W
CHHOHUMBI). Pebpa e;, Kak MpaBmiIo, IMEIOT OTHOLICHHUE K LENBHBIM ()parMeHTaM, ONMCHIBAFOLINM
BCTpedy ACWCTBYIONNX JHI. B maHHON Momenn oTcyTcTBYeT nepapxus, mosromy m = 0 (puc. 2).
CpaBHHBasI MeX1Iy co00ii TOZ0OHBIE Tpadbl MOXKXHO TIOCMOTPETH, KaK MEHSIJICS CKa30YHBIN CIOKET
C TeUYEHHEM BPEMEHH, KaKHE OB OCOOCHHOCTH y pPa3HbIX PETHOHOB H MIp.

2.5 He4yetkaa TeopeTuko-rpachoBas Moaenb «CUMbHbLIX CBA3EN»
rpaMmmaTMyeckux cBAsen

Tperuit Bug TeopeTuko-rpad)oBoOii MOJIEIM OCHOBAaH Ha MAaTpHIIE YaCTOT MApHOM BCTPEYaEMOCTH

rpaMMaTHYCCKUX KJIacCOB CJOB Tekcra (Ourpamm). I[lomoOHbIe MOIENM HCIOJB30BAIKCH,

Hampumep, Mg arpuOyUHMH HUCTOPHYECKUX TEKCTOB [9] W aHOHMMHBIX TEKCTOB U3

JIOPEBOTIOIIMOHHBIX KypHalioB «Bpems» (1861-1863), «Omoxa» (1864-1865) u exeHenenbHUKa

«paxaanuny (1873-1874), kortopeie penaktupoan ®. M. Jlocroesckuit [11]. [dnst momyueHust

TaKOH MaTPHIBI HEOOXOANMO:

e  BBIOpaTh CHCTEMY I'PAMMaTHYECKHX KJIACCOB;

e [EepPEeKOAMPOBATH MOCIEAOBATEIBHOCTh CJIOB AHAIN3UPYEMOI0 TEKCTa B MOCIIEOBATEIBHOCTh
COOTBETCTBYIOIINX 0003HAUYCHNH IPaMMaTHIECKUX KIIACCOB,;

® BBIYHCIMTH YaCTOTHI ITAPHOM BCTPEYAEMOCTH @;; IS KaXTOH Mapbl KIAacCOB C yYETOM
HaIlpaBJICHUs pa3BepThIBaHUS TEKCTa (CIeBa HAIpPaBo).

PaccmoTpum noctpoenue moaenu Ha npumepe tekera O. M. locroeBckoro «Monogoe nepo. Ilo

noBoay nuteparypHoit moamnucu "CoBpemeHHUK" Ne 1 1 2y, omyOIUKOBaHHOMW B XKypHaie «Bpems»

(1863 roa. Pa3n. Cospemennoe obo3penue. Ne 2. C. 221-226). Kaxxmomy i-My CHHTaKCHUECKOMY

kiaccy (n = 8 B mpumepe Ha puc. 3) onpenessieTcs BepinHa v; (COOTBETCTBYIOIIEE TOIMHOKECTBO

cioB W; BeIOMpaeTcs 1o NpUHLMITY HX IPHHAUISKHOCTH K 9TOMY Kiaccy, Tabu. 4).

Tabn. 4. Coomeemcmeue éepuunlpebep u ux epynn
Table 4. Correspondence of vertices and their groups

% | ety non | wnm peopo Tpynm I
1 W, v; a(v;) =“Cymecrurensnoe” u(v) =1
2 W, Vv, a(v,) = “IlpunaratensHoe” uvy) =1
3 Wy V3 a(V3) = “Mecronmenne” ulvg) =1
4 W, A a(v,) =“Tnaron” u(vy)=1
5 Wi Vg a(vs) =“YacTuua” u(vs) =1
6 Ws Ve a(vg) = “Ilpewior” u(vg) =1
7 W, vy a(vy) =“Coro3” u(v;)=1
8 Wy Vg o(vg) = “Lurara” u(vg)=1
9 - & (&) =“CymecrsurensHoe- u(e) =0,02041
CymectButensHoe”
10 - e, S(e,) =“Cywecrsurenshoe- u(e,) =0,02099
Mecroumenue”
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11 - e p(e;3) = “Cymecrsurensaoe- 1(e3) =0,02741
I'maron”
12 - €, p(e,) =“Cymecrsurensaoe- u(e,)=0,02041
[Ipennor”
13 - €5 S(e5) = “CymecrsurensHoe- 4(es)=0,03032
Cor3z”

14 - €5 P(eg) = “TlpunararensHoe- H(eg) =0,05831
CymectBuTenapHoe”

15 - e, P(e;) =“Mecronmenne- u(e;)=0,02974
CymecrBurensHoe”

16 - [N S(eg) = “Mecronmenne- H(eg) =0,02624

I'maron”
17 - €& p(ey) =“Tnaron- 1(eg) =0,02041
Mectonmenue”

18 - € p(e)y) =“Tmaron-Coro3” u(e)=0,02332

19 - e S(e)1) = “Yacruua-Tnaron” u(e1) =0,02157

20 - e fle) = Tipensor- 1(e2) =0,03324
CymectButenapHoe”

21 i €3 B(ey3) ="Tipeor- u(&13) =0,02507

Mecroumenue”
22 - € S(e4) =“Coroz-Mecronmenue” 1(e,) =0,02741
23 - €5 p(e;5) =“Lurara-Lurara” H(e5)=0,02857

Puc. 3. Heuemxas mooens «cunvHulxy ceazeil epammamuyeckux kaaccos (mexcm @. M. [Jocmoesckozo
«Monoooe nepoy, nopoe 0,02)
Fig. 3. Fuzzy model of «strong» connections of grammatical classes (text by F. M. Dostoevsky "Young Pen",
threshold 0.02)

3. ®opmam npedcmaesieHus meopemuko-2pagoebix modesnel 8
uUHgopmayuoHHol cucmeme «PosILKIOP»

[IpuBenenHpIe pUMEPHI MOKA3BIBAIOT, YTO B TEPMUHAX OOOOIIEHHOM MOJIENN MOXKHO 3a/1aBaTh
CTPYKTYpBI, obmamatorine pasHbiMH cBoiictBamu. B [10] mpuBomstcs Takxe Apyrue BHIbI
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TEOPETHKO-TPaOBBIX MOJENeH, KOTOpBIe MOTYT, HalIpUMep, 00J1aiaTh BCEMHU TPEMS CBOIICTBaMU:
MepapXUIHOCTh, HEYETKOCTh M TEMITOpaNbHOCTh. OIHAKO MOI00HBIE (hOpMATH3AIH HECOMHEHHO
OoJiee CIIOKHBI JUIsl ONIMCAHMS ¥ BU3yaIn3aluy.

Bo3Hnkaer moTpeOHOCTH B aBTOMATHYECKOH 00pabOTKEe TEKCTOB W HMX TEOPETUKO-TPa(OBBIX
MoJieNieli, TIOCTPOCHHBIX Ha OCHOBe pasHbIX mnpuHommoB. C 3Toil menmpio B I[lerpo3aBomckom
roCyIapcTBEHHOM YHHUBEpCUTETe ObUTa paspaboTana wHpOpMaIionHas cuctema «Dompkmopy [10].
W3HavanbHO OHa co3/1aBaiach Kak Mpo0IeMHO-OpUEHTUPOBAaHHAS CHCTEMA, MpeHa3HauYeHHAs JUIs
CPaBHHUTEIHHOTO aHAJIN3a OJHOMN KOJUICKIINU OeCEMHBIX TIeceH 3a0Hexbs KoHIa XIX — Havama XX
Beka. OIHaKO BIOCIIEACTBUY IporpaMMa ObliIa MOJU(UIIMPOBaHA TAKUM 00pa3oM, YTO MO3BOJIMIIA
IIPOBOAUTD UCCIIEOBAaHUE IPYTUX KOJUIEKLIUH HA OCHOBE Pa3JIM4HbBIX MOJEIEH.

Jn1st XxpaHeHUs ¥ MOCIIeYIOIET0 aHalu3a TEKCTOB B HH(POPMAaIIMOHHON cucTeMe «DoIbKIIopy ObLT
peanmzoBan Gopmat SNG. DTOT opMart mpeacTaBiaseT co00il TEKCTOBBIHN (aiisl, KOTOPBIA MOKHO
JIETKO PEJaKTHPOBaTh. PaccMOTpHM Ha mpuMepe HepapXHYecKOH MOJENU COCTaBIIAIOUINX, Kak
CTPYKTYpHpYIOTCsl AaHHBIE (Tabn. 5). daiin nemurcs Ha NATH YacTed: oOIIME XapaKTePHCTHKH
TEKCTa, CJI0BA, OOBEKTHI, CBSA3M M MaTPHULIA MHIUCHTHOCTH (TEXHUYECKU YaCTH pa3/ieeHbl MK
c000it OTMHOYHO CTPOKO# ¢ KOMMEHTAPHUAMHE, HAYHHAIOLIHECS C CUMBOJIOB /).

e OOmue xapakTepucTuku Tekcra (1-11 ctpokm). B mepBoil cTpoke yka3bpIBaeTcsi Ha3BaHHE
TEKCTa, BO BTOPOH CTPOKE — Ha3BaHHE TPYIIIIbI, CBI3aHHBIX MEXIy coO0H TEeKCTOB (Hanmpumep,
Ha3BaHUE TCOPETHKO-TpadoBOi MOJIENH), KOJIMUECTBO CTPOK B TEKCTE (€CIM 3HAYCHUE PABHO
HYIIO, TO Trpad cTpouTcs 6€3 MPUBSI3KHU K TEKCTY), CTPOKH TEKCTa, KOJMYECTBO XapaKTEPUCTHK
TEKCTa, 3aTeM IMapbl: Ha3BaHUE XapaKTEPUCTUKH U €€ 3HAUEHUE.

e Crosa tekcra (13-29 ctpokn). B mepBoif cTpoke yka3bpIBaeTCsl KOJMYECTBO CIIOB, Jaiee s
KaXIOTO CJIOBa — HOMEp CTPOKW, HAYajo BEIICICHUS, JIUHA (TapaMeTp He SBISETCS
M30BITOYHBIM, T. K. B HEKOTOPBIX TEKCTaX BO3MOXKHO CIMSHHE CJIOB), TOcie Aedrca — JacTpb
peunt (N — cymiectBurensHoe, A — npunararenshoe, C — mecroumenue, O — yncnurensHoe, V —
rimaron, E — mpuyactue, G — meenpudactie, D — Hapeume, S - kareropus cocrosHusa, P —
npemior, L — coro3, U — gactuma, | — mexaomerne). TeopeTHUECKH B CIydae OMOHHMHHA
(HampuMep, CJIOBO «MOil» MOXKET OBbITh KaK MECTOMMEHHEM, TaK M TJIarojioM, HO B JaHHOM
cilydae U3 KOHTEKCTa MOHSATHO, YTO 3TO MECTOMMEHHUE) MOYKHO YKa3aTh JBOWHYIO YacTh PeUU
(mammpumep, -CV). Ecnit gacTh peun HEU3BECTHA HITH eIIe He ONpeeNieHa, TO CTABUTCS 3HaK 7.

e OOwekthl Tekcta (31-62 cTtpoku). B mepBoit cTpoke yka3pIBaeTcsi KOJTUYECTBO OOBEKTOB, BO
BTOPOH CTPOKE — CTIIOCO0 0TOOPaKEHUS BEPIINH IIPU BU3YyalIH3allUH, 3aTeM JUI KaKJ0T0 U3 HUX
— Ha3BaHHWE, YPOBEHb BIIOXXEHHOCTH (€CJIM 3TO OOBIYHAS BEPIIMHA, TO yKa3biBaeTcs 0, ecin
HepBbIil YpOBEHB, TO — 1, €ciu BTOPOM, TO — 2, U T. 11.), 3HaYeHUE (PYHKLINYU IPUHAJICKHOCTH,
rpyImna, KOJINYecTBO CIOB O0BEKTa, HOMepa CIIOB, OTHOCSIIMXCS K OOBEKTY (eciu BepIInHa
(bUKTUBHAS, TO K HEW He MPUBS3BIBAIOTCS CIIOBA TEKCTA).

e Cassu B TekcTe (64-75 ctpoxn). B mepBoif cTpoke yka3bpIBaeTCsl KOIUYIECTBO CBA3EH, 3aTeM -
croco0 oToOpaxeHUss pedep NpH BH3yalM3alUM, Ha3BaHWE CBS3M, 3HaYeHUE (QYHKIMH
MMPUHAJIC)KHOCTH, I'PpyIIia, KOJIAYECTBO CJIOB CBA3H, HOMEpA CJI0B, OTHOCAIINXCS K CBA3U.

e  Marpuna cBsseii (77-91 ctpokn). [Ipeacrasnser co0oit MaTpUIly HHIIUACHTHOCTH, T CTPOKH
COOTBETCTBYIOT OOBEKTAM TEKCTa, a CTONOLBI — CBsA3sM. ECIU B cTONOLIE HANIPOTUB BEPIIUHEI |
yKa3aHo -1, a HAPOTHB BEPINHUHEI | — 1, TO 3TO 3HAYMT, YTO Jyra UACT U3 | B .

Ta6n. 5. [Ipedcmasnenue uepapxuueckol meopemuKo-gpaghosoli Mooeau CoCmasisiowux ppazmeHma
«Onezun, 0obpulil motl npusimens, poouncs Ha opezax Hegviy

Table 5. Representation of a hierarchical graph-theoretic model of fragment components « Onegin, my good
friend, was born on the banks of the Nevay

Ne Ctpoka Ne Crpoka
1 OmneruH, 100pHIif MOI IPUSITEID, 45 Operax

pommcs Ha Operax HeBbt 46 01116
2 nepapxuyeckast MoJIeb COCTABIISIOLINX 47 Hegbl
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i
3 1
4 OmeruH, 100pHIif MO IPHUSTEID,
5 pomcs Ha Operax HeBbt
i
6 2
7 ABTOp
8 A.C. IlymkuH
9 HcTounuk
10 Poman B ctuxax "EBrenmii Onerun"
11 i
8
12 006
13 -N
14 086
15 -A
16 0153
17 -C
18 0198
19 -N
20 0297
21 -V
22 0372
23 -P
24 0406
25 -N
26 0474
27 -N
28 i
29 15
30 group?2
31 Onerunx
32 01110
33 | moOpsrit
34 01111
35 Mot
36 01112
37 npusTenb
38 01113
39 | pommmncs
40 01114
41 Ha
42 01115
43
44

48
49
50
51
52
53
54
55
56
57
58
59
60
61

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

01117

MOH TpUsTENb
111223

JIOOPBIN MO¥T TPUATEITH
2113123
OHeruH, 100pbIii MO MPHUATEINH
31140123
Operax HeBbt
111267

Ha Operax Heser
2113567
poxawics Ha 6perax Hessl
31144567
OmneruH, 10OpHIiT MO IPUSITEIH, POIHICS
Ha Operax Hesbl
411801234567
M

7

group4

pebpo 1

1000

pebpo 2

1000

pebpo 3

1000

pebpo 4

1000

pedpo 5

1000

i
0-100000
00-10000
000-1000
0001000
0000-100
00000-10
000000-1
0000001
0010000
0100000
-1000000
0000010
0000100
1000000
0000000

4. 3aknro4vyeHue

B nanHO# craTbe npeniokeHa 0000IIeHHasE KOHTEKCTHO-3aBUCHMAs TEOPETUKO-TpadoBas MOJIEIb
Juisl  aTpuOynmu TeKCcToB. Mogenb o0nagaeT CBOHCTBAMHM HMEPAapXMYHOCTH, HEYETKOCTH H
TemnopanbHocTH. OHa Obula ampoOupoBaHa Ha Marepuaie (DOJIBKIOPHBIX (HapOJHbBIE IECHHU,
CKa3KW, TyXOBHbIE CTHXH, OBUTMHBI) U TUTEPATypHBIX TEKCTOB (3a aBTopcTBOoM H. A. Kiroera, A. K.
Toncroro, C. A. Ecennna, A. C. Ilymkuna, I1. A. Bsaszemckoro, 3. Ilo, Y. A. bpoxackoro u ap.).
ITpumeps! mojernelt npenctasiensl B Monorpadusix [10, 11] u Ha anekrponHoM pecypce CMAJIT
(“CratucTHyeckre METOJBI aHAIHM3a JIUTEPATYPHBIX TEKCTOB’), KOTOPBIA PACTIONOKEH IO aJpecy
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Omnucanye eIMHOro MOAX0Aa K MOCTPOECHUIO Pa3IMYHbIX TEOPETUKO-TPA(OBBIX MOJAENIEH TEKCTOB
[O3BOJSIET HAXOOUTh DPACCTOSHHMS MEXKIYy HHUMH, T.€. pellaTh 3alaud KiIacCUPUKAUMU u
KJIACTEPU3ALMHI TEKCTOB. DTO MOKHO MCIIOJb30BaTh, HAPUMED, IPH PELICHUH 3aa41 aTPUOYLMH.
B KauecTBE TAKOIO PaCCTOSHKA MOYKHO UCIIOJIb30BATh MEPHI HA OCHOBE OIEPAllUii PeIAKTUPOBAHUS,
Ha OCHOBE MaKCHMAJBHOIO OOIIEro moarpada, MHHUMAILHOTO 00IIero Haarpada, CTpYKTYpPHBIX
criekTpoB u T. 1. [10].
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Buaaropaproctu. CraThsi MOATrOTOBIEHa IO MaTepuanaM Jokidaga Ha CexpMoil MexayHapogHOH
KOH(epeHIINH «AKTyalbHbIE IPOOIEMbI CUCTEMHOM U TporpaMMHoit nrxeHepum» (AIICIIN 2021).

1. Introduction

Presently, Big Data frameworks are widely used to process information in various domains, from
modern industrial enterprise [1] to social networks analysis [2]. Big data includes big datasets with
numeric and categorical data, text information, images, and video data. Information in the form of
graphs is traditionally used in computer science. In particular, thesauri and ontologies are used to
process knowledge and texts, but such models cannot yet be classified as big data. Probably, it is
appropriate to speak about the appearance of problems of processing Big Graphs, first of all, in
connection with the appearance of knowledge graphs.

The problem of processing Big Graphs can be solved in various ways, for example, by creating
specialized high-performance hardware for processing graphs [3, 4]. However, the most common
way for Big Graphs processing is to use specialized Big Data frameworks for Big Graphs processing.
The dominant graph model in such frameworks is usually a flat graph model or property graph model
(which is, in fact, the multigraph model). Here, by a flat graph, we mean a graph in which a directed
or undirected edge connects exactly two vertices. However, the flat graph model is not flexible
enough and may not be a convenient solution for modeling complex data domains with hierarchical
relationships. For example, complex technical products' assembly sequence problem requires not a
flat graph but a hypergraph model [5].

One of the existing extensions of the traditional graph model is the metagraph model. The metagraph
model consists of a metagraph data model and a metagraph agent model aimed to process metagraph
data. In this article, we present the implementation of the metagraph agent model using Big Data
processing capabilities.

The article is organized as follows. In sections 2 and 3, the metagraph data model and the metagraph
agent model are formally defined. In section 4, the metagraph representation using the flat graph
model is discussed. In section 5, the flat graph and metagraph Big Data processing are described. In
section 6, the metagraph processing using metagraph agents is discussed, including the experimental
subsection.

2. The Metagraph Data Model

Metagraph is a kind of complex network model proposed by A. Basu and R. Blanning in their book
[6] and then adapted for information systems description in our paper [7]. According to [7]:

MG:<V,MV,E>, (D
where MG — metagraph; V — set of metagraph vertices; MV — set of metagraph metavertices; E — set
of metagraph edges.

Metagraph vertex is described by a set of attributes:

v, = {atr },v, eV, )

where vi — metagraph vertex; atry — attribute.

Metagraph edge is described by a set of attributes, the source and destination vertices, and edge
direction flag:

&, =(Vs, Ve, €0, {atr }), e, € E,e0 =true| false, 3)
where e; — metagraph edge; vs — source vertex (metavertex) of the edge; ve — destination vertex
(metavertex) of the edge; eo — edge direction flag (eo=true — directed edge, eo=false — undirected
edge); atry — attribute.

The metagraph fragment:

MG, ={ev,},ev; eV UEUMV), 4)
88



Yepuenskuii B.M., [lynnn U.B., I'anantok FO.E. [Iporpammuas peanusanust cucteMbl 00paboTku MeTarpadgoB Ha OCHOBE moaxoaa bompumx
Hannsix. Tpyost UCII PAH, Tom 34, Beim. 1, 2022 ., cTp. 87-100

where MG; — metagraph fragment; ev; — an element that belongs to the union of vertices, edges, and
metavertices.

The metagraph metavertex:
my, =({atr,}, MG, ), my, e MV, (5)

where mv; — metagraph metavertex belongs to a set of metagraph metavertices MV; atry — attribute,
MG; — metagraph fragment.

Thus, metavertex, in addition to the attributes, includes a fragment of the metagraph. The presence
of private attributes and connections for metavertex is a distinguishing feature of metagraph. It
makes the definition of metagraph holonic — metavertex may include a number of lower-level
elements and, in turn, may be included in a number of higher-level elements.

Fig. 1. The example of the metagraph data model

The example of the data metagraph (shown in fig. 1) contains three metavertices: mvi, mvy, and mvs.
Metavertex mv; contains vertices vi, vz, vz and connecting them edges e1, e», es. Metavertex mv;
contains vertices vs, vs, and connecting them edge es. Edges e4, es are examples of edges connecting
vertices vz-v4 and vs-vs that are contained in different metavertices mvys and mv,. Edge ey is an
example of the edge connecting metavertices mvy and mv,. Edge es is an example of the edge
connecting vertex v, and metavertex mv,. Metavertex mvs contains metavertex mvy, vertices vy, Vs,
and edge e; from metavertex mvy and also edges es, es, e, showing the holonic nature of the
metagraph structure.

3. The Metagraph Agent Model

The metagraph model is aimed for complex data description. But it is not aimed for data
transformation. To solve this issue, the metagraph agent (agM®) aimed for data transformation is
proposed. There are two kinds of metagraph agents: the metagraph function agent (agF) and the
metagraph rule agent (agR). Thus agM® = ag” | ag®.

The metagraph function agent serves as a function with input and output parameters in the form of
metagraph:

ag” =(MG,, MGy, AST), (6)
where agF — metagraph function agent; MGy — input parameter metagraph; MGour — output

parameter metagraph; AST — abstract syntax tree of metagraph function agent in the form of
metagraph.

The metagraph rule agent is rule-based:

ag" =(MG,R,AG™ ),R={r},r : MG, - OP"®, (7
where agR — metagraph rule agent; MG — working metagraph, a metagraph on the basis of which the
rules of the agent are performed; R — set of rules ri; AGST — start condition (metagraph fragment for

start rule check or start rule); MG; — a metagraph fragment on the basis of which the rule is
performed; OPMC — set of actions performed on metagraph.
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The antecedent of the rule is a condition over a metagraph fragment. The consequent of a rule is a
set of actions performed on metagraph. Rules can be divided into open and closed.

The consequent of the open rule is not permitted to change the metagraph fragment occurring in the
rule antecedent. In this case, the input and output metagraph fragments may be separated. The open
rule is similar to the template that generates the output metagraph based on the input metagraph.
The consequent of the closed rule is permitted to change the metagraph fragment occurring in the
rule antecedent. The metagraph fragment changing in rule consequent causes to trigger the
antecedents of other rules bound to the same metagraph fragment. But incorrectly designed closed
rules system can cause an infinite loop of metagraph rule agents.

Thus, the metagraph rule agent can generate the output metagraph based on the input metagraph
(using open rules) or can modify the single metagraph (using closed rules).

S Me=me,

Soe D ey
start:trua/ . .

///[actions

""Etart:true
conditions

metagraph rule agent 1

Fig. 2. The example of the metagraph rule agent
The example of a metagraph rule agent is shown in fig. 2. The metagraph rule agent «metagraph
rule agent 1» is represented as metagraph metavertex. According to the definition, it is bound to the
working metagraph MG; — a metagraph on the basis of which the rules of the agent are performed.
This binding is shown with edge ea.
The metagraph rule agent description contains inner metavertices corresponds to agent rules (rule 1
... rule N). Each rule metavertex contains antecedent and consequent inner vertices. For the given
an example, mv, metavertex bound with the antecedent, which is shown with edge e,, and mvs
metavertex bound with consequent, which is shown with edge es. Antecedent conditions and
consequent actions are defined in the form of attributes bound to antecedent and corresponding
consequent vertices.
The start condition is given in the form of the attribute «start=true.» If the start condition is defined
as a start metagraph fragment, then the edge bound start metagraph fragment to agent metavertex
(edge e;1 in given an example) is annotated with the attribute «start=true.» If the start condition is
defined as a start rule, then the rule metavertex is annotated with the attribute «start=true» (rule 1
in given an example). Fig. 2 shows both cases corresponding to the start metagraph fragment and to
the start rule.
The distinguishing feature of a metagraph agent is its homoiconicity which means that it can be a
data structure for itself. This is due to the fact that according to the definition, a metagraph agent
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may be represented as a set of metagraph fragments, and this set can be combined in a single
metagraph. Thus, a metagraph agent can change the structure of other metagraph agents.

4. The Metagraph Representation Using Flat Graph Model

To build systems using the metagraph model, it is necessary to determine the method of physical
representation of the metagraph for persistent storage and for processing in Big Data platforms. We
considered various options: relational representation, representation with multiple documents
(nested or separate), representation via a flat graph. The term “flat graph” is also used for planar
graphs. By flat graph we mean simple graph, as an opposite to graph with nested vertices
(metagraph). We conducted a comparative analysis of different representation options. Features of
different options and experiments to compare performance are described in our paper [8].
Experiments have shown that the representation of the metagraph via a flat graph is the most
preferable.

In such representation, each vertex, metavertex, and the edge of the graph are represented with a
separate vertex of the flat graph. The example is shown in fig. 3.

mv,

Fig. 3. The metagraph representation via a flat graph
Such a representation is, on the one hand, more intuitive. On the other hand, it allows us to efficiently
process the metagraph using methods for working with flat graphs from graph DBMS (optimized
graph queries) and Big Data graph platforms (distributed graph processing models).

5. The Flat Graph and Metagraph Big Data Processing

5.1 The Overview of a Metagraph Processing System

Consider a possible structure of a system for processing data in metagraph form. The system consists
of two main components (shown in fig. 4): a storage module and a processing module.

Big Data flat graph z Query Processing
: Process a
processing framework [ Frocessing query Module
Query
Load Save Data query
User
Data input
ave— Flattening Module
Storage

Fig. 4. The structure of the metagraph processing framework
Since we are using a graph representation, it is advisable to use a graph DBMS for storage. We
assume that the conversion of the metagraph to a flat graph occurs at the writing stage to the storage
in the flattening module. The processing is conducted on a Big Data platform running distributed
across multiple machines.
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The system works as follows. Firstly, a request comes from the user in the form of calling the system
API or in some formal language. The query processing module determines if the query is a simple
data query, and in this case, it returns data from storage. If the query requires calculation on
metagraph, it occurs in the Big Data graph framework (which is shown in fig. 5). Metagraph is
loaded from persistent storage (e.g., the Neo4j graph DBMS) into the Big Data processing platform
(Apache Spark) into the RAM of the cluster nodes. Next, the request is processed with the tools of
the graph processing platform. Then the problem is solved on a graph representation of the
metagraph, and the result of a solution is displayed to the user.

Load from disk

— Big Data framework Graph processing
= > graph framework —> (e.g. find Page
{e.q. Apache Spark) Rank)

Fig. 5. The operation of the metagraph processing framework

5.2 Graph Processing Models

Modern Graph Big Data frameworks use different approaches to graph processing. Though these
approaches share basic principles (like vertex-centric processing), but there are some differences
between them. Below we briefly describe some popular models and consider their usage for
metagraph processing.

5.2.1 Pregel model

Pregel model [9] was originally introduced by Google and is implemented in multiple graph
frameworks (Apache Spark GraphX [10], Apache Giraph [11], Flink Gelly [12]). Pregel model (and
other vertex-oriented approaches) were designed specifically to deal with graph data. Standard Big
Data approaches, like Map Reduce, are not well suited for graph data structure and graph problems.
Map Reduse requires passing the entire state of the graph from one stage to the next - in general
requiring much more communication and associated serialization overhead. Abstraction from graph
physical distribution (given by messaging system) also simplifies the algorithms. As we use graph
representation of metagraph, it seems reasonable to use graph-specific approaches.

Graph processing in Pregel consists of a sequence of synchronous iterations. During each iteration,
for each vertex of the graph, a user-defined function is executed, which modifies the value of the
vertex in a certain way. Then the vertex sends messages to neighbors’ vertices. The next iteration
begins only when all vertices have been processed.

value=20 value=10

N " { mMv1
value=40 \/ >

Fig. 6. The example metagraph for the Pregel model
This model is the most general and flexible, but it has a significant drawback in the restrictions on
the synchronism of iterations. In real-world graphs (like social graphs), vertex degrees often follow
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power-law distribution [13], which means that most of the graph vertices have a low degree, and
there are a few vertices with a much higher degree. For graph representation of real-world
metagraphs, we may expect the same distribution because graph metavertices have not only
neighbors but also sub-vertices. If the graph has a significant number of high-degree vertices (which
are metavertices of metagraph), Pregel iterations will be filled unevenly since the metavertices will
receive and send more messages. For example, consider the simple metagraph in fig. 6 (on the left
side, we show the original metagraph, on the right side corresponding flat graph representation).
During the Pregel step of some algorithms, vertices send values to each other. Note that we presume
that edge-vertices like Ewvi-vs are not processed as separate vertices and blindly transfer messages.
Still, in general, it is up to the implementation of a specific algorithm. Metavertex MV sends its
value to neighbor V3 and subvertices V1 and V2 and receives their values. It sends and receives three
times more messages than other vertices. As the next iteration will start only when metavertex is
processed, all other vertices stay idle. If a metagraph has relatively large metavertices, it may become
a performance issue.

5.2.2 Signal-Collect / Scatter-Gather model

This model used by Apache Flink Gelly also assumes vertex-level iterative processing [14]. It
consists of two phases: signal (sending messages to other vertices) and collect (receiving messages
and updating the vertex).

Two modes of operation are possible. In synchronous mode, this model works similarly to the
Pregel. In asynchronous mode, there is no barrier between iterations, and vertices function as
independent actors. In this case, we do not get downtime for processing metavertices. However,
such a model (depending on the problem being solved) may require local locks, which will
complicate the algorithms. Consider the example in fig. 7.
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Fig. 7. The example metagraph for the Signal-Collect model
Vertex Vi receives value from neighbor V; (through intermediate vertex representing edge V1-V2).
With synchronous Pregel-like approach V1 will process this value and send it further only in the next
iteration, after MV processes all its messages. In asynchronous mode, it will happen before MV is
processed. This approach is more error-prone to race condition-related problems, so algorithms
should be adapted accordingly.

5.2.3 Gather Sum Apply and closely related Gather-Apply-Scatter [15] models

This model [15] used by PowerGraph [16], GraphLab [17], Apache Flink Gelly is also an iterative
one. In this model, user code is launched not over the vertices but over the edges. It includes three
phases (Gather, Sum, and Apply) which are shown in fig 8.

The Gather phase — execution of the algorithm relative to an edge and sending messages to the
vertices. The Gather phase produces the partial result. Sum phase — each vertex performs aggregation
of partial results from received messages. Apply phase — updating the vertex with the result value.
For simplicity, we show gather messages only in one direction. In the case of an undirected graph,
there are also reverse messages.
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Fig. 8. The example metagraph for the Gather-Sum-Apply model

Since edges, unlike vertices, all have the same degree (equal to 2), they are processed equally. Thus,

in this case, there is no downtime for processing metavertices. However, this model has limitations

that can complicate the implementation of algorithms:

1) Updating a vertex requires the aggregation of messages from different edges. The update
function must be associative and commutative.

2) There is no way to transfer messages between arbitrary vertices because messages are
transmitted from edge to vertex.

Thus, the described models have both advantages and disadvantages. Pregel model is the most

flexible, but it may not be most efficient if the metagraph contains some very high-degree

metavertices. The Signal-Collect model can be more performant but requires more complicated

concurrent algorithms. The Gather Sum Apply model also deals with high-degree metavertices, but

it has limitations on program architecture. We can also expect that the model's effectiveness may

depend on the metagraph which is being processed and the problem being solved.

How these three models are suitable for processing metagraphs is the subject of further detailed

research. This article's experimental part uses the Pregel model as the most flexible of the three

models.

6. The Metagraph Processing Using Metagraph Agents

6.1 Metagraph Agents in the Big Data Framework

In our experiments, we use the Apache GraphX framework, which is an extension of Apache Spark
for graph processing. Below we will briefly describe how the metagraph agent approach can be
applied while using frameworks like GraphX.

Metagraph agent is an instrument for transforming metagraphs. It includes information about
whether it should apply to a metagraph fragment and information about how to transform a fragment.

. Serialized agent
Driver program firsiong Executors

Memory ' Memory
\\) Metagraph fragment

5o

Fig. 9. Metagraph agents in processing framework
As was described in the previous section, in modern graph-oriented Big Data frameworks, usual
execution models are vertex-oriented models. There are a driver program and multiple distributed

Agent objects
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executors. In Apache Spark, the driver program transfers the required code as serialized objects or
functions to executors. Executors run this code over parts of distributed datasets. In the case of graph
framework, this code is run relatively to vertices of a graph. For example, in the Pregel model Spark
GraphX driver program would distribute two functions: «vertex program» to update vertices and
«message programy to send vertices.

From the software implementation point of view, the metagraph agent would be an object in the
main memory of the driver program, with methods (functions) for updating the vertex based on
received Pregel messages and for sending messages from vertex (which is shown in fig. 9). Agent
functions also will include rule (condition) determining whether they should be applied to a specific
vertex. Graph processing framework (like Spark GraphX) will serialize agent functions and transfer
them to executors. Functions of metagraph agents will be executed (if allowed by agent condition)
over vertices of a fragment of metagraph graph representation. As metagraph agents are objects, the
driver program can organize them in a hierarchy and update them if necessary.

6.2 The Metagraph Single Source Shortest Path Problem

To illustrate metagraph processing, we conducted an experiment where we choose a Single Source
Shortest Path (SSSP) problem as a typical graph processing algorithm. The experiment was
conducted on the Spark GraphX framework, which implements the Pregel model.
When we apply the SSSP algorithm to a graph representation of metagraph, two main features occur.
Firstly, we have a relation «sub vertex to metavertex.» For SSSP-problem, we can assume that the
«parent» and «child» vertex can be accessed with some user-defined constant distance. For same-
level vertices, distance is defined by edge length, as in a simple graph case. Secondly, the graph
representation of the metagraph contains technical vertices representing edges (see vertices ei, €z, €3
in fig. 3). They are to be excluded from the SSSP calculation.
The algorithm goes as follows. We initialize all vertices with an infinite distance value, except for
starting vertex, which has zero distance. After that, we perform multiple iterations (Pregel steps). At
each iteration, we run the same code over each vertex. Vertex sends messages over its outgoing
edges unless finding an edge from a vertex representing the edge to its parent metavertex (see
vertices e; and mv; in fig. 3). If the edge source vertex is a normal vertex, it sends the current distance
value. If the edge source vertex is an edge-vertex, it adds the length. If the edge is an edge to parent
metavertex, it adds user-defined distance between child and parent vertices.
At the beginning of each iteration, vertex updates its value with a minimum of received messages
and current value. When no messages are sent during iteration, the algorithm converges.
In general, this algorithm resembles Pregel SSSP-algorithm for simple graphs with a few adaptations
to metagraph physical representation.
Testing program is written is Scala, algorithm of determining Pregel messages at each iteration is
presented below in Python-style pseudo-code:
messages = []
for edge in vertex.outgoingEdges:
if edge.isEdgeToParent and vertex.isEdgeVertex:
continue
if edge.isEdgeToParent:
distanceValue = distanceToParentVertex
else if vertex.isEdgeVertex:
distanceValue = vertex.distance + vertex.length
else:
distanceValue = vertex.distance
messages.append((edge.dst.id, distanceValue)
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In terms of metagraph agents, we can say that graph is processed by a single metagraph agent with
a closed rule. Condition of the rule's antecedent allows any fragment to be processed (as the SSSP
algorithm has to visit all edges of the graph). Rule consequent includes sending messages to
neighbors and updating vertex with the minimum of received distances.

In our experiments we use synthetic generated datasets. Some real world examples for this problem
may include processing social graph with hierarchy, where we need to know «distance» between
people, but we have not only direct social connections, but also indirect connections based on
hierarchy. This hierarchy would be represented by assigning people to nested metavertices of a
metagraph, thus describing, for example, connections between people based on some organizational
structure (possibly with overlapping metavertices). We could traverse such graph not only by direct
«friendship» relation, but also up and down organizational structure.

6.3 Experiments

We generated multiple metagraphs and graphs with the same number of vertices and similar
topology for the experiments. We use normal graph processing time as a baseline to show that
processing of metagraph can be performed in comparable time (not varying by orders of magnitude,
which would neglect benefits of the model). Metagraph consisted of N metavertices with two
vertices in each, with each vertex also having one outgoing edge. A simple graph consisted of 3N
vertices with three outgoing edges each. Each vertex has three relations in both cases, and a number
of vertices were the same (not considering edge-vertices for metagraph). Graphs were generated by
Python scripts as CSV files and imported into the Spark GraphX framework.

Experiments were conducted on Amazon EMR infrastructure with Spark 2.4.7 and Hadoop YARN
2.10.1. We used Amazon EC2 mb5.xlarge instances with the following configuration (per instance):
CPU - Intel Xeon Platinum 8175M 2.5 GHz, 16 GiB memory, 64 GiB EBS Storage. CSV files with
initial data were imported into the HDFS filesystem.

The size of initial data (in Megabytes) for graph and metagraph with 100 000 to 10 000 000 vertices
is shown in fig. 10.
900
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Fig. 10. Initial datasets size (MB) for different vertices counts

At first, we conducted an SSSP calculation with one master node and two worker nodes. SSSP
calculation time (in seconds) for graphs and metagraphs of different sizes is shown in fig. 11.

As we can see, SSSP calculation time for metagraph is comparable to the time of processing a flat
graph of the same size. Metagraph processing is obviously slower because graph representation of
metagraph with N vertices and M edges will have N+M vertices in the flat graph.

We also conducted experiments to see how SSSP execution time in the case of metagraph processing
is affected by the level of parallelism. At first, we conducted SSSP execution with a single worker
node and a different number of Apache Spark executors. Results for processing metagraphs with
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1000 000 vertices are shown in fig. 12. Simple graph processing time is also included as the
reference point.

100
80
80
70
60
50
40
30
20
10 .
o = = =
100000 1000000 5000000 10000000
B metagraph processing time, seconds ® graph processing time, seconds

Fig. 11. SSSP calculation time (seconds) for a metagraph and a flat graph depending on the number of
vertices in the graph (metagraph)
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Fig. 12. SSSP calculation time (seconds) for metagraph and graph with 1 000 000 vertices depending on the
number of executors
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Fig. 13. SSSP calculation time (seconds) for metagraph and graph with 100 000 000 vertices depending on
the number of worker nodes
Then we conducted an experiment with a larger dataset (metargraph and graph with 100 000 000
vertices) and with two to eight worker nodes in a cluster (see Fig. 13). As we can see from the charts,
with the addition of new Spark executors and with the addition of worker nodes to the cluster, SSSP
calculation time decreases similarly for metagraph and simple graph. Thus, metagraph processing
may be effectively parallelized using Apache Spark.
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7. Future Work

At the moment, we have implementation of persistent metagraph storage in graph database (Neo4j,
ArangoDB). We also processed graph representation of metagraph in Big Data graph framework
(Apache GraphX). Our next step will be creating a system which includes both persistent storage
and processing framework and provides API for working with metagraph without manual processing
of its graph representation.

8. Conclusions

Nowadays, Big Data frameworks are widely used for processing numeric and categorical data, text
information, images, video data, and graph information.

The dominant graph model in such frameworks is usually a flat graph model or property graph model
(which is, in fact, the multigraph model). However, to describe complex situations, flat graph models
may not be enough, and we propose using a metagraph model.

The critical element of the metagraph model is metavertex. From the general system theory point of
view, a metavertex is a particular case of the manifestation of the emergence principle, which means
that a metavertex with its private attributes and connections becomes a whole that cannot be
separated into its component parts.

The metagraph may be represented as a multipartite flat graph.

The system for processing data in metagraph form consists of two main components: the storage
module and the processing module, where the processing module is based on the Big Data
processing platform.

The three most popular graph processing models are the Pregel model, Signal-Collect / Scatter-
Gather model, and Gather Sum Apply model. How these three models are suitable for processing
metagraphs is the subject of further detailed research. In the experimental part, we use the Pregel
model as the most flexible of the three models.

The experimental part is based on the Single Source Shortest Path (SSSP) problem. The SSSP
calculation time for the metagraph is comparable to processing a flat graph of the same size. The
metagraph processing may be effectively parallelized using Apache Spark.

The described metagraph approach with flat graph representation in graph processing frameworks
seems to be an effective instrument for solving problems with processing complex data.
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AHHoTanms. B craTbe uccienyercs 3ajiaua aHajau3a peryispHOCTH MHOIOMEPHBIX MATpPHUIL, OCHOBAaHHOH Ha
MOBTOPEHUH 3HaYMMBIX (HE IyCTHIX) CUMBOJIOB B siYeiKax MaTpHIBl. Takoe MOBTOpEHHE O3HAYAET, UYTO IPH
CZIBUT€ MATPHUILIBI 110 OJHOM MIIM HECKOJIBKUM €€ KOOpJUHATaM HEKOTOPbIE 3HAaUUMbIE CUMBOJIbI COXPAHSIOTCSL.
JIst KaXJI0TO CIBHTA, IIOBTOPSIIOIIETOCS I' pa3, BBOAUTCS YUCIIO PETYIIPHOCTH KaK IPOU3BEJEHHE I'S, T1e S —
YHCJIO 3HAYUMBIX CHMBOJIOB, COXPAHSIONIIMXCS IPU BCEX I MOBTOPEHMSIX CABUTA. BBOAsATCS 1OBE 4HCIOBBHIE
XapaKTePUCTUKU PEryISIPHOCTH MAaTPHIBI: CyMMa DEeTyIIpHOCTH M Kod(hdumueHT perymsipHoctu. Cymma
PETYISIPHOCTH ONPEAEeNseTCs] KaK CyMMa 9YHCeN PEryISIpHOCTH HPH BCEX BO3MOXKHBIX CABHIAX MATPHIBI H
HO3BOJISIET CPABHUBATH PETYISIPHOCTh MAaTPHL] OJHON (HOPMBL, T.€. OJHOH Pa3sMEPHOCTH M OJHOTO pa3Mepa ¢
OJIMHAKOBBIM PACIIOJI0KCHUEM HEIYCTHIX CHMBOJIOB. KO3((UIMEHT peryiIsspHOCTH IO3BOJISIET CPaBHHUBAThH
PEryJIsipHOCTb IIPOU3BOJIBHBIX MATpPUI] U ONpeNesaeTcs KaK NPOLEHTHOE OTHOLICHUE CYyMMBbl PETYJISIpPHOCTH
MaTpuIbl K CyMME PETYISIPHOCTH «CaMOH perysipHOW» MaTpuIbl (Bce 3HAUMMBIE CHMBOJIBI KOTOPOI
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Abstract. The paper investigates the problem of analyzing the regularity of multidimensional matrices based
on the repetition of significant (non-empty) characters in the matrix cells. Such a repetition means that when
the matrix is shifted along one or more of its coordinates, some significant characters are preserved. For each
shift repeated r times, the regularity number is entered as the product of rs, where s is the number of significant
symbols that persist for all r repetitions of the shift. Two numerical characteristics of matrix regularity are
introduced: the regularity sum and the regularity coefficient. The regularity sum is defined as the sum of the
regularity numbers for all possible matrix shifts and allows you to compare the regularity of matrices of the
same form, i.e. the same dimension and the same size with the same arrangement of non-empty characters. The
regularity coefficient allows you to compare the regularity of arbitrary matrices and is defined as the percentage
of the sum of the regularity of a matrix to the sum of the regularity of the «most regular» matrix (all significant
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symbols of which are the same) of the same form. Algorithms for calculating the sum and regularity coefficient
of a matrix are proposed and implemented in computer programs. As an applied area, the article uses the
analysis of the regular structure of the poems of the ancient Chinese «Canon of Poems» (Shih-ching). The poem
is represented by a four-dimensional matrix, its coordinates are a stanza, a line in a stanza, a verse in a line, and
a hieroglyph in a verse; blank characters equalize the sizes of verses, lines and stanzas. The article presents
generalizing results of computer experiments with all 305 poems of Shih-ching.
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1. BeedeHue

CraTbs MOCBSILIEHA UCCIEOBAHUIO PErYISIPHON CTPYKTYphl MHOTOMEPHBIX MaTpHIl, OCHOBAHHOM
Ha MOBTOPEHHM CHMBOJIOB, PAcIIOJIOKEHHBIX B sfuelikax mMaTpulibl. KpoMme 3HAUMMBIX CHMBOJIOB,
STYEHKU MaTPHILBl MOTYT COAEPKaTh IyCThIe CUMBOJIBI; Pa3MEPHOCTh U pa3Mep MaTpPHUIBI BMECTE C
PAacIoI0KEHHEM ITYCTHIX CHMBOJIOB ONPEEIISIOT KJIACC MAaTPUIl OJMHAKOBOH GopMbl. 1{enbio 6bu10
ONpe/ielIeHHe YHCIOBOM XapaKTEPUCTHKH PEryISIpHOCTH, KOTOpas I03BONAja Obl CpaBHUBATh
PETYIAPHOCTh MATPUI] OAWHAKOBOM (POPMBI, a TaK)Ke YUCIOBOW XapaKTEPUCTHKH, MO3BOJITIOIICH
CPaBHHMBATH PETYJISIPHOCTH ITPOM3BOJILHBIX MATPUII, B TOM YHCIIE, UMEIOIINX Pa3HYI0 GopMmy.

Orta 3a7a4a BO3HMKJIA IPH CTPYKTYPHOM aHAJIM3€ CTUXOTBOPEHWI NpeBHeKuTalickoro «KaHoHa
ctuxoB» — [ y3un 75 4% (1pyroi, pacipocTpaHEéHHbIH, HO He TOYHbIH, Tepeos — «Kuura ITecen»).
W3BEeCTHO, YTO B 3TUX CTHXOTBOPEHHAX MOMHMO pudM (Bce ctuxu [lu [[3una pudmMoBaHHBIC)
MHOTO MapaJuleJn3MOB, B TOM YHCJIE IOCTPOCHHBIX HAa MOBTOPEHHHM HEpOrau(oB W TPyHIl
neporaudos, KOTOpoe MBI OyZeM Ha3bIBaTh PETYISAPHOCTBIO. 3ajada 3aKJF0YacTCsl B BBISIBICHUN
PETYIAPHOH CTPYKTYPHI CTHXOTBOPEHUSI, BBEICHUN YUCIOBOW MEPHI PETySIPHOCTH M CPAaBHEHUH
Pa3HBIX CTHXOTBOPEHHH 1Mo 3TOH Mepe. PerymsipHocTh Takoro poxa B ctuxax [[lu ysuma (n He
TOJIBKO B HMX) 3CTETHUECKHM 3HaYMMa, MOJOOHO pH(MOBKE, IMMOCKOJIBKY CO3MAET ONpeAeIEHHBIH
PUTMHUYECKHH PUCYHOK CTUXOTBOPEHHSA. JDTO OCOOEHHO BEPHO A KUTAWCKHUX CTHXOB, KOTOPBHIE
MPE/CTABISIIOT COOOH HE TOJIBKO 3BYKOBYIO (CTHXH CIIYILIAIOT), HO U IpaduuecKyro (CTUXHU CMOTPSIT)
KapTHHY, YTO OCOOEHHO SIPKO MPOSBISIETCS B KAJUTUTpa(u.

Bonee Toro, cTpyKTypHBIN aHaIU3 OPEBHEKUTAMCKUX (M CPEAHEBEKOBBIX) KUTaMCKHUX TEKCTOB,
0c00€eHHO, KaHOHOB (y3un %), co 2-i nosoBKMHBEI XX B. COCTABUII COJIEPKAHHUE 1IEJIOTO HATIPABJICHHUS
B POCCHHCKOM (M HE TOJBKO) CHHOJOTHM: «CTPYKTypHas WM CTPYKTYPHO-CEMaHTHUYeCKas
METOJIOJIOTHSL B M3YYCHHWH KHUTAWCKOM KIJIACCHKH, TECHO CBA3aHHAs C TMOMCKAMU ayTEeHTHYHOU
METOJIOJIOTHH Y CAMHX KHUTalCKUX KiIaccukoBy [1]. «Upe3BbruaiiHO BO3POCHIHI CPEIH KUTAHCKIX
YUEHBIX C HA4aJOM HAEOJIOTHYECKOH mepecTpoiiku B koHIe 1970-x — Hauane 1980-x mHTEpec k
METOJIOJIOTUYECKHM  aclleKTaM COOCTBEHHON Kiaccudeckod ¢uinocoduu BAOXHOBWI H
OTIEPEeANBIINX UX POCCHUHCKHMX MCCIIEIOBATENEH, CpeJ KOTOPBIX U3y4YeHHE 3TOH NMPOOJIeMaTHKH Ha
pyo6exe 1950-x — 1960-x 6su10 Hayato B.C. CrimpunsiM (1929-2002), B cepenune 1970-x pa3suro
AM. Kapanerbsiniem u A.W. Ko63eBsim, ¢ cepeaunsl 1980-x nponomkeno B.E. Epemeessiv, C.B.
3ununaeiM, M.B. Ucaesoii, B.B. Jluxtman/[lopodeeBoii, A.A. Kpymmnckum u ap.» [Tam xe].
JlanHOe HanpaBiieHHe OepET Ha BOOpYXeHHE (POPMAIBHBIN MOIXO0] K TEKCTY, OTBJIEKAsACH OT €To
cofepkanusi: 6e3 aroro, mo CrnuprHy, TEKCTOJOTUSI OKAa3bIBAETCS HE CTOJBKO HAYKOH, CKOJBKO
Pa3HOBUIHOCTBIO 3CCEUCTHKH, B KOTOPOH «IJIABHYIO POJIb UIPAIOT UHTYULMS U 3Py IULIMS, 2 HTHOT A
W TPOCTO JINYHBIA aBTOPUTET U APYTUe clydaiiHblie oOcTosTenbeTBay [2]. «Obpamenue k hopme
KaK K IIEpBOMY W BakHeHmIeMy (akTopy MOHHMaHHS COJCPIKAHUS SABISCTCS OJHON M3 OCHOBHBIX
0COOEHHOCTEH CTPYKTYpHOTO aHamm3a» [TaMm ke]. 3amadedl Takoro (GopmalbHOTO TOAXOAa B
MIEPBYIO OYEPEb CTAHOBHUTCS «M3YyYEHHUE MapalIeTN3MOB B IPEBHEKUTANCKIX TEKCTAaxX» [TaM XKe].
CriipuH BBOJUT TOHATHE «YHHBEPCAJIHHOTO MapauIen3Ma», B KOTOPOM, C OJHOH CTOPOHBI, 1)
JIOCTATOYHO IIHPOKO TPAKTYETCSI COBMAACHHE MAapajIeIbHBIX MECT TEKCTa: OHM HE 00s3aTEeIbHO
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TOKIAECTBEHHBI, HO «B U€M-TO TOXKJECTBEHHBI», a C IPyrO CTOPOHBI, 2) caM TEKCT MOHUMAETCS He
00s13aTesIbHO (M HE CTOJBKO) KaK JIMHEHHAs I10CIeN0BaTEIbHOCTh CHMBOJIOB, a, CKOpee, Kak
MHOTOMEpHAsI CTPYKTYpa.

IlepBoe BeméT Kk BBEJCHUIO TeX WJIM HHBIX MaTEeMAaTUYECKHUX OTHOIIEHUM SKBUBAJEHTHOCTH Ha
OTpe3Kax TEKCTa, a BTOPOE — K MaTeMaTHYeCKOMY MOHSITHI0O MHOTOMEPHOM Marpuisl. B nanHoi
paboTe MBI OrpaHUYMBAEMCS BTOPBIM, @ SKBUBAJICHTHOCTD Oy/1eM MOHUMATh MPEJEIbHO Y3KO — KaK
paBeHCTBO, coBnageHne. C ydéToM 3TOro Halle HOHITHE PErYIIPHOCTH, (aKTHIECKH, COBIAJAET C
MOHATHEM YHHUBEPCAIbHOTO napauienusMa y CrupuHa.

Bri0op B kauecTBe mMpeaMeTHOI 001acTi UMEHHO IPEBHEKUTAWCKON 1M033UU OOBICHIETCS eI U
OCOOCHHOCTSIMH ~ KHUTAaWCKOH Hepormududeckoil MHUCHPMEHHOCTH, B KOTOpOH Heporiu(sl
IPEACTaBIIET cO00I ynOOHBIE «aTOMBI», N3 KOTOPBIX CTPOSTCS «MOJICKYNbD» CTHXOTBOPEHHH M
BOOOIIE TeKCTOB. B kuTaiickoM s3bIke (OCOOCHHO IPEeBHEM) CIOBY, KaK MPaBUIIO, COOTBETCTBYET
OJIMH Heporind, KOTOPHIH He MEHsETCS IPH M3MEHEHUH POJia ¥ YUCIIa, HE CKJIOHSETCS M0 Maexam,
YTO 3HAYUTEIHHO OOJIETHAaeT aHAIHM3 PETYIAPHOCTEH, MOCTPOCHHBIX HA TIOBTOPEHHH 3JIEMEHTOB
TekcTa. M XoTd caMu mapauienusMmbl (B IIMPOKOM CMBICIE) M OCHOBaHHAs Ha HHUX PUTMHKA
XapaKTepHBbI Ui MHOTHX JPEBHEKHTAHCKUX TEKCTOB (0COOCHHO, KAHOHOB), UMEHHO B CTHXaxX 3TO
0COOCHHO 3HAYMMO C 3CTETHYCCKOI TOUKH 3pEHHUSL.

CrpykrypHblit ananu3 [llu y3una npoBoauiCs paHee MO0 HA MaKpOypOBHE KaHOHA B IIEJIOM, 0e3
HCCIIeTOBaHUs BHYTPEHHEH CTpyKTyphl camux ctuxotBopennii[3], [4], [5], [6], [7], [8], [9], [10],
b0 Kak aHaIN3 OTAeIbHBIX cTHX0TBOpenuii [11], [12], [13]. MoxHo yka3aTs 1 Apyrue paboThl o
CTPYKTYPHOMY aHalIM3y TeKcTa, He Toubko [lu ysuna:[11], [12], [13], [14], [15]. B Hameit paGote
BIIEPBBIE IPOBOJUTCS CHUCTEMATHYECKUH aHajlM3 BHYTpPEHHEW (OpPManbHOH CTPYKTYpbl BceX
cTuxoTBopeHuit [[lu y3uma, OCHOBaHHOW (9TO HYXXKHO emI€ pa3 MOAYEPKHYTh) Ha OYKBAJILHOM
MOBTOPEHHH HEKOTOPBIX MEPOTIIH(OB MM TPYII HEPOTIH(OB B IpeiesiaX CTUXOTBOPEHUSL.

B nanHOI cTaThe 337a4a aHaIM3a PEryJIIpHOCTH MHOTOMEPHOCTH MaTpPHUI[ CTABUTCS U PELIaeTcs B
o0meM BHIEe, a WIUIIOCTPUPYETCS aHAJIN30M pErYSIPHOCTH CTHXOTBOopeHMH [lu ysuna,
MOJYYCHHBIM C TIOMOIIBIO KOMITBIOTEPHBIX AKCIIEpUMEHTOB. Pa3x. 2 BBOAWT Npe/nCTaBICHHUE
KUTaHCKMX CTHUXOTBOPEHHH KakK YETBIPEXMEPHBIX MATpHIl, a TaKKe Ul HATrJSIIHOCTH B BHUJIE
JBYMEPHBIX MAaTpHI] Ha IUIOCKOCTH. B pa3nm. 3 ompenensioTcs OCHOBHBIE HCIIONB3yEeMBIE Jlaliee
MOHATHUS BEKTOpa, MAaTPHUIIBl U TOBTOpsIoIIeiics Gurypsl B Marpuiie. B pa3a. 4 ycranaBiuBaercs
CBSI3b TOBTOPEHUS (UTYp MaTpHIBl CO CIOBHTAaMH MAaTpPHUIBI IO OJHOM WM HECKOJIbKHM
KOOpJIMHATaM, ¥ Ha 3TOH OCHOBE BBOJIMTCS YKCJIO PETYIISIPHOCTH TIOBTOpsitoleiics Gpurypsl. B pasz.
5 BBOJWTCS CyMMa pETYJSIPHOCTH MATPHUIBI KaK UYHCIIOBAas XapaKTePUCTHKA, MPUTOAHAS IS
CpaBHEHUsI PETYJIIPHOCTH MAaTPUIL OJHON (hOPMBI, U MPEJIaraeTcsi aropuT™M e€ BhIYHUCIeHHs. B
pa3a. 6 pemaercs mpoOjeMa CpaBHEHHS PETyJSPHOCTH MATPHIl Pa3sHOH (GOPMBI C MMOMOIIBIO
BBE/ICHUS KOA(PPHUIMEHTa PEryJSPHOCTH KaK IPOIEHTHOIO OTHOIIEHHS CYMMBI PETyJSIpHOCTH
MaTpHIbl K CYMME PEryJSIPHOCTH «CaMO# PeryJsipHOW» MaTpHIIbl TOU ke GOPMBI, U IIpeIaraeTcs
JITOPUTM BBIUMCIICHNS K03 unmenTa peryinsapHocTd. B pa3n. 7 npeanaraercs HarisAHbIN c10c00
NPE/ICTABICHUS PEryJSIPHON CTPYKTYpPBI JABYMEPHOTO IMPEACTABICHUS YETHIPEXMEPHON MaTpHIIbI
Kak pa30OMeHHe Ha TIPOCTble MHOTOYTOJILHHKM HOBTOpstonmxcs ¢uryp. Pasm. 8 comepskur
obo0maronue pe3ysabTaThl, IOJydeHHbIE B KOMIBIOTEPHBIX OSKCHEepHMMeHTax Ha Bcex 305
ctuxoTrBopeHusix [lu ysuna. Pazn. 9 3arparmBaer npobieMy napajuienniMa CTHXOTBOpeHud [llu
y3uHa TIpU UX NEpEeBOJIE Ha ApYyrue s3blki. B 3akmroueHuH MOABOASTCS UTOTH HCCIEAOBaHUS U
HaME4aroTCsl HaIllPaBJICHUs JaJIbHEHIINX UCCIIEIOBAHUM.

2. MpedcmaeneHue cmuxomeopeHus LLu y3uHa 8 sude Mampuybl

CruxotBopenue [[lu y3una COCTOUT U3 CTPOd, CTpoda COCTOUT UX TPYII CTUXOB— N-CTUIIUH (B
OCHOBHOM, JBYCTHIIINH), CTUX COCTOUT U3 HEKOTOPOTO Yucia (B OCHOBHOM YeThIpe) ueporimdos.
TpaIuIMOHHO KUTAWCKUI TEKCT 3aMHUCHIBAJICS MO CTOJIOIAM CBEpXY BHHM3 WM CIpaBa HaleBO 0e3
3HAKOB MpenuHaHusI. B cOBpeMeHHOH 3amucu HepOorIu(bl 3aHChIBAIOTCS 10 TOPU3OHTATIH CIIEBa
HAIpaBo, CTPOQBI Pa3AeIIOTCS IyCTOH CTPOKOH, N-CTHUIIHE COOTBETCTBYET CTPOKE (pa3meisoTcs
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NIepeBOIOM CTPOKH), CTHXHM B CTPOKE Pa3JeISFOTCS 3HAKAMH IIperuHaHus (IpoOesbl, 3arsiThle,
TOYKH U T.II.). Takoe CTUXOTBOPEHHE MbI Oy/1eM NPEICTABIATH B BUJIE YETHIPEXMEPHON MaTPHIIBI, B
siYelike KOTOPOIM HaXOIUTCsl Ueporind, YeThpe KOOPAMHATEI COOTBETCTBYIOT CTPO(aM, CTPOKaM B
cTpodax, CTUXaM B CTPOKax ¥ ueporimdam B cTuxax. 3HaKU MPENUHAHUS OlTycKaroTcst. [I0cKonbKy
CTHXH MOTYT COCTOATh M3 Pa3sHOTO 4YHCIa HEpOrIH(OB, CTPOKH — M3 Pa3HOI0 YHCIA CTHUXOB, a
CTPOQBI — U3 Pa3HOTO YHCIIA CTPOK, OyAeM IOIPaBHUBATH MX 110 CAMBIM JUTMHHBIM CTHXaM, CTPOKaM
U cTpoam, COOTBETCTBEHHO. J[J1s1 3TOr0 B KOHIIE KOPOTKOTO CTUXA 10OABIISIOTCS IYCThIC CHMBOJIBI,
B KOHIIE KOPOTKHX CTPOK — IYCTBIE CTUXH (COCTOSIINE U3 ITYCTHIX CUMBOJIOB), B KOHIIE KOPOTKHX
cTpo( C IyCThIe CTPOKHU (COCTOSIIUE U3 ITYCTHIX CTUXOB).

B mpumepax npu u300pakeHHHM Ha IUIOCKOCTH OYAeM HCIIOJb30BaTh JBYMEPHYIO MATpHIly, B
KOTOPOM CTPOKa MaTPHUIIbI COOTBETCTBYET CTPOKE CTUXOTBOPEHUS, & CTOJIOEL] — MO3UIINH Heporiuda
B CTHXE M CTHXa B CTpoKe. Slueiiku, 100aBieHHbIE Ul BHIPABHUBAHUS CTHXOB, CTPOK U CTPOQ,
nepeu€pKUBarOTCS ABYMsI AMaroHasiMu. Paznenureny ctuxoB u ctpod — nBoiiHbIe uHKUU. Takoe
NPEe/ICTaBIICHUE YETHIPEXMEPHOI MaTPHUIIbI Ha INIOCKOCTH NPEJHAa3HAUYEHO TOIBKO IS HATJISAHOCTH
NPUMEPOB M HE HCIOJIB3YyeTCs B MIpejaiaraeMoM Qopmamu3Me M aaropurMe. JTH aIrOPUTMEI
MPUMEHUMBI K MaTPHUIIaM JIIOOBIX Pa3MEPHOCTEH, HO pe3yJIbTaThl ISl YEeTHIPEXMEPHOH MaTPHILIBI U
e€ IByMEpHOTO NPEACTaBICHHs OyIyT pa3HBIMH.

W3  Takoro  NOpenCTaBICHWs ~ CTUXOTBOPECHUS  TpPaJULMOHHAs  3alUCh  IOJy4aeTcs
TPaHCIIOHUPOBAHUEM MATpPHIIBI, 3aTEM OTPAKEHHUEM CJIEBAa HAIPaBO M 3aTeM YAAICHHEM ITyCTBIX
sYeeKk co cIBUroM BBepx. Ha puc. 1 maH mpumep CTHUXOTBOPEHHS B OTHX TPEX BUIAX 3allUCH:
COBpEMEHHAsl, B BHJE MATPHLBl U TpaguLHOHHAs. Ha 3TOM pHCYHKe BUIHBI OCHOBHBIC BHIBI
PETYISIPHOCTH: MOBTOPSIONIHECS HEPOTTIH(BI, HECKOJIBKO OJHHAKOBBIX HEPOTIH(OB B CTPOKE HIN
B CTOJIOLIE, @ TAK)Ke IPyrue MOBTOpsIoMmuecs «QUryps» neporiaudos.

cospemeHHaﬂ ManHLla Ha IMJIOCKOCTHU Tpa,EI.MLlI/IOHHaSi
gl D - =1 S~ S H odw H o H &
HM 7% RIES . |& S B Ko MO M oMy M M
B i [ 4= = FHFHTHW
= mn . BB S, o ARG %4 & % iRk
H M T %, M4 s . |H R B B4 4 R %
o1y 14 Eid K53 B o4 ok 2
& e . | E s . i ool oy Ko < o <
HE Tr#H. B85,

Puc. 1. Cmuxomeopenue Ne 5 (1.1.5) @4 uncyn cot — Capanua
Fig. 1. Poem No. 5 (1.1.5) 47 Jung si - Locust

AblcTparupyscek oT ueporiaudoB U KUTAHCKUX CTUXOTBOPEHUIL, 3a1a4a GOpPMYIHPYETCsl KaK aHaJIH3
perymsipHocT B l-MepHOW Mmatpune, e > 1,BBeleHMM YHCIOBOW Mephl PETYISIPHOCTH U
CpaBHEHHUH PA3HBIX MATPHII IO 3TOH Mepe. MBI OyieM paccMaTpUBaTh PETYIIPHOCTH, OCHOBAaHHBIX
Ha TIOBTOPEHUHU «(UTYpBI», KOTJa HMMeeTcs IBa OJWHAKOBBEIX Habopa CHMBOJIOB C TEM K€
OTHOCHTEIIBHBIM PACIOI0KEHHEM APYT OTHOCHTENBHO Apyra. OmgHa Gurypa moiydaercs U3 Jpyrou
CIBUTOM IO OJIHOM MJIM HECKOJBKUM KOOPJUHATAM MaTpPHILIbL.

3. Bekmop, mampuuya u ¢gpucypa

PaccMaTpuBaroTcs Bektopa X = (X1, Xz, ..., Xk) pasmMeproctr K = 1, 2, ..., cofeprKkalue 1eible Yncia;
i-yl0 KOMITOHEHTY BekTopa X Oymem o6o3Hauyath X(i) = X;. Jlis BEKTOpOB OmMHOM pasmepHOCTH K
OIIpeIEeIUM:

[ToxomnoHeHTHYO cyMMYy BeKTOpoB (X + Y)(i) = x(i) + y(i).

TToKOMITOHEHTHYIO pa3HOCTh BEKTOPOB (X - Y)(i) = x(i) - y(i).

IMporusononoxueiii Bekrop (-X)(i) = -x(i).
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Monyis Bekropa |X|(i) = [X(i)|.

Bekrtop [n], Bce xommoHeHTHI KoToporo paeubl uuciy N: [n](i) =n. Ecam HyxHO yKa3arh
pasmepHOCTh t BekTopa [Nn], 6yaem mucats [Nn]:.

[ToxOMIIOHEHTHOE OTHOILIEHHE YACTUYHOTO MOPSAKA:
y>xox<ysVi=l, ., k(x() <y(@)); y2xoX<yoX =y v X<y

JIuneinbli IOpAAOK BEKTOPOB:

X<y Ii(1<i<k&x(M)<y() &(Vj(1<j<i=x()=vy0{)));

Y2 XSX S YSX =Y VX <YL

OueBuaHO, -X = [0] - X1 X -y =X + (-y).

Taroke paccMaTpHUBaIOTCS MaTPHUIIBI pa3MepHOCTH t > 1 B amdasure L, B kaxmoil suelike KOTOPBIX
HaXOAWTCSI CUMBOJN u3 andasuta L, mpudéM HEKOTOPHIE CHMBOJIBI MOTYT HMOBTOPAThCA. Pa3mep
MAaTpHIIB! 3a0aETcst BEKTOpOM N pasmeproct t, tne n(i) > 1,i=1, ..., t.

KoopanHaTh! ss4eiKi MATPUIIBI 3aA0TCS BEKTOPOM X pazmeproctu t, rme 1 < x(i) <n(i),i=1, ..., L
B stueiike ¢ koopanHaTaMu X MaTpuiiel A Haxomutcest cumBoit A(X). Matpuity OyieM npocMaTpuBath
B JINHEHHOM IOpsIIKE «<]» BEKTOPOB, 3aJaI0IUX KOOPAUHATHI siuceK. [l 0OTHOMEPHOI MaTpUILIbL
(BexTopa) 310 OyZeT MPOCMOTp clieBa Hampaso. [l AByMEpPHOH MaTpHIlbl 3TO OyAET MPOCMOTP
CJIeBa HANpaBO CBEPXY BHU3.

Ilycmoii cumeon — BbIACIECHHBIH cUMBOI € andasuta L. [Tycmoii siuerikou Oynem Ha3bIBaTh SUECHKY,
B KOTOpOH 3amucaH IycTol CUMBOJI. B npumMepax mycras siueiika — 3To siueiika ¢ 6enbiM GOHOM U
OTCYTCTBHEM CHMBOJIA B HEHl.

Mackou Oynem Has3biBaTh MaTpuily M pasmepHocTH t U pa3mepa M, B KOTOPOH Kakaas sdehka
COJICPIKUT JINOO MYCTOM CUMBOJI €, TMOO CIICIMANBHBII nPO3pauHblli CAMBOII T, C IOTIOTHUTEILHBIM
TpeGOBaHHWEM HATMYHS CHMBOJIOB T Ha «repudepun» Matpuisl M: mis i = 1, ..., t XoTst 661 B 0HOM
siueiike matpunbl M ¢ koopaunatamu X, tae X(i) =0 wmm X(i) = m(i), umeercss cumBOI T, T.C.
M(x) = 1. nst omHOMEpHOH MaTpHisl (BEKTOpa) 3TO O3HAYACT HAJIWYHEC CHMBOJA T B MEPBOH H
nocyienHe KoMrnoHeHTe. s IByMepHOU MaTpHIlbl 3TO O3HAYAET HAJIMUKME CUMBOJIA T B IIEPBOM U
MOCJIETHEH CTPOKAX, a TAKXKE B TIEPBOM U TIOCIIETHEM CTOJIOIIE.

bynem rosoputh, uto ¢urypa F pasmepHocTn t u pasmepa M ompezaensercs B marpuue A
pa3mepHocTH t 1 pa3mepa N koopanHaTtamu Z (B matpuie A) o macke M pasmepHocTH T 11 pazmMepom
m, rae Z + m — [1] < n, ecru Beimonasietcs yenosue (M(X) =1 & F(X) =& & F(X) = A(x+z—[1]))
v (M(X) = € & F(X) = € ), u, Kpome Toro, X0TsI ObI 0/1Ha siueiika F(X) He mycta. ®urypa F sBisercs
MaTpHIlel pa3MepHOCTH t 1 pa3mepa M, KOOPAUHATHI Z ONPEAEIAI0T «Havyajo» GUrypsl F B Mmatpurie
A, 1po3padHble CUMBOJIBI Macki M — Te siueiKH, KOTOPbIE JIOJKHBI OBITh HEMYyCTHIMHU B MaTPHILIE U
KOTOpBIE CTAaHOBSTCS suelikamu (Gurypsl F, a mycTble CUMBOJIBI Macku M — Te siueiiku, KOTopble
CTaHOBSITCA MYCTHIMHU B F HE3aBHCHMO OT TOTO, KAKMMHU OHH OBUIH B MaTpuie. HemycTsie CUMBOJIBI
(GUrypbl COCTaBISIIOT «COAEpKaHue» (UIypbl M pacroyiararorcss B t-MEpHOM NpOCTpaHCTBE, a
IIYCTbIE CUMBOJIBI 3aMOJHSIOT «IPOITYCKM» MEXKAY HEIYCTHIMH CHMBOJIAMHU, €CIIM TaKHE MPOITYCKH
ectb. Takyio purypy F 6ymem o6osuauats A(z, M).

alp]2 1alb]2 EIGE alp]2]
4 13[4lalp 1 1 L P EIE P
o lalb|5la alb|5|al’ ((2,3).M) alb|Slal (3, 0).M4) alh|5|al
6la|7]8 l6lal7]8] lo]al7]8 6la| 78|

Puc. 2. IIpumep nosmopsiowetics gueypol
Fig. 2. Example of a repeating figure

Tosmopsitoweticsa gueypori Ha3oBéM ¢urypy F, umeromniyro 6ojiee 0AHOTO BXOXKIESHUS B MATPHUILY
A, T.e. cymecTBYIOT Macka M 1 X0Tst ObI IBe KOOPIMHATHI Z1 U Zp Takue, uto F = A(z1, M) = A(z2, M).
Ha puc. 2 npumep asymepnoit matpunsl A, macku M, gurypsr F u mecta ¢urypsr B MaTpuie ¢
yKa3aHHEM KOOPANHAT BXOXKIACHHH.
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4. Clsuz Mmampuubl U YUCJIO pe2ynisipHOcCMu ¢huaypbli

Cosucom matpuLbl A pasMepHocTH t 1 pasmepa N Oyaem Ha3biBaTh e€ mpeoOpa3oBaHie, 3a1aBacMOe
BekropoMm 0 pasmepHocTH t, pe3ynbraTroM KoToporo sipisercs marpuia d(A) pasmepHoctd t u
pasmepa N, ompexensiemas paBerctBamu d(A)(X) = A(X), ecm [1] <x-d<n u AX) =A(x-d), u
d(A)(x) = € B mpoTiBHOM ciyuae. VIHBIMU cIOBaMH, KaXKaast sSiueiika MaTpHUIIbl C KOOPJUHATAMHU X
ciBuraetcs Ha Bektop d, T.e. mo kaxmoi koopauHate i =1, ..., t caBuraercs Ha d(i) sueek: i-as
KoMmnoHeHTa koopauHathl X(i) yBenmuunBaercs Ha d(i) (ymenburaercst Ha [d(i)|, eciu d(i) < 0). Eciu
s4yeiika He BBIXOOUT 3a mpepenbl mMarpuibl u A(X) = A(X +d), To mocnme caBura B sueiike ¢
koopaunaTamu X +d Gyzetr cumBoia A(X + d), koTopslit Tam u OblT B A, B IPOTHBHOM CIly4ac B
sgeiike OymeT IycTol CHMBON. Sueiiku, BBIXOIIINE 3a TIpPEAeibl MaTpPHUIIBI, HCUE3aloT, a
OCBOOOAMBIINECS SYCHKH (B KOTOPBIE HE MEPEMEIIAIOTCS IPYTHE SUEHKU) 3aMOHAIOTCS ILyCThIM
cuMBOITOM. Takxke MyCThIMHU Oy IyT stueiiku ¢ koopauHatamu X + d, eciiir A(X) = A(X + d). ITpumepst
Ha puc. 3.

|F
a0 2 -1)(4) | (1,-2)(4)

alb|5|a a alh alb

6la|7|8 a o 4]

Puc. 3.IIpumepul cosuca 08ymepHol Mampuybl

Fig. 3. Examples of two-dimensional matrix shift
BriOupaem caBuru, KOTopbie XOTs Obl O/IHY SIEHKY MaTpHLbl He BBIBOIAT 3a e€ npenensl. [Tocie
9TOr0 W3 ABYX MPOTHUBOMOJIOKHO HAMpaBICHHBIX cABUrOB 0 u -0 BRIOMpaeM OMMH: TOT, KOTOPBIA
JIAIbIle B TMHEHHOM TOpSIKE CABUTOB, T.€. d, ecm -d </ d, u -d, ecam d <, —d. Hynesoii casur [0],
HE MEHSIOMHAN TF00YI0 MaTpHIly, He BEIOHpaeM. MHOXKECTBO BCEX 8b1OpAHHLIX CIBUTOB 0003HAYUM
D. Ux gucio, ouesuano, pauo ( (2n(1)-1)*(2n(2)-1)*...*(2n(t)-1) — 1) / 2. Umeem:
-(n(M) -1 <d@ <) -) mai=1, ...t
di > 0;
ecimd, =0, o dy > 0;
ecrm d; =d, =0, Tod3 > 0;

eecmmdi=d,=...=d1 =0, T0d: > 0.

Yreepxaenue 1. Ecnu B marpuue A pasmepHocTd t W pasMepa N ecTh JBa BXOXICHHUS OIHOM
¢urypsl F ¢ koopamHatamu z; W Z; no Macke M pasmepHoctH t W pasmepa m, T.e.
F=A(z1, M) = A(z2, M), 1 71 <1 Z,, TO BTOpOE BXOXJICHHE MOXET OBITH IMOJYYEHO W3 MEPBOrO
BBIODAaHHBIM CJIBUTOM MATpPHUIBI Ha BEIMYUHY (Z2-Z1) M 3aTeM BbIIEIEHHEM (GUTYPHl C
KOoOpAHHATaMH Z TI0 Macke M: (22 - 21) € D u F = ((z2 - z2)(A)) (22, M).

Joxka3atenbcTBo: M3 TOro, 4T0 Z1 M Z2 KOOPAMHATHL B A M YCIOBHS Z1 <| Zp HEMOCPEICTBEHHO
crenyer, uto (22 - z1) € D. 1o onpenenenuto casura ((z2 - 21) (A))(X + 22 - [1]) = A(X + 22 - [1] - (22 - 71))
= A(X+2z1-[1]) npu ycnoBum, uto 1) [1] <x+z3-[1] <n, roe X KoopauHaThl B Macke M, T.e.
[11<x<m, u2) A(X + 22 - [1]) = A(X + z1 - [1]). U3 cymecTBoBanus BxoxkaeHus A(Zi, M) crenyer
BBINIOJIHEHHE ycloBus 1, a u3 paBeHcTBa A(Zi, M) = A(Z2, M) crienyeT BbINONHEHHE YCIOBHA 2.
VYT1BepkaeHue J0Ka3aHo. O

Omnmupasics Ha 0, Gyznem roBopuTh, 4to durypa F nosmopsiowasca npu cosuce d B matpune A, ecinu
OHa ecTh B caBHHYyTOM Matpuue d(A) u, cienoBaresibHo, ecTh B A. Ourypa F MOXKeT MHOrOKpaTHO
MOBTOPSITBCS MPHU TOCICAOBATEIbHBIX CABHrax d, T.e. HMETh BXOXKACHHE B KKAYIO U3 MaTpHILI,
MOJNyYAIOIINXCs  MMOC/IeI0BATENbHbBIM —MpUMeHeHHeM ciasura d, T.e. B Marpumax d(A),
d(d(A)) = d*(A), ... d(d(...(d(A))...)) = d"(A). MakcumanbHoe uucio I > 1 6yaeM Ha3bIBaTh YUCIOM
exooicoenuti burypsl F B Matpumy A npu cosuze d, T.e. purypa F BxomuT B xaxayro matpuiy d'(A),
raei=1,2,...,r, Ho He BxoauT B MaTpuy d *1(A).
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Yucnom peeyasprocmu Gurypsl F no cneury d B Marpuie A Ha30BEM mpousBeaeHue Sr, rae S > 1
YHCIIO HeMYCTHIX siueek B F, a r > 1 uucno BxoxkaeHuit gpurypst F B matpuny A npu casure d. Ha
puc. 4 npumep aBymepHoi Mmatpuisl A u asyx Marpun d(A) m d*(A) s casura d = (1, 1) ¢
yKa3aHHEM MECTOIOJIOKEHHS B HUX JBYX (uryp c¢ umciom perymspHocta 3 =3*1 u 2 =1*2,
3ameruM, uto B Marpuue O(A) IOKa3aHO MECTONONOXKEHHE (GUTYPBl M3 TPEX HEIMYCTHIX SUCCK,
KOTOpasi He MaKCUMaJlbHa B TOM CMBICIIE, YTO, TOOABHB €IIE OJHY SYEHKYy ¢ CHMBOJIOM &, MOXKHO
HOJIyYHUTh (PUTYPY C YETHIPbMS HEITYCTHIMH STYCHKAMH.

1alh|2
2. =

4 BIHAPLyeny HHARLG e _
al|b|5|a a a
6lal|7|8 a

Puc. 4.Ilpumeprr ghueyp, nosmopsaowuxca npu cogueax
Fig. 4. Examples of figures repeated during shifts

[oBTopsrontyrocs purypy B MaTpuie A OyneM Ha3bIBaTh MAKCUMAIbHOU TIpU caBure d, eciiu oHa
HUMeEeT MaKCHMAJIbHOE YHCIIO HEMYCTHIX s4YeeK cpenu (Guryp, moBTopsromuxcs mnpu casure d. B
npuMepe Ha puc. 4 npu ogHOKpaTHOM casure (1, 1) makcumanbHas ¢gurypa odpasyercs U3 Bcex
Y4eThIPEX HEMyCThIX sueek Matpuisl (1, 1)(A).
[TockonmbKy ¢urypa Takxke SBISCTCS MATPUIEH, MOXHO OIPEEIHTh BIOXEHHOCTH QUTYD
CIeyomuM 00pa3oM: OyieM roBOpUTh, 4To ¢urypa B eroowcena B purypy A, ecnu B sBisercs
¢urypoii B matpure A.
Yr1Bepxkaenue 2. 1) durypa F makcumanbHast B MaTpuie A pu casure d monydaeTcs U3 CABUHYTON
Matpunsl d(A) ynaneHneM mycroit «repudepun», T.e. IOBTOPESHUEM, TOKa BO3MOYKHO, CIIEAYIOIICH
NpOLEAYPHI: eclH Il HekoToporo i =1, ..., t Bce sueiiku Matpuipl d(A) ¢ KOOpAWHATAMH X, IIe
X() =0, mycTel, TO Bce oHM ynamsrorcs u3 Matpunbl. 2) Kaxmas ¢urypa B marpuine A,
HoBTOpsifoIIasics pu casure d, BoxkeHa B ¢purypy F. 3) Uucio HenmycThIX siueek Gpurypsl F paBHO
YHCITYy HETYCTHIX stueek MaTpuiisl d(A).
HoxasatenscTBo. Eciu stueiika ¢ koopauHatamu X Matpuusl d(A) He mycTa, TO, BO-NIEPBBIX, B 3TON
s4elike B MaTpHie A HaxOAMTCS TOT )K€ CHUMBOJI, @, BO-BTOPBIX, 3TOT K€ CHMMBOJ B Marpuie A
HAaXOMUTCsI B sueiike ¢ koopauHatamu X - d. Ilockonbky mrobas ¢urypa marpuipsl A,
TOBTOpSIFOIIAsiCSs TPU caBure 0, COCTOMT M3 TaKMX SYEEK, OTCIOJ[a HEMOCPENCTBEHHO CIICIyeT
JIOKa3bIBAEMOE YTBEPKIAEHUE. [ ]

5. Cymma pesynsapHocmu Mmampuubl U ajicopumm eé eblqucieHus

Cymmot pezynapnocmu mampuysl A Oynem HasbiBath cymmy S(A) dmcen peryispHOCTH BCex eé
MaKCHMaJIbHBIX (DPUTyp, IOBTOPSIOIIUXCS TIPH CIIBUraX, o BceM casuram. M3 0 ciaenyer, 4yto cymma
peryIsSIpHOCTH MaTpHIEl A paBHA CyMMe Mpou3BeneHuit S o BceM d u I, rie d BEIOpaHHBII CBHT,
I KpaTHOCTh ciBura d, T.e. YHCIO TMPUMEHEHHWH OJHOTO M TOTO K¢ caBura d mjs mosydeHws
cneunyToit Matpunsl d'(A), a S 4mcino HemycThix stdeek B casuuyToi matpume d7(A). Huke
NpUBEAEH aIrOPUTM  BBIYHCIACHHS CYMMBI PETY/SIPHOCTH MATpPHUIBI W HEOOXOIHMMBIE
BCIIOMOTATEIbHBIC MPOIEAYPHL.
AnroputM_1 (4, ¢ n) /* BeruncieHre cyMMBbl PeryasipHOCTH MaTpULb! */

Input: matpuna A pasMepHOCTH tpasmMepa .

Output. cyMMa peryJsipHOCTH S(A).

5=0; /* HyJleBasi cyMMa peryJsipHOCTU */

d=[0]s /* HyneBo# caBur */

while d<n- [1]:do /* nuKa no caBuram */

| d= Nextq(d, ¢, n); /* BbIUMC/IEHUE CIeyIollero caBura */
| (B s) = CgBur (4, ¢t n, d); /* caBur matpuns */
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| r=1; /* KpaTHOCTb caBura paBHa 1 */
| while s> 0 do /* LUK/ IOBTOpEeHUsI OAHOrO cABUra */
| | S=s*n /* BbIYMC/IEHHE YK CJ/Ia PEeryJsIpHOCTH */
[ (B s) = GgBur (B t n, d); /* JaJbHEeHIINH cABUT MaTpULbl */
L L /* yBesnmdeHue Ha 1 KpaTHOCTH cjBura */
returns;

Casur (G t n, d) /* caBUT MaTpULBL */

Input. MaTpuna Cpa3MepHOCTH ¢ pa3Mepa /1, CABUT d.
Output. caBYHyTas MaTpuLa D= d(() ¥ 4YuCJI0 SHeNyCThIX 14eeK B Hel.

x=[1]s /* KoOpAVHATHI HAYaJIbHOW TYeHKH MaTpULbl */

s=0; /* HayaJIbHOE YU CJIO S HENyCThIX STYeeK paBHO HYyJII0 */

while x<in do /* LMKJI 10 KOOpAMHATaM f4eeK MaTpULbl */

| if[1]e<x-d<nthen /* eciu B 14eHKy c/IBUraeTcs s4yelKa MaTpULbl */

| | ifCx)= C(xd) then  /* ecin nIpu caBHTe CHMBOJ He MeHsieTcs */

[ D(x) = (x); /* TO 3TOT CUMBOJI — B siueliKe CABUHYTON MaTpHIibl */
[ | | ifD(x) # then /* eciv aTO He mycTOM cuMBO */

[ | L st /* TO 4HCJI0 S HEMYCTBIX iYeeK yBeJryuBaeTcsa Ha 1 */
[ else /* ecsiv pu ciBUTe CUMBOJI MeHsieTcs */

[ | L bpw=g /* To B siuelike nycToi cuMBoJ */

| else /* ecau B iyeiika ocBoboxgaeTcs */

| L D& =g /* To B siuelike mycTo# cuMBoOJI */

L x= Nextdx, t n); /* BbIYMC/IEHHE KOOPAUHAT Cleyolel sueidku */

return (D, 5); /* Korza nepeGepém Bce TYENKH, KOHEL] BEIUUCaeHus */

Nexts(d, t n) /* BbIUHMC/IEHUE CIelyIolero cBura */
Input. caBur d pasis MaTpulbl pasMepHOCTH £ pa3mepa A, [0]:<;d<in-[1]s
Output: BbIOpaHHBIN CABUT, CJIeAYIOLIMN 32 d B IMHEHHOM NOpsiZiKe CABUTOB.

i=t /* HauMHaeM c nocjejHel i koopAUHATHI */

while do /* nuka no koopauHaram i= £ t-1,..,1%/

| d(D++; /* yBenudeHue Ha 1 cABUra o Tekylulel /-1 koopAuHaTe */
| ifd(i) >n()) then /* ecyiv BBIXO/IMM 33 IPaHUILbI MATPUIBI */

| | d())=-(n()-1); /*ToMUHUMaJBHBIA CABUT IO iU KOOpAUHATE */

| I /* 1 nepexouM K npefbiayiueit (7- 1)-i koopguHare */

| else /* ecaiM He BBIXO/IMM 3a IPaHUIbI MAaTPULbI */

L L returnd, /* To KOHel| BbIYUCIeHUs */

Next{x, t n) /* BbIYMC/IEHHE KOOPJMHAT ClleAyiolel sayeidku */
Input. KoopAMHATBI X IJI1 MaTPULBI pa3MepPHOCTH ¢pa3Mepa 7, [1]:<rx <in.
Output. KOOpAUHATHI, CJleAyIoliYe 3a X B IMHEHHOM NOpsJKe KOOpJHUHAT.

i=t /* HauMHaeM c nocjaeHel 1 KOOpAUHATEI */

whiledo /* UMK o KoopAuHaTam /= £ t-1,.., 1%/

| x(D)++; /* yBenudeHnue Ha 1 Tekyuiel /-1 KOopAUHATHI */

| ifx()) >n(i) then  /* ecnu BBIXOAMM 3a TPAaHUIIbI MATPULBI */

| | x()=1; /* TO HayaJIbHOe 3HaYeHHe TeKylleHd /- KoopAuHaTHI */
| L i /* 1 nepexo UM K npeablayiieit (/- 1)-i koopauHaTe */

| else /* ec/iv He BBIXOAUM 3a FPaHULbI MAaTPULLBI */

L L returnx, /* To KOHel| BbIYMCIeHus */

YrBepkaeHue 3. ANTOPUTM BBIYHMCICHHS CYMMBI PEryJISPHOCTH MATPHLBI HMMEET CIOKHOCTh
O(N?Nmax), Te N umcno sueek Marpuubl, a Nmax = Max{n(l), ..., n(t)} makcumanbHBIN pasmep
MATPHIIBI TI0 OJHOM M3 KOOP/HHAT.
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HoxasatenbctBo. Yncno sueek Marpuist N = n(1) * ... * n(t). Yucno BeIOpaHHBIX cIBUTOB 0 paBHO
((2n(2)-1)*...*(2n(t)-1) — 1) / 2 = O(N). KpatHocTb I ciBura He MPeBbIACT Nmax - 1 = O(Nmax). Just
KaXKI0T0 c/iBUra d ¥ ero KpaTHOCTH I' BEIYHUCICHUE CABUHYTOU MaTpulibl d'(A) U BEIYHUCICHHUE YKCTIa
HEMYCTHIX €€ siueeKk JelaeTCs 3a OJWH TPOCMOTP sideek Marpuilel, T.e. 3a Bpems O(N). Takum
06pa3oM, cioxkHocTh anroputma O(NNmax). [

3ameuanue: Yucno capuros Buza d', rae d BEIOpaHHbIH CBUT, OCTABISIOIINX B MIPEEiaX MATPHUIIbI
XOTs OBl OIHY SUCHKY, MOXKET OBITh MEHBIIE Nmax - 1, MOCKOIBKY KPATHOCTB Nmax - | UMEET TOIBKO
takoii casur d, B koropom |d(i)| = 1, ecit Ni = Nimax, 1 d(i) = 0, ecant N < Npmax, 1 =1, .., L.

6. KoaghgpbuyueHm peaynspHocmu mampuuybi

CyMMa peryJsipHOCTH MaTpHUIbl IT03BOJIIET KOPPEKTHO CPaBHUBATh MaTpHIBI OJHOH (GopMBl, T.e.
MMEIOIINX OJIMHAKOBBIE Pa3MEPHOCTb, Pa3Mep M PacIojioXeHHe MyCTHIX CUMBOJIOB. B "actHOCTH,
€CII BBIMOJHUTD PACUUpPEHUe MaAmpuysl, YBEINYNB MaKCHMaJbHbIC 3HAYCHUS HEKOTOPBIX
xoopauuat N(i), i =1, ..., t (B8 nByMepHO# MaTpHIle 3TO 3HAYUT J0GABUTH CTPOKH ITOCIIE OCIEIHEH
CTPOKHU H/WJIM CTOJIOLBI MOCIIE MOCIEIHEr0 CTONIONA), U 3a0JIHUTh HOBBIE SIYCHKH MYCTHIMU W/WIIH
YHUKAJIbHBIMH CUMBOJIAMH, TO CYMMa PETYJSIPHOCTH HE M3MEHHTCSL.

Jnsi cpaBHEHHsI PETYISIPHOCTH MATPHI[ Pa3HOTO pa3Mepa W/WIM C Pa3HBIM YHCIOM HW/HITH
PACIONOKEHUEM IYCThIX CHMBOJIOB, BBEIEM Koapuyuenm pezyasiprocmu mampuysvr K(A),
KOTOPBIN OMpeearM KakK MPOIEHTHOE OTHONICHHWE CYMMBbI PEryIspPHOCTH MATpPHUIBI A K Cymme
PETYISIPHOCTH camoil pezyisiphoil Matpuiisl R(A) Toro e pasMepa U C TeM K€ YUCIOM H
pacroyio’)keHUeM IIyCTBIX CHMBOJIOB, 4TOo Marpuua A. Takoil camoif perynspHoil Marpuiei
€CTECTBEHHO CYMTATh MaTPHIly ¢ HanOOJIbIIEi cyMMol perynsipHocTH. Takas HanOoubIIas cymMMa
peryisipHoCcTH OyJeT y MaTpHIIbL, OTy4aeMOH U3 UCXOJHOM MaTpUIlbl A 3aMEHOM BCeX HEMyCThIX
CHMBOJIOB Ha OJIMH M TOT K€ HEMYCTOH CUMBOJI. 3aMETHM, YTO €CJI MaTpuiy A paclIMpHUTb JI0
MaTpulibl B, 106aBUB X0Ts ObI 0JIHY HEMYCTYIO STYEHKY, TO CyMMa PETYISIPHOCTH CaMOM peryJIsipHOi
marpunsl  BeipacteT: S(R(B)) > S(R(A)). KoadobwuimeHt perymsipHOCTH ompenesisercs — Kak
K(A) = 100 * S(A) / S(R(A)).

B kauecTBe npuMepa pacCMOTPHM CeMb MaTpPHUI[ OHOTO pa3Mmepa 3 x 3 Ha puc. 5, rae matpuia G
camas peryispras: G = R(A) = ... = R(F).

A B D E F G
0/1]2 003}0|0 01_:{ |_0}010‘|_||
3045 [3]1[1] [ol1[2] [ol1]2] [1]o[t] [o]1]o] [1]1]1
l6[7]8] [4]5]3] [2]2]2] [o]1]2] [oft]o] [o]1]o] [1]1]]

Puc. 5. Ilpumep mampuy 01 8vluucienus KoIQppuyuenma pe2yispHocmu
Fig. 5. Example of matrices for calculating the regularity coefficient

Tabn. 1. [lodcuém cymmobl pecyaspHoCmu u KOIh@uyuenma peyiapHocmu mampuy
Table 1. Calculation of the sum of regularity and the coefficient of regularity of matrices

marpuua|r cppur d S K%
(0,1)/(0,2)/(1, 2)|(1,-1)|(1,0)|(1,1)|(1,2)|(2,-2) (2, -1)|(2, 0)|(2, 1) (2, 2)
1 0] 0 0 0 0 0 |0 0 0 0 0 0
A > 0|0
B ; (2) 0 1 0 0 0 1 0 0 1 0 0 5110
1 2 2 2 1 3 0 |0 0 0 0 0 0
C 51 0 0 12|23
D ; 0|0 0 0 g 0|0 0 0 3 0 0 15/ 29
1 0 | 3 0 4 0| 4]0 1 0 3 0 1
E > 1 1 20|38
= ; 0| 3 2 0 g 0 2 1 0 3 0 1 24| 46
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G 1 6 3 2 4 6 4 2 1 2 3 2 1 52100
2 3 1 3 1
B Tabn. 1 npuBenéH moacuér cyMMBbI peryasipHOCTH U KO3 UITUEHTa PETyIIpHOCTH BCEX ITHX
Matpun. OOo3HaueHWst B Tabm. 1: I — KpaTHOCTH ciaBura, S — cymma peryisipHoctn, K —
k03 ULKEHT peryispHOCTH. B sueiike TabIHIBI yKa3aHO YKCIIO S HEIYCTBIX SIYEEK B CIBUHYTOM
marpurte d'(X), X = A, ..., G. Sueiika ¢ cepbiM HOHOM COOTBETCTBYET CIBHUTY (', BEIBOASIIIEMY BCE
sYeiiKy 3a Tpesenbl MarTpullbl. Slueiika ¢ 3alITpUXOoBaHHBIM (POHOM cooTBeTcTBYeT casury d',
OCTABJISAIOIIEMY HEKOTOPBIE SUEHKHU B Mpesieax MaTpMIbl, HO TakoMy, uto B marpuue d' 1(X) u,
cremoBarensHo, B Marpuiie d'(X), Bce siueiku mycThIe.

Anropurm_2 (4, t n)/* Beruucnenue koapdunueHTa peryJasipHOCTH MaTpULbl */

Input. maTpuna 4 pasMepHOCTH tpasMepa .
Output: ko3 dunueHT perynsapHoctu K(A4) = 1005(4) / S(R(A)).
S=Amropurm_1 (4, t n);  /* cymma perysasipHoCTH MaTpunbl 4*/
/* BbIYMC/IeHHE caMoi peryasipHoi MaTpunbl R(A)*/

x=[1]s /* KOOpAWHATHI HauaJbHOW T4YeHKU MaTpUILbl */
whilex<ndo /* IMKJI [T0 KOOpAMHATaM fi4eeK MaTpULbI */

| ifA(x) 2cthen /* eciu B A siyelika He nycTa */

[ Rx)=1 /* To nuiem B ssuelky 1 */

| else /* ecnn B 4 siueiika mycra */

L L R(x) =¢; /* To nmuueM B T4YeHKy NycToH cuMBoJI */

L x= Nextdx, t n); /* BeIUMCIEHHEe KOOPJMHAT C/leAyIolel sdelku */

Sk=Anroput™_1 (R ¢ n); /* cymma peryssspHocTH MaTpuLbl R(A)*/
return (100 * S/ Sr);

7. PazbueHue 0symMepHO20 rnpedcmassieHusi YembIpEXMepHOU Mampuybl Ha
npocmbie MHO20Y20JIbHUKU Moemopsirouyuxcsi ghu2yp

CyMMa peryisspHOCTH ¥ KO3(D(HUIMEHT PEryIspHOCTH SIBISIOTCS OOOOIIEHHBIMH YHCIOBBIMU
XapaKTepUCTUKAMHU DPETyJIIpHOCTH MaTpuilsl. [lomHOE ommcaHuMe MOJKHO OBUIO OBI conxepKaTh
MEePEINCICHHEe MAKCUMAIIBHBIX (PUTYD, TIOBTOPSFOIIUXCS TIPH TEX MK WHBIX BRIOPAHHBIX CIBUrax d
C yKa3aHHWEM YHCJIAa KPaTHOCTH I CIIBHTA, T.€. TPOEK (cABUT d, KpaTHOCTH I', MaKCUMaJIbHas (BHUrypa).
OpHaKo Takoe ONHMCaHue He HAMIISIHO.

Jlist HarnsgHOTO M300paXKeH!s! Ha TIIOCKOCTH MOBTOPSIFOMIMXCS (PUTYp YETBIpEXMEPHOW MaTPHIIBI
CTHXOTBOPEHHSI MOXKHO HCIIOJIb30BaTh ONMCAHHOE B pasjene 2 JByMEpPHOE NpE/ICTaBJICHUE, B
KOTOPOM BBIJICNIMM TIOBTOpSIOIIMECS (UTyphl cCleAylomuM oopasoM. i KaxIod sueiikw,
coJepkalie Hueporying, ONpeAeNuM MHOXKECTBO BBIOPAHHBIX CIBHIOB, IPH KOTOPBIX 3TOT
ueporud coxpansercs. Jlanee yAauM TpaHULY MEXIy Ka)XIOH Mapoil COCeIHHX sueek (eBas-
npaBasi WM BEpXHSS-HWKHSA), €CIM 3TH sdeiiku 1) comepxkar Ueporiudbl ¢ OAWHAKOBBIMH
MHOXKECTBaMHU CIIBUTOB (B YacCTHOCTH, 00a wHeporimuda HETMOBTOPSIOIIUECS, T.€. C IYyCTBIMH
MHO)KECTBaMH BBIOPaHHBIX CABHUTOB) MJIH 2) COEPIKAT ITyCThIE CUMBOJIBL.

B pesynbrare Mbl HoyunM pa3dueHne AByMEpPHOH MaTPHIIBI Ha INIOCKUE QUTYPBI, OTPaHHYEHHBIMH
MIPOCTBIMH MHOTOYTOJIbHUKaMHU. DTH (UTYpHI MOTYT OBITH TpEX THUMHOB: 1) B sueiikax (urypsl
HaXOJATCS MTOBTOPSIONIECS (B MaTpHIle) HEPOTITH(EI ¢ OAMHAKOBBIMH MHOXKECTBAMH CIBHUIOB, 2) B
S4eKkax (UTypsl HAXOIATCS yHHUKaJIbHbIE HEepOoriudbl, 3) B suelikax (GUTYpbl HAXOAATCS ITyCTHIE
cumBoJEl. [Tocne 3Toro mpucBonM ¢GuUrypam mepBoro Tuma (T.€. COASPKAITIM HOBTOPSIOIINECS B
MaTpuile Ueporaudbl), HOMEpa TaKUM 00pa3oM, 4TOOBI GUTYPHI ¢ OJUHAKOBBIMH MHOXECTBAMHU
BBIOPAHHBIX C/IBHTOB IOJyYMJIM OAWHAKOBHIN HOMep. OueBHIHO, Kaxaas (Gurypa mepBoro Tuma
COJICPKHUT TOTIApHO PA3IMYHbIE UepPOrIH(bl, KOTOPHIE MMOBTOPSIIOTCS BO BCEX (UIypax C TEM Ke
HOMEPOM H TOJBKO B HUX.
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Haxoner, 3aMeHHM KasK/Iblii TIOBTOPSIIOILMICS B MaTpHLe HEpOrIUd B siueiike Ha HoMep Gurypsl, B
KOTOPYIO BXOAMT 3Ta siuelika. ['paHuily cTuXoB U cTpod Nno-npekHeMy Oy eM IoKa3bIBaTh JBOHHOM
JMHUEH Tam, TJe 3Ta rpaHHlia COBNAJACT C I'PAHUIEH MHOTOYIOJIEHUKOB, U ITyHKTUPHOM JMHUEH
TaM, TJ€ HE COBMAJacT, T.€. NMPOXOJUT BHYTPH MHOTrOyroipHHKa. Ha puc. 6 mokasaH mpumep
MAaTpHIBl CTUXOTBOPEHHUS M e€ pazOmeHusa. B sToMm mpumepe Bce meporiaudbl MOBTOpSIOMINECS,
MIOATOMY BCE OHH 3aMEHEHBI HOMEPaMH COOTBETCTBYIOMINX (GHUTYp B pazoueHnn. B qpyrux cmydasx,
B YAaCTHOCTH, PACCMaTPHUBAEMBbIX HIDKE, 3TO HE 003aTEIHHO TaK.

| W | 2R kel 2 | 21213

| ENELR] 2 I 1 1 1]|4]14]3
— mm

- 51513

| = 6163
an

il S 71713

#l%= I 1 1 1|ls|s]3

Puc. 6. Cmuxomeopenue Ne 5 (1.1.5): mampuya u eé pazouenue
Fig. 6. Poem No. 5 (1.1.5): the matrix and its partition

8. Pe3ynbmambl KOMITbFOMEePHbIX 3KCriepumMeHmoese

JJi1 KOMITBIOTEPHBIX AKCIEPUMEHTOB OBIIa COCTaBJICHA MPOTrpamMMa, pealn3ylomias OIHCaHHEBIC
BhIIIIe anropuT™MbL. Ha e€ Bxon momaBacs teket [Ju y3una, B3aTeii ¢ caiita «Chinese Text Project»
[19] B kommpoBke utf-8 u mpeoOpa3oBaHHBI B cienyroommid (GopMmar B BHAE PEryJISIPHOTO
BhIpaKeHUsI (He COBCeM (hOpMalIbHO, HO B UHTYUTHBHO OYCBHIHOU (opme).

Jlutepanbl u300pakaroTcs KUPHbIM mipudrom (uepornudsl mwpudTom SimSun), memacumsonsl
uzobpaxarorcs kypcuom (TimesNewRoman). [TpoGerns u epeBoAbl CTPOK UCTIONB3YIOTCS TOJIBKO
JUTsL HATJSITHOCTH TIPEACTABJICHHS M HE SBIIIOTCS CUMBOJNAMHK Tekcta. Kpome uepornudos, daiin
MOXET cojiepkaTh crneayronue murepansl: 0123456789 () =. ABCDE.

Daiin_c_mexcmom_Illu_ y3un= Cmuxomeopenue_I...Cmuxomeopenue 305 E
Cmuxomeopenue_N= 3aconosox_cmuxomeopenusi_ N Cmpodgha...Cmpoga D
3aconosox_cmuxomeopenus N=(i,j,Kk)=N.Z

re:

i — Homep paznena: ot 1 0 4,

j — Homep mompazaena B paszaene: ot 1 10 15,

k — nomep ctuxoTBOpEHMs B moapaszene: ot 1 go 21,

N — rao6anpHbII HoMmep cTHXOTBOpeHHS: OT 1 10 305,

HOMep — HAMYpPAaIbHOe YUCILO 8 0eCAMEPUUHOL CUCmeMe CHUCTEHU.!

Homep = yugpa...yugppa, yugppa =0|112]3|4|5]|6]7]8]9,

Z — TEKCT Ha3BaHUS CTUXOTBOPEHUSI, COICPKALIMN TOJIBKO NEPOTTH( B

Z = Uepoenugp... Hepoenug.

I[Tpumep 3arosnoska cruxotsopenus: (1,1,1)=1. B M.

Cmpogpa= Cmpoka... Cmpoka C

Cmpoxa=Cmux...Cmux B

Cmux= Hepoenud...Hepoenug A

[Ipumep crpodsr:
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(1.13)=3BE XX EEANEIREABEREAARB AT ABCHE HARBEBABRS
4 S B AKE LUK IR ABCRE A R T AR IS Z IR ABRGG B AL AKE LA K B3 ABCRE
RARBERARBFERAZ T RABCD

daiin 3akanuyuBaercs cumBosiamu ABCDE.

C moMompI0 KOMIBIOTEPHOW IPOTpaMMbl OBUTM TOCYUTAHBI CYMMBI DPETryISIPHOCTH H
KodQuuueHTs perymsipHoctn Bcex 305 cruxorBopenmit [llu ysuna. B 3TOM pasgene nan
NIPeABAPUTENbHBIH aHAIN3 MOJTYYEHHBIX PE3YyIbTaToOB, B TOM UHCJE, B CPABHEHHU C OIICHKAMH
napajienusma B ctuxax [lu yszuna no TpéM ctaThaM kutaiickux asropos[20], [21], [22].

Ly ysun noapasnensercs Ha 4 pasnena: 1) Togoull JE, (Hpassl napcts), 2) Csao s /NE (Manbie
onwl), 3) Ja s K (Benuxue oawl) u 4) Cyn 28 (Tumubl). Ha puc. 7 (BHU3Y) HOKa3aH rpaQuk
cpexHero 3HaYeHHS KodpdumueHTa perysipHocTd Kyt (¢ y2€ToM BceX CIBUTOB) IO STHM pa3zeiiam
lu y3una, a TaxKe ero cpenHee 3HadeHue 2,71 mo BceM cTuxoTBOpeHusaM [lu y3una. OH HaTIATHO
MOKA3bIBAaeT, KaK OKUIAEMO MAAacT PETYIAPHOCTh CTUXOTBOPEHUH OT NEPBOrO K IOCICTHEMY
paszenam, 4To 0OpaTHO pOCTy nadoca ITUX CTUXOB OT HAPOAHBIX ITECEH JI0 XPAMOBBIX ECHOTICHHIH.

23

cpegHee 3HadeHwe nyOD

nyUD no pasgenam

| CpefHee 3HayeHve nyzt

1 Kxyzt no paspenam

1 2 3 4

Puc. 7. I'pagux kosgppuyuenmos pezyrsippocmu xax @pynxyusi om pazoena Ll ysuna.
Fig. 7. Graph of regularity coefficients as a function of the Shih-ching section.

B Tabn. 2 npuBeneHs! 3HaueHHsT KoddduieHTa peryisipHoCcTH (OKpYIIIEHHOTO 10 BTOPOTO 3HaKa
nocite 3armsToit) i Beex 305 cruxorBopenuid [lu ysuna. Ha puc. 8 (BHH3Y) 3TO jKe NMOKa3aHO B
Buze rpaduka, rae gyepes Kyyx 0003HaueH KO3 HUITHEHT PETYIAPHOCTH C YIETOM CABUTOB MATPHIIBI
CTHXOTBOPEHUS IO BCEM HYeTHIpEM KoopawmHaTaMm (cTpoda, cTpoka B CTpode, CTHX B CTPOKE,
nepornud B cTuxe).

OO6paTtnM BHUMaHKE Ha UK 3HadeHUS Kyt = 14,18, KOTOpHI JocTUTaeTCs Al CTUXOTBOpPEHHS Ne
8. DTO CTHXOTBOPEHHE YITOMHHAETCS B [22] Kak SKCTpEeMabHO PETYISIPHOE CPEN MEePEUNCIICMBIX
TaM ctuxoTBopeHuit Ne 4, 6, 7 u 8. Tabn. 2 u HWKHUH TpaduK HA pHUC. 8 MOKA3BIBAIOT, YTO OHO
9KCTPEMAIIbHO CPeaM BCeX CTUXOTBOpeHu [lu y3una.
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Tabn. 2. Koaggpuyuenmol pecynaprocmu 305 cmuxomeopenuii [Lu y3un
Table 2. Regularity coefficients of 305 Shih-ching poems

o 4 20 3 4 5 6 7 8§ 9 10 11 12 13

14 15

16

171 18 19

2,51/1,06|2,606,19|7,26|6,745,64/ 14,18 4,18/1,10,10,19 8,31/ 4,55

3,441 3,29

7,19

2,65 5,64/4,86

205,37/1,936,021,49/2,59 2,83/ 1,21|4,77| 2,50/2,95 1,85 1,06|1,330,90

1,12/0,95

6,03

2,97/1,26/0,98

40 2,824,08/1,28/2,90| 3,62/ 2,23/ 8,04 2,64/ 5,34/6,34/0,62| 1,16|6,43/6,60

1,28 3,61

4,70

0,60 0,66/ 1,08

602,98/ 3,44/ 1,166,90| 7,41/ 4,07, 2,40/2,35 4,93/5,50/4,49 4,73/7,96/1,96

5,60 7,42

3,76

4,62/2,612,08

803,29/ 3,65| 3,05/ 2,43/ 3,08/ 8,33 4,43/3,23| 4,17/1,09 4,86 3,36/2,80/1,72

2,12/2,32

1,64

6,406,18 5,94

100 2,82/ 2,57|2,66| 7,26/ 5,96|3,82/6,19)1,21] 4,172,50 3,23 4,60/3,90|3,82

3,54/3,26

2,10

3,69/4,53 2,54

120 2,97|3,153,49|2,59|2,01| 4,96/ 2,40/0,63| 0,443,312,01 2,40/3,57|4,82

1,99 12,72

3,44

1,02 3,21{6,19

140 2,90 1,65/2,90|8,54|2,87| 2,96 3,454,54| 6,34/2,37|4,47| 2,66|4,96|3,87

1,10/1,63

1,87

4,492,17/1,38

160 3,08 2,33)1,59|4,65|0,94/0,92/1,56|1,14| 0,841,64/4,60| 4,88/6,59 2,70

2,41/4,83

4,42

0,591,27|0,74

180 0,791,94/3,99 1,66/1,693,93/1,89/3,17| 3,001,10[1,49 0,68/ 0,71/0,64

0,49/1,09

0,43

1,04/0,98 1,25

200/1,123,001,62/0,95/0,35/1,33/5,17|0,80| 2,69 0,56/0,78 0,90/0,98|3,10

3,21 1,46

4,77

1,54/0,804,21

220/0,798,54/1,79)0,572,14/2,08 1,25/2,18 3,22(0,94/5,18 8,68/3,51/1,28

1,80/0,95

0,71

0,72(0,90/1,43

240 0,630,86/1,21/1,102,88/0,91/0,801,39 4,77/0,97|1,26 4,031,543,03

1,01/2,03

0,63

0,46/0,971,33

260 1,02/0,67|0,72/1,040,96|0,84/0,80/2,12| 1,06/1,53 2,19 0,511,73/0,42

0,75 0,27

0,50

0,610,61/0,33

28010,421,63/0,47,0,61{2,48/0,61)0,87,0,34| 0,51)0,25 1,26/ 0,690,59/0,74

0,63 1,28

2,04

3,98 3,27/0,74

300

0,470,75)0,42/0,570,68 0,52

90
80
70
60
50
40 .
30

20
10

«—38,87.5 <« 122, 86.67

Kxyoo

—~—
—
—
—_—

0

Kxyzt 30
20

K\'_\'( 0 10

150

86.67
3.48

=25

M Al UA\_L,J\.

300

W-WWWL"AW

8,14.18

0 150

122, 3.49

e /

50 100 150 200

250

300

Puc. 8. I'paghux 08yx koaghgpuyuenmos pecynsiprocmu u ux omuowerus 011 305 cmuxomsopenuii Ll y3una
Fig. 8. Graph of two regularity coefficients and their relations for 305 Shih-ching poems

Ha puc. 9 nokazano pa3buenue matpunsl ctuxorBopeHus Ne 8 u mepeBon A.A. Illtykuna. Mer
BUJIUM, YTO BCE CTPOKM CTHXOTBOpeHHsI Ne 8 0MHAKOBBI, 32 HCKIIIOYEHHEM 3-T0 uepornuda 2-1o
cruxa. Bee atu 6 meporiangoB — riaronsl, NpuuéM 5 U3 HUX YHHKaIbHBL. OJHMHAKOBOCTH CTPOK
O3HaYaeT, 4YTO NpH (HEHYJEBBIX) CIBUrax IO BEPTUKAIM, T.€. MO cTpodaM H/UIM CTpPOKaMm,
coxpasstoTes 7 u3 8 uepornudos kaxaoi crpoku. IlepeBox LlTyknHa 1OBOJIBHO TOYHO Nepenaér
STOT MapajIeu3M: MePBhIe CTUXH CTPOK OJWHAKOBHI U COAEpXKar 1Mo 4 ciIoBa, IpaBaa, BO BTOPHIX
CTUXaxX CTPOK YHCIIO CJIOB KoyieOyercss oT 2 10 4 W MEHseTCs He Toybko riaros. Ho tpeboBath
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OoJIbILIETO OT IEpeBOAa Ha PYCCKHH, HAaBEPHOE, M HENb3s: HAIPUMEP, B PYCCKOM S3bIKE HET
IJIaroioB, KOTOPhIE TOYHO MEpeiaBaiy Obl 3HAYEHHE KUTAICKOro riarona yse fi — NOJAHATH MOy
IUIAaThsI, TIOJIOXKHTH B MOJTY IUIATHS, M [JIaroa ce i — 6path (4T0-J1.) B MO0, 3aJI05KHB TI0JTy [UIAThS
3a mosic. [IoaTOMy IpPUXOIUTCS HCHONB30BAaTh HECKOJIBKO CIIOB: B IOJOJ HaOpasa, B IIOJ0JIE
HOHECTA.

a o —
1 112 242 21113 ||Psynapsynogopoxuux//Beécprraio ero
112 232 2|43 ||Psyaapey nonopomuur/ Cobupato ero.
— —LRE ——| = |
Lt 2 252 24| 3 ||Psyaapsy nonoposxknuk// PBy Beé Bpemsa ero
[ ]
1 12 2=2 2 |$f| 3 ||Psy aapsy nonopoutur// Unmy cema ero
2 L B}
1112 2«2 2|45 3 ||Pey aapry noaopomnuk// Bot B nogon nabpana
" sz | A
1 112 242 2 || 3 ||Peyaapey nonopoxuuk// B nogone noxecna,

Puc. 9. Pasbuenue mampuywt cmuxomsopenus Ne 8 (1.1.8) @y u 7 E (Ilodoposrcruk)
Fig. 9. Partition of the matrix of poem No. 8 (1.1.8) Fou yi # & (Plantain)

3aMeTHM, YTO NMpU TOPU3OHTAIBHBIX (HEHYNEBBIX) CABHIax, T.€. IO CTUXaM B CTPOKax H/WIIN
uepornudam B ctuxax, B ctuxorBopeHun Noe 8§ He coxpaHsercss HU ofuH uepornud. Eciau npu
BbIYMCIIEHNH Kodddunmenra peryiapHoctd (0003HaueHHOTO  Kyyoo) YUMTBIBATH — TOJIBKO
BEPTHUKAJbHBIE CIBUTH, T.€. IO CTpOdaM W/UIH CTPOKaM, Y 3TOro cTUXoTBopeHus Ne 8 Toxe Oyner
MaKCHUMaIbHBIH K03 PHUIMEHT peryisipHOCTH, paBHEIH 87,5. ['paduk cpegnero 3HadeHus Kyyoo Mo
pasnenam [llu y3una oka3aH Ha puc. 7 BBEPXY, a 1o BceM 305 CTUXOTBpEHUSAM — Ha prC. 8 (BBEPXY),
Tam xke (B cepeaune) mokaszan rpaduk otHotueHus Kyyoo / Kyyzt. TIMK 3TOr0 OTHOIICHHS TOCTHTAeTCs
Ut ctuxoTBopeHust Ne 122 u paBeH npumepHo 25 (puc. 10).

Paiee MOYKHO CKA3aTh, YUTO A CaM HE HMEI 01Kk
CeMb pasHUHBIX HAPALOE TENEPb ¥ MEHA:

TONBKO HEIHEHHIT AAP TBOH, BOT 3TH 042Kk
byayT MHOrO vaoOHeH H aydmie, noBepb, A4 MCHA,
Paspe MOKHO CKa3aTh, YTO A CAM HE HMEID 0K b7
Ho paznuaseix oje#a GbUIo IecTh Y MeHs

Tonbko HEHEWHKIT 1ap TBOIL. BOT 3TH 01€#1bI

W teneii. u yaobueii HapsaaoB, UTO ecTh Y MeHs

Puc. 10. Pasbuenue mampuysi cmuxomeoperus Ne 122 (1.10.9) Lz10 my HELC
(Paszse mooicro ckazamo)

Fig. 10. Partition of the matrix of poem No. 122 (1.10.9) Wu yi £zt (How can it be said)
CruxorBopenune Ne 122 mmeer Kyt = 3,49, uto BbIme cpeaHero 3HadeHus 2,71, HO paneko oT
MaKCHMaJIbHOTO 3HaueHus 14,18, 31o 46-e no BenuuuHe 3HaueHHne Kyyzt. A BOT IPH CABUTAX TOJIBKO
10 BEPTUKAJIM MIMEEM BTOPOE Mociie MakcuManbHOro (87,5) 3nadenue Kyyoo = 86,67. B xuraiicknx
cratbsx [20], [21], [22] aTO cTHXOTBOpEHME HE YIIOMHUHAETCS.

Tort akT, uro Kyyoo cyrecTBeHHO (B HECKOJIBKO pa3) Ooibie Kyy;t TOBOPUT O TOM, YTO IOBTOPEHHUE
ueporaudoB U QUTYp MPOUCXOAUT B OCHOBHOM IIPH BEPTUKAIBHBIX CIBHTAX, T.€. IO cTpodaM H
CTpoKaM B cTpodax, ¥ 3HAYUTEIHHO MCHbBIIE MPH TOPU3OHTAIBHBIX CIBUTAX, T.C. 0 CTUXaM B
CTpOKax H wWepormudaM B CTHXaxX. JTO IMOATBEpXKAaeTcs Tabi. 3, THe yKa3aHbl CpeIHUE,
MaKCHUMallbHbIE U MHUHHMAJIbHBIC 3HAYCHUS KOA(QQUIMEHTOB PETYJSIPHOCTH Ui BceX 15 BHIOB
CIBWIOB, OTJMYAIOIINAXCS TEM, [0 KAKHM KOOPAWHATAM CABHI HE MPOMCXOIUT (OHH 0003HAYEHBI
HyIsMH B WuHIeKcax). CronOumpl ymOpAOOYEeHBI CJIeBa HAmpaBO II0 YOBIBAHUIO CPEIHEro
K03(h(uLKeHTa PEryIIPHOCTH.
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Tabn. 3. Koaggpuyuenmol pecynaprocmu(K) npu pasnvix euoax cosueos

Table 3. Regularity coefficients (K) for different types of shifts

K X0, [ x,0, | xy, | Xy, | x0,]0y, 00, |x0, |0y, | xy, | Xy |0y,| 0y, |0,0,(0,0,

00/20[{00|z0|0t|00]z0 |zt |z0 |0t | zt |zt]| Ot |zt]|O0;t
average |32,7417,2515,38 8,78 6,47| 4,91 4,41 4,40 4,26/ 3,97| 2,711,59 1,591,551,25
max  |92,82[74,2987,5044,9322,1987,5033,3318,5929,17]24,14114,188,3313,106,097,14
min 0 0 O O O O O O o 0029 0 0 0 0
cr.Ne8 [87,5046,0587,5044,9321,3687,50)  0113,43229,17]24,14114,188,33/13,103,173,85

cr.Nel27{ 1,25 1,32 0,66/ 068 049 0 O 1 0029063068 0119 0

B wacTHOCTH, TS CABUTOB [0 OJHOW KOOPANHATE HMEET MECTO CIIEAYIOIIee COOTHOIEHUE CPEAHUX
k03¢ ¢unnenToB peryasipHocTH: Kyooo>Koyoo™Koozo>Kooot, T.€. TOBTOPEI CiTy4daroTcs Yalle BCero MpH
caBure no crpodam, 3aTeM 1o CTpoKam B CTpodax, 3aTeM 10 CTUXaM B CTPOKaxX M, Ha MOCIEIHEM
MecTe, 1o ueporindam B CTHXaxX. JTa ke TeHJCHIMS BUIHA U3 COOTHOILIECHUS CPEIHUX 3HAUYCHHUH
KO3((OUINEHTOB  PEeryjaspHOCTH MpH CABMrax 1o TpEM U3  YeThIpéX  KOOpIMHAT:
Kxyz0>Kxozt> Kxyor>Koyzt. Hakonen, naxke MUHUMaJIBHBIA U3 CpeTHUX KOI(PPUIIMEHTOB PEryJIipHOCTH
M0 BEPTHKAJIbHBIM CABHIaM OKa3bIBaeTCs OOJbIIE MAaKCHMAIBHOTO M3 CPEIHHX KOI(P(PHIIEHTOB
peryisipHoCcTH 10 ropu3oHTanbHbM caBuram: MiN{ Kyooo, Kyyoo, Koyoo } > max{ Koozo, Koozt, Kooot }-
XO0Tsl, KOHEYHO, ISl OTIEIBHBIX CTHXOTBOPEHHI COOTHOLICHHS MOTYT OBITh IPYTHMH, B YaCTHOCTH,
qutst cruxotBopenust Ne 8umeem Kooo= 0 <Kooot = 3,85 uKyox= 13,43 <Kyyor = 24,14,

[Noy4yeHHBIe pe3yabTAaThl KOMITBIOTEPHBIX SKCIICPUMEHTOB IO3BOJIIOT TaKKE HMPOSCHUTH CBS3b
MEXIY PeryJsipHOCTBIO CTHXOTBOPSHHH M HX pasmepoM (B umcie uepormudor). Ha puc. 11
noka3aHbl K03 uIHeHTH perynsapHOCTH (Kyyt) B 3aBHCUMOCTH OT pa3Mepa CTUXOTBOPCHUS, a
TarKe cpeanuit koadduimeHT peryaspHocTd Ky, BBIMUCIECHHBINA B KaXx10M Auamna3oHe [X-50, X),
KaK (QyHKIUSA 4ucia X HeporaudoB B CTHXOTBOPESHUH, OKPYIIIEHHOrO 10 KpaTHOCTH 50. MOXHO
OTMETHTH J1Ba MOMEHTA. 1) Kak W CIICHOBaJIO0 OKHIATh, CPSTHHH KOIDPHIMEHT PeryispHOCTH
najgaeT ¢ poCTOM pa3Mepa CTHXOTBOPEHHS, 2) KOI(PPHUIMECHTH PETYISIPHOCTH CTHXOTBOPEHHMH
OJTHOTO pa3Mepa paclpeieieHbl MeXAy MUHHUMANbHBIM M MaKCHMalbHBIM 3Ha4CHUsIMH Oouee-
MeHee PaBHOMEPHO — UM COOTBETCTBYIOT CTOJIOIIBI TOYEK Ha puc. 11.

Cepbliii rpachuk —

cpeaHuit Ko3MUUMEHT perynspHOCTH

B Auana3oHe [x-50, x) B 3aBMCHMOCTY OT
4ncna X MepornudoB B CTUXOTBOPEHUH,
OKPYFMEKHOro Ao kpatHocTy 50.

ST Y&pHble TOYKM —
“Hhd - . K03(hhMLMEHTBI PETYNSAPHOCTH B 3ABUCUMOCTH OT
of e uncna nepornudoB B CTUXOTBOPEHUM

4
—rt
e

o | 5 100 150 0 2% | E 400 50 500

Puc. 11. Koaghpuyuenmor pecynspnocmu xax ynkyus pazmepa cmuxomeopeHus u cpapux cpeonezo
K0 puyuenma pezynsipnocmu
Fig. 11. Regularity coefficients as a function of the size of the poem and the graph of the average regularity
coefficient
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Puc. 12. Cmuxomeopenue Ne 127 (1.11.2) Cor me 4% (Knsszo na oxome): mampuya u eé pazbuenue

Fig. 12. Poem No. 127 (1.11.2) Si tie &% (Prince on the hunt): the matrix and its partition
Jlisi mpuMepa MOXHO MOCMOTpPETh KO3((UIMEHTHI pPErylsIpHOCTH CTHUXOTBOpEeHHH ¢ 48
nepormudamu. B Il y3une takux ctuxorBopeHuit Ooisbine Bcero — 40 mryk. MakcuManbHbIH
ko3(puument perymsipHoctd Ky = 14,18 mmeer ormeueHHoe BbIme cTuxoTBopeHue Ne §, a
MUHUMAaJIBHEIA K03 durment perymsapHocTa Kyt = 0,63 — ctuxorBopenue Ne 127. Koaddurmentsr
PETYIIAPHOCTH TIPH BeeX 15 BUOax cABUTOB It 000MX CTUXOTBOPEHUH NMPHUBEACHBI BHU3Y TaOII. 3.
Martpuma ctuxotBopeHus Ne 127 u e€ pa3OneHre Ha MHOTOYTOJFHUKY IPUBEICHHI Ha puC. 12. D10
pa3OueHne CyIIeCTBEHHO OTIHMYaeTcs OT pa3OMeHms MaTpuubl cTuxoTBopeHms Ne 8 (puc. 9),
MPEeXJIe BCETo, OOMINEM YHUKAIBHBIX HEPOTIU(OB.

9. Mapannenusmsi 8 opu2uHase u e nepeeode

B npensiaymieM paszaene Mbl yKe TOBOPIIIN O COXPAHEHUH PETYIISIPHON CTPYKTYPBI CTHXOTBOPEHHS
Ha mpuMmepe nepeBoaa A.A. LltykuaeiM ctuxotBoperus Ne 8 (ITOJJOPOXHUK). Anamornanyro
CTPYKTYPY MUMEET U KJIacCu4ecKkuil mepeBos Ha anrmuiickuit k. Jlerra (J. Legge) [19]:

We gather and gather the plantains; // Now we may gather them.

We gather and gather the plantains; // Now we have got them.

We gather and gather the plantains; // Now we pluck the ears.

We gather and gather the plantains; // Now we rub out the seeds.

We gather and gather the plantains; // Now we place the seeds in our skirts.

We gather and gather the plantains; // Now we tuck out skirts under our girdles.

A Bot B mepeBoae cruxotBopeHus Ne 122 Jx. Jlerr B Oombieii Mepe, yeM LITykuH, coxpaHmt
CTPYKTYpY ITOBTOPOB.

How can it be said that he is without robes? // He has those of the seven orders;

But it is better that he get those robes from you. // That will secure tranquillity and good fortune.
How can it be said that he is without robes ? // He has those of the six orders;

But it is better that he get those robes from you. // That will secure tranquillity and permanence.
CepmM (I)OHOM BBIJACJICHBI YHUKAJBbHBIE CJIOBA, TOYHO COOTBETCTBYIOIIUE YHUKAJIbHBIM
neporimudam Ha puc. 10. Kpome, Buanmo, HEN30€KHOTO M3MEHEHHS «Terepb — OBLIO» BO 2 U 6
crpokax nepeBoja LlTykuHa, nmosiBigeTcst OTCyTCTBYIOIIEee B opuruHaie «Ho», a Takxe MeHseTcs
«bb1o MHOTO — MI» M «1IOBEpPh — 4TO €cTh». OTYACTH 3TO BBI3BAHO, HABEPHOE, HEOOXOIUMOCTHIO
coOirrocTu pasmep.

[Tpu Bcex HIOaHCAX MOXHO OTMETUTH CTPEMIIEHHE 00OUX MEPEBOTIMKOB COXPAHUTh PETYISPHYIO
CTPYKTYPY CTHXOTBOPEHHH, OCHOBAaHHYI0 Ha OYyKBaJbHOM INOBTOPEHHH 3HAKOB (HMepormnpoB —
cioB). Tak He Bceraa ObiBaeT. Ho 3aueM BooOmie B ctuxax [llu y3una Tak MHOTO TTOBTOpOB? Jljis
4ero OHM HyHbI? Y Hy’»KHO JIM UX COXPaHATh NIPH NepeBoje?

B [22] kuraiickuit arop mumet o [lu ysune: «Eciu Gbl 9Ta paboTa MosBUIACH B 60Jice MO3IHIO0
OIIOXY, KOrjga METpUIECKaA 10231 CTajia NOoIryJIApHa, A 60}OCB, YTO MHOTHEC JIOAHU ITOCMESIINCH 6]:1
Hazq Heli. Hanmmcanue METPHUUICCKUX CTI/IXOTBopeHI/Iﬁ BCEraa n30erajgo CEMaHTHYECKUX HOBTOpGHHﬁ.
[B cTuxocioxeHun] CyIiecTByeT Tak Ha3biBaeMasi 00JIC3Hb XDUNCAH &% (6omne3Hb «CI0KEHHBIX

116



Bypnonos 1.b., Kapros A.A. Ananus perynsproctu Matpuit, Tpyosr UCIT PAH, Tom 34, Bem. 1, 2022 1., ctp. 101-122

JaJJOHe»), B TaHHOM citydae 0oJie3Hb napHbIX nepornudos B crtuxax». U nanee: «Ilo cpaBHeHHIO
C NPO30H W pOMaHaMH, JUIMHA CTUXOTBOPEHUH CIMIIKOM Masa. YToObl MaKCUMaJIbHO PACIIMPHUTh
CMBICII TEKCTa, IO0A3ThI HE MOTYT HE JOPOXKUTh YEPHWIAMH, KakK 30J0TOM... [loBTOpeHHe
PaBHOCHIIBHO ITyCTOM TpaTe MecTa B CTHXOTBOPEHHMM». M cHieuaibHO 1O MOBOLY CTHXOTBOPEHHS
Ne 8 (TTIOJJOPOYKHUK): «Ioat aunactium Lua FOans Moii 55 M (1716-1798) mocmesics Hag 3THM
u ckazax: Tpucra ctuxos [[lu y3una mogoOHBI MHOXKECTBY IOJIOPOKHUKOB, KOTOPBIE PBYT U PBYT.
OHny He NpeHA3HAYCHBI A1 NOApaykaHus OyAyIIuM IoKoJdeHusIM». Ho nanee aBTop craThy mumeT
00 stoit myTke FOamp Mpasi: «Ha camom nmene oH kputukyet He [llu y3uH, a TeX, KTO ero YuTaeT B
I[BETHBIX OYKAX YCTaBHBIX (ISITH- U CEMHCIIOBHBIX) CTUXOB, ¥ 3TO TCHJCHIIMO3HBII MOAX0». 3/1eCh
KUTaHCKast UIMOMa «IIBETHBIE OYKH» — 3TO TO KE CAMOE, YTO PYCCKHE «IIIOPBD».

B kuraiickoii sHimkiIoneanu [23] ropopurcs: «[loBTOpeHnst B cTpodax M CTPOKaxX OTHOCATCSA K
CTIoco0y BBIPAKCHUS B JIMTEPATYPHBIX NPOM3BEICHUAX, B KOTOPBIX OJHU M T€ K€ HIIM TTOXO0XHE
MPEI0KEHNST HEOJTHOKPATHO MOSBISAIOTCS B OMHON M TOH K€ MO3UINH B pa3HbIX ab3amax. Vx poms
COCTOMT B TOM, YTOOBI YIIyOWUTh BIlEUaTIeHUE, IiepeiaTh aTtMocdepy, YIIyOUTh TeMmy
CTUXOTBOPEHHSI, YCHIIUTh MY3bIKAJIbHOCTh U YYBCTBO PUTMa CTUXOTBOPEHUS, YTOOBI UyBCTBA MOTJIN
OBITh BBIpaXKEHBI B MONHOI Mepey. [Ipodeccop JIu 0insau B [21] nobasnser: «Ilapanienu3msl
HYKHBI HE TIPOCTO VISl TIOBTOPOB, @ JUISl MOJy4EHHs CBOSOOPAa3HOro XyI0kKECTBEHHOTO 3 deKTa,
KOTOPBII 3aCTaBJseT AMOIMOHAILHOE BOCIPUATHE CTHUXOTBOPEHHS IOJAHMMATBCS IO CIHPAIH.
CoryiacHO WUcCCIEOBaHUSIM, OOJBIIMHCTBO CTHXOTBOpeHMH B [llu y3une W3HA4YaIbHO OBUIH
HAapOIHBIMHU TECHAMH, UX Tenu. [Ipy meHun 3TH CTUXM HYXXHO HETh TPIDKIABI, TEPEaaBas JIOAIM
BOJIHYIOII[E OIIYIICHUS U YTIIYOJIsisl SMOILMOHAIBLHOE BBIPKEHUEY.

[Mouemy Tpmxabpl? Bo-niepBbix, motomy uto B [[Ju y3une OONbIIe BCEro CTUXOTBOPEHUH C TPEMs
crpodamu (113 n3 305, 1.e. 37%). Cpenu CTHXOTBOPEHHUIT CaMOT0 pacipocTpaHEHHOTO pazMmepa (48
ueporndos — 40 CTHXOTBOPEHNHH) Takke OoJbIIe BCero TpexcTpodHbIX (32, T.e. 67%). Bo-BTOpBHIX,
TP — 3TO Ba)KHEHIIIee HyMEPOJIOTHIECKOE YICII0, KOTOPOMY JIOJDKEH MMOMIHUHATECS [LIu y3un, Kak 1
0001 KUTAHCKUI KAaHOH-Y3UH.

ABtop crateu [22] moscHseT: «[10ZOpOKHUK» — 3TO TPYAOBas IECHS, KOTOPYIO MU BO BpEMs
cbopa mukux oBomieil. 1 manee cpaBHUBaeT e€ ¢ necHell bo L[3r0ii-u «BedHast medanby, KOTOPYIO
mena NeBHYKAa JIWUHACTMM TaH, Iepka B pyKax NHIMy. OTa IIECHS SBISIETCS INEAEBPOM C
BEJINKOJICITHON PUTOPHUKOM M CloXHBIM puTtMOoM. Ho «BeuHast medans» He MOJXOIUT AJIS CLECHBI
TpyAa mo cOOpy JUKHX OBOILIECH, M B 3TOM LIEHHOCTh M panuoHanbHOCTh «IlomopoxkHuka». Tyt
MO’KHO BCIIOMHHTb O «IIPHHIAITHATIBHON YTHITUTAPHOCTH KHUTAMCKOTo UcKyccTBay [23], ctp. 20-24.
Amnanoryuno cruxoTtsoperne Ne 7 (1.1.7) Ty yswoi HE (OXOTHHMK) — 3TO HecHs, KOTOPYIO
pacrmeBaeT coijaT BO BpeMs 3aHATHH 00oeBbIMH HcKyccTBaMU. CtuxoTBopeHus Ne 5 (1.1.5) Yorcyn
cor @l (Capanmua), Ne 4 (1.1.4) If310 my 27K (Ha rore y aepeBa 10Ty CKIOHSIOTCS BETBH) U Ne 6
(1.1.6) Tao s0 BkK (IlecHb 0 HeBecTe) — ITO APYroif THI CIEHAPHS: IIECHHU JUIS GIATOCTIOBEHHUS
cBaabOBI. ABTOP CIIPABEJIMBO 3aMEYaCT. 3TO BEllb TO ke camoe, uto OeckoneuyHoe “Happy birthday
to you” Ha Npa3HOBaHWH JHS POKACHHUS.

«HyXHO 71 TpU NepeBOfie COXPAHITh 3Ty PUTOPUHYECKYI0 (opMy mapaiuienu3ma?y — 3amaéres
BorpocoM Tpodeccop Jlu Oinsau B [21] u oTBewaeT: «ITO 3aBUCHT OT TOrO, HHTEPIPETUPYET JIH
MEepPEeBOIYMK CTHXHM KaK JIMTepaTypHbIe MPOM3BEICHUS M MNPU3HAET JIM OH LEHHOCTh 3TOTO
XYI0KECTBEHHOTO MpuéMay. Jlanee oH pasdupaer npumep cruxorBopenus Ne 143 (1.12.8) FOs uy
H 1! (Beimia Ha HeGo yHa) B €ro nepesoaax Ha anrnmiickuii Jlerra (J. Legge), Jxennunrca (W.
Jennings), Amnena (C.F.R. Allen) u 93ps1 [laynna (E. Pound), a Takxke Ha COBpeMEHHBIN KATAHCKUT
Croit FOanbuyna (YFIH ).

O3pa IlayHn moTHOCTBIO OTKazaics OT 3Tod ¢opmbl puropuku. Jlu IOinsgH nutupyer cBom
coOCTBEeHHBIE ciloBa M3 cTaThi «IIpuHIMI “peanpbHOCTH” M MOATHKA MMaku3Ma B mepeBope [lu
ysuna Tlaynpa»: «[IpUHIMI HMMaXH3Ma MPUAAET €ro MepeBOAy OOJbIIOE XYI0XKECTBEHHOE
OYapoBaHHE MMa)KUCTCKOH IT033MH, U 5TO UMEeT OO0JIbIIOe 3HAYEHHE ISl JaTbHEHIIEro pa3BUTHS U
COBEPLICHCTBOBAHMS €T0 MIMAKUCTCKON 1osTHKM». Ho nanee 3amevaer: «KoHEUHO, ¢ TOUKH 3peHHS
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Pa3BUTHSI CAMOM aMEPHUKAHCKOI 0A3MH B TAKOM ITOJIX0JI€ HET HUYET0 IUIOXOT0; HO C TOYKH 3PECHUS
KyJITYpPHOH KOMMYHHUKalIU¥ Takoi nepeson [lu y3una oueHp Hedp()EKTHBEH, U OH J1aXKe BBOAUT
quTaTenei B 3a0yKICHIE U ITOMEIIAeT MX TOHUMAaHHUIO KIIACCUIECKON KUTaHCKOH KyJIbTyphI.
[Mo3uns Annena JeMOHCTpHpYeT, kak mumieT npodeccop Jlu IOinsH, «apyroit meHTanmrer,
CBOEr0 poja KyJIbTYpHOE BBICOKOMEpHE M KpaHHMH KyJNbTYPHBIH KOHcepBaTH3M». W mpuBogut
BhICKa3bIBaHHE AJuieHa o mepeBoje Jlerra: «B riasax coBpeMeHHBIX KuTalleB nepeox Jlerra
OYCHb XOpPOIIO COOTBETCTBYET OPHTMHAIBHOMY TEKCTy W COBEPIICHEH, HO KaK aHTJIHHCKOE
CTHXOTBOPEHHE OH HE WMEET HHKakoW meHHocTH BooOmie» ([24],p. XXI). Cam Amren menan
MIEPEBOA, CTapasich, NMPEXKAE BCETO, CIENOBATh TPAAUIMSIM AHTIMHCKOW MO33MH, MPEXIE BCETO,
My3bIKanbHOCTH B Ayxe CymnOepHa. Ilostomy oH mmmer: «Korpa mpomsBeneHHe COCTOUT W3
OHOTO TIPEIUIOKECHUS, BBIPQKEHHOTO TPH WM YETHIPE pa3a C HAUMEHBIIMMH BO3MOKHBIMH
BapHAIMAMH, 51 4ACTO CXKUMAJT €ro IIEITUKOM B OJIHY cTpoby» [Tam xe, p. XXV].

Ipodeccop JIn FOitnsan 3amedaet: «CormacHo 3KcIepTr3e, AJICH AEUCTBUTEIHHO MEpemnrcal Bce
CTpo(BI C MapauIeTU3MaMHt B COOTBETCTBHH C 3CTETHYECKUMH CTaHJAPTAMH aHIJINHCKOM MO33UM».
W nanee nenaer nanexo uaynipe BBIBOABI: «Takoro pona ype3MepHbI akIEHT B MEpeBOAe Ha
(I)I/IJIOHOI‘I/I‘ICCKI/IX HOpMax M HaBA3bIBAHWU TAKUX HOPM IECPEBCACHHBIM MNPOU3BCACHUAM SABJIACTCA
NpeHeOpe)KeHNEM M HEe3HaHWEM JINTePaTypHOTo pPa3HOOOpas3Ws; CTAaBUT JIMTEparypy Iepen
OIpPEACICHHBIM MeTa(bI/ISI/I‘IeCKI/IM 6ap1>ep0M, 3aCTaBJIACT €€ MNOAYHMHATHCA OINPECACIICHHOMY
(MKCHPOBAaHHOMY IIa0JIOHY W CTHUPaeT MNPHUPOAY OPUTHHAJIBHOW KyJIbTYphl. OTO YKe He
JIMTEPATypPHBIA aKT 110 CBOCH NPUPOJE, a aKT KYJIbTYPHOW MAHUIYJISILIUU U AK€ KyIbTYPHBIA U
MOJUTHYECKNH akT. Takoro pojxa KyabTypHOE BBICOKOMEPHE HE PEIKOCTh. B cuiry 3Toro, xots
MIEPeBO MOXKET OoJiee MM MEHee BOOpaTh B ce€0sl HEKOTOPHIE CHIIBHBIE CTOPOHBI SK30THUECKUX
KyJIBTYp, B JOJITOCPOYHON IIEPCIICKTHBE €T0 KYJIbTYPHBIN KOHCEPBATH3M M y30CTh HEHM30EKHO
orpaHMYaT OOMEH MEXIy IByMS KyJIbTypaMH M HMCKYyCCTBAMH, IPEISTCTBYS HOPMAJIBHOMY
Pa3BUTHIO COOCTBEHHOH KyIbTyphl. CO BTOPOH ITOJIOBHHBI IIPOLIJIOTO BEKa ITOJIOKEHNE OPUTaHCKOH
HAIUY [IPOIODKAIIO YXYALIATECSL. MOXKET OBbITh, B 3TOM IPHUYUHA?Y.

NeG (1.1.6) Tao ro B+ K., =674 Ned (1.14) Hsoan R Ko =06.19
nL‘L‘Hh 0 HEBeCTEe Hﬂ Hrey .'IL‘j'It'_‘Bi'I A0V CKIOHAKTCH BETBH
tl2]3]3fa]4]s]= [ S T B B |
[2]5] :
216 6 626|578 i 4 & L& i
L2353l #]4]= THE TN
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Puc. 13. Pasouenus mampuy uemoipéx cmuxomeopenuii Lllu y3una
Fig. 13. Matrix partitions of four Shih-ching poems
Ha puc. 13 Mbl npuBoanM pa3OueHHs] MaTpULl YIIOMHHAEMBIX BBIIIE CTHUXOTBOpeHHd [[lu y3una
(KpoMe Tex, 4TO NMPUBEJICHBI BBIIIE) ISl TOTO, YTOOBI MOXKHO OBUIO HAIJISHO YBHJETH CTENEHb UX
PETYISAPHOCTH.
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10. 3aknroyeHue

B craree paccMmarpuBarOTCS TakHe pEryJIIPHOCTH MaTpHLbl Kak IOBTOpeHue ¢uryp, T.e.
OJITHAKOBbIe HAOOpBI CUMBOJIOB C OJMHAKOBBIM OTHOCHTENIFHBIM pacrojioxkeHueM. [Ipemnoxkena
YHCIIOBAsl XapaKTEPUCTHUKA PEryJISIPHOCTH MaTpHll (CyMMa peryjspHOCTH), KOTOpas MO3BOJIIET
CpaBHMBAaTh MaTPHIIBI OJHOTO pa3Mepa C OJMHAKOBBIM PacIlO0XEHHEM IYCTBIX CHMBOJOB. s
CpaBHEHUsI PETYJIIPHOCTH MaTPUIl Pa3HOTO pa3Mepa W/MJIM C Pa3IMYHBIM PACIIOJIOKEHUEM MYCThIX
CHMBOJIOB TPEUIOKECH KOID(UIMEHT PEryIIpHOCTH KaKk MPOLCHTHOE OTHOLICHHE CYMMBI
PEryJsIpHOCTH JaHHOM MAaTpHIBl K CYMME PEryJISIPHOCTH «CaMOil peryispHOi» MaTpHLBI, B
KOTOPOW BCe HEITyCThIe SYCHKH 3allOJHEHBl OZHUM M TEM JK€ HEIyCTHIM CHMBOJOM. B crartbe
HPHUBEACHEI AJITOPUTMBI BBIYUCICHHS CYMMBI U Kod(duimenTa peryisipHoctd MaTpuipl. [1o aTum
ITOPUTMaM Pealn30BaHbl COOTBETCTBYIOIINE KOMITBIOTEPHBIE IIPOrPaMMBI.

Cymma u K03(D(UIIMEHT pErymsapHOCTH SBIAIOTCA OOOOMEHHBIMH  XapaKTEePHCTHUKAMH
PeryisipHOCTH MaTpHUbl. [ HArJIAHOTO NPENCTAaBICHHUS IIOJHOH CTPYKTYPBI PETYISIpPHOCTH
IpeUIOKEHO pa3OMeHHe MaTpuibl Ha  IUIOCKHE (QHIYpBl, OrpPaHUYEHHBIE HPOCTHIMH
MHOrOyroibHUKaMu. [loBTopsitommecs QUrypbl HyMepylTCs Tak, YTO BXOXKICHHS OJHOM
HOBTOp)HOIlIeI\/’ICH (bI/Il"ypr TMOJY4YaroT OJAMHAKOBBIC HOMEPA U HC COACPIKAT OJUHAKOBBIX CMMBOJIOB.
Hdpyrue durypsl coctosT MO0 W3 COXpaHSIEMBIX YHHKaJbHBIX CHMBOJIOB, JIH0OO W3 IyCTBIX
CHMBOJIOB.

KoMmbroTepHble MporpaMMbl ObUTM anpoOUpOBaHbl AJIsl BBIYMCIEHUS CyMMbI M Koadduimenra
perymspHoctu Bcex 305 ctuxorBopeHuit apeBHekutaiickoro «Kanona ctuxos» — Illu ysuna.
CTHXOTBOpEHHE IPEICTaBIAJIOCh B BHAE YETHIPEXMEPHOH MAaTpPUIIBI, KOOPAWHATBI KOTOPOM
COOTBETCTBYIOT cTpodam, cTpokaM B cTpodax, cTMXxam B CTpOKax M Heporiaudam B CTHXax.
HexkoTopseie 00001arom#e pe3ynbTaThl 3THX KOMITBIOTEPHBIX SKCIIEPUMEHTOB PUBEICHBI B CTAThE,
TaK >kKe, KaK W TpHUMEphl pa30OMeHHs MaTPUIl HEKOTOPBIX CTHXOTBOPEHMH, B TOM YHCIIE,
YIIOMUHAEMBIX B CTaThiX KHTAWCKUX aBTOPOB, MOCBSIIEHHBIX MOBTOpaM B cTuxax [lu y3umua.
Cratbs Taroke BKIIOYAET pas/iel, COAEP AN KpaTKuii 0030p (110 MaTeprataM KHTAHCKUX CTaTeH)
npoOJieMbl TIOBTOPOB B [Llu y3une: IpeJHa3HAuUCHUE IOBTOPOB M COXPAaHEHUE MIIM HE COXpaHEHHE
UX TPH NIePEeBOIaX Ha JAPYTHUE S3bIKH.

MOHO NPeIOKUT CIIEAYIONIIE HAPABICHHS JaTbHEHIINX UCCIIEJOBAHHH.

1) B crarbe HcciieoBaKCh NOBTOPHI P CIBUIAX MATPHILBI [0 KOOPAMHATAM. MOXKHO NPOBECTH
HCCIeIOBaHNE PETYISIPHOCTH NPH APYTHX IpeoOpa3oBaHusx. Hampumep, coBnanenue duryp
MIPY BpaIIeHNHU Ha KpaTHoe 90 4ucio rpaaycoB, 3epKajbHas WIN OCEBasi CHMMETPHS U T.11.

2) B crarbe peryisipHOCTH OCHOBaHBI TOJIPKO Ha PaBEHCTBE CUMBOJIOB U (UIYp CHMBOJIOB HpH
NOBTOpeHHH. [lepCreKTUBHBIM  IPEACTABIAETCS PACCMOTPEHHE JIPYTHX  OTHOLIEHHH
9KBUBAJICHTHOCTH Ha aj1(haBUTE CHMBOJIOB MAaTPHII H/HITK MHOKECTBE (PUTI'Yp CHMBOJIOB TaK, 4TO
IIpY TIOBTOPEHUM CHMBOJ W/WIHM (Urypa MOTYT MEHSTHCS, HO B IIPEAeNax TOTO e Kiacca
SKBHUBAJIEHTHOCTH. B 4acTHOCTH, 3TO Ba)XHO IJIsI UCCIIEAOBAHMsS PETYISIPHOCTH MAaTPUYHBIX
TEKCTOB Ha PYCCKOM M JIPYTHUX SI3bIKaxX, € CIOBa MEHSIOTCS NMPH M3MEHEHUH pPOJa, YHCIA,
majiexa, BpeMeHH U T.11.

3) C npakTHYeCKON TOUKH 3peHusI OBUIO ObI HHTEPECHO MPOAHATN3UPOBATh PETYIAPHOCTh MATPHIL
JIPYTUX KATAHCKHUX (M HE TOJIBKO KUTAHCKMX) CTUXOTBOPEHUI U IPYTHX MATPUIHBIX TEKCTOB.
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1. BeedeHue

PacnpeneneHHbIE BBIUMCICHUS TPEACTABIAIOT COO00HW 3 GEKTHBHBIN TOAXOJ K PELICHHIO
PECYpCOEMKHMX  BBIYMUCIMTEIBHBIX  3aJad  IIOCPEICTBOM  HCIOJIB30BAHHA  MHOXKECTBA
BBIYHMCIIUTEIBHBIX YCTPOHCTB, KOTOpPBHIE B OOIIEM Cllydae SBISIOTCS PAa3HOPOIHBIMH IO CBOMM
BBIUUCIIUTEIBHBIM U MPOrpaMMHO-alNapaTHBIM XapakTepucTukaMm. IIpu 3ToM pachpenencHHbIE
BBIYHCICHUS MOXKHO CYMTATh BBICOKOIIPOU3BOIUTEIBHBIMH, €CIU OHHM CYLIECTBEHHO YCKODPSIOT
IpoLecC pelleHHs 3a1aui. B 1aHHOM cilydae, TEpMHH pacnpeoeiieHHble 8bl4UCieHuss ONPeeIsieT
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C y4eTOM H30BITOYHOCTH U HeonpeaeneHHoct. Tpyost UCIT PAH, Tom 34, e 1, 2022 1., ctp. 123-140

BEChb CIIGKTP BONPOCOB, CBSI3aHHBIX C IUIAHUPOBAHMEM U  PACIpPENEIEHHEM pECypcoB
BBIYHMCIINTEIBHON CPEIbl, a TAKXKE YNPABICHHEM HMH C IIENbIO0 JOCTHKEHHUS MaKCHMAaJIbHON
3¢ PEKTUBHOCTHU pEIICHUS HAYYHBIX U NMPHUKJIAIHBIX 3a/a4.

Jnst Takux cpex MBI pa3padaThiBacM MacIITaOMpyeMble HaydHbBIC W MPHUKIAJHBIC MPHIOKEHUI —
pacrpezieNieHHBIe TTAKeThI MPUKIaHbIX porpamm (PIIIIIT), Moayi mporpaMMHOTO 0GECTIeTEHUs
(ITO) KOTOpBIX MOTYT BBINOJHITECS HAa PeEcypcax Cpeabl C Pa3INIHBIMH BBIYUCIUTEIBHBIMU
xapakTepucTukaMu. Kax npaBmio, Takue MakeThl CO3Jal0TCS HAa OCHOBE MOAYJBHOTO MOJXOJA.
Monynu TpencTaBisioT co0Oil  NpHKIagHBle MPOrpaMMbl WM CEPBHUCHI, CHAOXKCHHBIE
crienuQUKaUIMU, KOTOPBIE OTpaKaroT MH(OpMALUIO O Ha3HAYCHHWH, CHOCO0aX IMPUMEHEHHS,
(dopmarax BXOIHBIX M BBIXOJHBIX IApPaMETPOB, a TakXke Jpyrue HeoOXOIUMBIE JUIs
BBIUHCIIUTENBHOTO mporuecca cBeneHus. [Iponecc pemenus 3amauu B PIIIIIT ocHOBBIBaeTcs Ha
OpPOBEICHUH MHOTOBAPUAHTHBIX pacueTos [1].

B pamkax mnpoOjeMbl yOpaBlIeHHS paclpeAeiIeHHBIMU BBIYUCICHUSMH BBIJCISIOTCS JBE
B3aUMOCBsI3aHHBIE 3a1aun [2]:

¢ IIAHUPOBAHME BBIYUCICHUH (IIOCTPOEHHUE CXEMBI PEIICHUS 3a7ayuHl, ONpeeNsoneil mopsaok
BBINOJIHEHUS MOJTyJIel makeTa);

e  yIOpaBlI€HHE UMU Ha PeCypcax BBIYUCIUTENBHOM Cpe/Ibl, HA3HAYECHHBIX JUIsl BBITOIHEHUS
MPHUKJIQJTHOTO IIPOrPaMMHOTO o0ecrieueHus (MOIyIIek).

CraTesi TIOCBAIIEHa BOIPOCAM, OTHOCSIIMMCS K pEIICHHIO IepBOW 3amaun. PaspaboTka u

OpUMEHEHHE MOJIX0/Ia K PEIICHHI0 BTOPOU 3ama4n AeTajbHO paccMoTpensl B [3]. Cpencrsa st

pelieHus o0enx 3agad peanu3yroTcsl B paMKax MHCTpyMeHTanbHoro komiuiekca Orlando Tools

(O7T) [4].

2. 0630p cesizaHHbIX pabom

ABTOMAaTHYECKOE IJIAHUPOBAHHE B3aMMOJCHCTBHS KOMIIOHCHTOB HAy4HOro padouero mpoiiecca
SIBJIICTCS CJIIOKHOM 33,[[3‘16171, IMOCKOJIbKY TPYAHO OHPEACINUTD UX (I)YHKL[I/IOHaJ'ILHOCTB U CCMAHTUKY
UCIIONb3YEeMbIX MMHU JaHHbIX [5]. B wactHOCTH, HEOOXOMUMBI pa3paboTKa W NPUMEHEHUE
CIICHHUAJIBHBIX CPCACTB ONHMCAHWUA W HCIIOJb30BAHUA AJITOPUTMHUYCCKUX W CXCMHBIX 3HaHUHA O
TpeMEeTHOW 00JacTH HAyYHOTo pabodero mporecca. Hanpumep, B kauectBe (QyHIaMEHTAIBHON
OCHOBbBI MIPCACTABJICHUSA TaKUX 3HaHMI MOXET OBITh 3aHCﬁCTBOBaHO KOHIICIITYaJIbHOC
MoJienupoBanue [6].

IMosToMy B cHcTeMax TMONACPKKH HaydHbIX paboumx mponeccoB (Workflow) waubGonee
pacOopoCTpaHCHbl MNOAXOAbI, OCHOBAHHBLIC Ha HpOL[GI[ypHOﬁ (bopMe MOCTPOCHHUSA  TAKUX
nporeccos [7]. Cpenn uux Askalon [8], Condor DAGMan [9], GridAnt [10], GridWay [11],
Kepler [12], Taverna [13], Triana [14] u UNICORE [15].

Hawubonee MOMYJIAPHBIMU U3 HUX ABJIAIOTCA CJICAYIOMINUE MTOAXO/bI:

® [PUMEHEHHE YHUBEPCAIbHBIX SI3BIKOB Pa3METKH, TakuX, kak XML [16], u Takxe nux
paciupenuii (Hanpumep, XML Process Definition Language [17] mnst onucanus pabodux
MPOLIECCOB, OTHOCSIITUXCSA K JIFOOBIM cdepam sesitensHocTH, ¥ Business Process Modeling
Language [18] st omicanus paboyrx NPOLECCOB PA3IMYHOIO THIA);

®  KCIIOJB30BAHKE CIICIUATIBHBIX (POPMATOB OTMMUCAHMUS 3aaHUH 110 BBITOJHEHUIO HAYYHBIX
pabouux nporueccoB (Hanpumep, hopmarsl 3aganuid B Condor DAGMan u GridWay);

e rpaduUecKoe MMPEACTABICHUE HAYIHBIX pAO0OUHX MPOIECCOB B BHC OPUCHTHPOBAHHBIX
UKJINYECKMX WK alUKInIecKux rpados (Hanpumep, cetr Ierpu [19] 1 UML auarpammbr
[20]).

OmHAKO MpPY YBEJIMYECHUH YHCIa KOMIIOHCHTOB HAay4YHBIX PabOYMX IPOIECCOB M MX MapaMeTpPOB

BOCIIPHUSATHE TAKMX PAO0YUX MPOIECCOB C MOMOIIBIO BBIMICYITOMSHYTHIX MOIXOIO0B CYIIECTBEHHO

3aTPyIHSAETCSA. DTO OOYCIOBIEHO OTPAaHWYEHHOCTHIO 00JIACTH KpaHa KOMITBIOTEpa, HA KOTOPOM

OTpaxkaeTcs ONMHUCaHUE HAYIHOTO paboyero npoiecca. Bo MHOTHX citydasx pa3pabOoTIMKN HaydIHBIX
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paboumMx MpPOLECCOB M HMX KOHEYHBIC IIOJb30BATEIN BHIAT TOJBKO OTHEIbHBIC (DParMEeHTH
OIMCaHUIl M 3a4acTyl0 HE MOTYT IPOCIEINUTD CBA3U C APYTUMH (parMeHTaMHu, HaXOJSIIUMHUCS 3a
npenenamy dkpaHa. OTYacTH 3TO HHBEIHPYETCS HCHONB30BAHHEM HEpapXUueckux (opm
MPEICTaBICHNS HAYYHBIX PAOOYHX MPOIIECCOB.

B aT0if cBA3m Hamboiee NPONBHHYTHIC CHUCTEMBI MOINCPKKH HAYYHBIX PAa0OYMX IPOLECCOB
(mammpumep, OT w Pegasus [21]) BKIIOYAIOT CpeaCTBa aBTOMATHYECKOTO IUIAHHPOBAHHS
B3aMMO/ICHCTBHS KOMIIOHCHTOB NPWIOXKeHHH. Takue cucTeMbl Oosiee MPEANOYTHTEIbHBI IS
pabouux MpOLECcCOB, KOTOPBIC XapaKTEPU3YIOTCS OONBIIAM YHCIOM CBOMX KOMIIOHCHTOB H
B3aMMOCBsI3e Meky HuMH [22].

Cucremsr GridAnt u UNICORE mnoanepxuBaroT KOHKPETHbIC Hay4dHbIC pabouue mpoiecchl. Jis
TaKUX HAYYHBIX pPabOYMX TMPOIECCOB HCIONB3yeMoe mpuknanHoe I10 UX KOMIIOHEHTOB H
HCTOYHHUKH JAHHBIX TOJHOCTHIO WM YaCTHYHO MPEAONpPEACNICHbl. DTO 3a4acTyio 00YCIIOBICHO
HEOOXOMMOCTBIO HCIOJIB30BAHUSI KOHKPETHBIX CEHCOPOB, YIPABISAIOUIErO 000pyIOBaHHUS,
Heneperocumoro [10 u mp.

B cpaBuennu ¢ uumu cucrembr Askalon, Condor DAGMan, GridWay, Kepler, Pegasus u Triana
OpPHEHTHPOBaHbl Ha aOCTpaKTHbIE HayuHble pabouue mpouecchl. KOMIOHEHThI TaKUX Hay4HBIX
pa60‘H/IX MpOLECCOB HE CBA3aHbI C KOHKPETHBIMU HCTOUYHHMKAMH HOaHHBIX, MNPHUKIAJHBIM I10 n
pecypcamu. OHH MOTYT 3allyCKaThCsl Ha pecypcax, Ha3Ha4aeMbIX IS X BBIMOJHEHHS CTATHICCKH
WY AMHAMHYECKH JIOKaIbHBIMU MEHEIDKEpaMHt PECYPCOB HIIM METAIIAHMPOBIIUKAMH CPEIbL.
IIOHOHHI/ITCHI)HI)IM IpeuMynieCTBOM CUCTEM OT u Taverna asigercs TO, YTO OHU NOAACPKUBAIOT
oba THIIa HAay4YHbIX pabOYMX IpoleccoB. DTo obecnedrBaeT THOKOCTH B BEIOOpE CPEICTB
MOCTPOCHHS HAYYIHBIX pabOYnX MPOIIECCOB.

CucreMa TOICP)KKH HAy4YHOrO pabodero mporecca sIBISETCS YACTHBIM CIyd4acM [aKeTa
NPUKIAIHBIX IPOrpaMM. B oTim4dne oT Hay4HOTO padoyero mporecca MakeT peaii3yeT pelicHue
LEeJI0ro Kjacca 3aJad B KOHKPETHOI mpeaMeTHo# oGiactu. PemieHue 3amad ocyriecTBisieTcss Ha
MOJIENH MPEIMETHOM 001acTH (BBIYMCINTENbHOI Moesn). Takas MoJens GopManu3yeT OnucaHue
UCCIIe/lyeMOi CHCTEMBI, ¢ 00BEKTOB, HX B3AUMOCBSI3€EH, a TaKXKe MPOUCXOSIINX B Hell COOBITHI 1
npoueccoB. B paMkax HalpaBiIeHHS UCCIIEAOBAaHHM, CBA3aHHOIO C Pa3pabOTKOM W MPUMEHEHHEM
NaKeTOB, pa3paboTaH pPsA HM3BECTHBIX IMOAXONOB K ABTOMATHYECKOMY CHHTE3y aOCTpaKTHBIX
IIporpaMm Ha BBIYUCIIUTCIBHBIX MOJCIIAX.

Pabora [23] nocpsmieHa 1eIyKTHBHOMY METOy CHHTE3a POrpaMM. DTOT METOJ HCIOJIB3YeTCs Ha
CTaTHYECKOM 3Tarle OCTPOSHHS POrPaMMBbI I KOMIIO3ULIMOHHOTO MPOrPAaMMHUPOBAHHS B LICTIOM.
Bormpocsl, cBsi3aHHbIE ¢ H30BITOYHOCTHIO U HEOTIPEICICHHOCTRIO, 4 TAK)KE HA3HAUECHHEM PECYPCOB,
TpeOYIOT IOMOIHUTEIEHOTO PAa3BHTHSI.

HoBblif MOAX0/ K MOCTPOCHHIO NAapaUIEIbHBIX aCHHXPOHHBIX aOCTPAKTHBIX MPOrpaMM TpedyeMoit
JUTHHBI TpecTanieH B [24]. Cuctema OyJieBbIX OrpaHUYEHHIA HCTIOIB3YETCS B KAYECTBE MMOCTAHOBKH
3aa4u. B Tom uncne YUYUTBIBAKOTCA OrpaHUYCHHUA HAa YUCJIO JOCTYITHBIX TPOLIECCOPOB OAHOPOJIHBIX
y3J10B BBIYHCIIUTEIILHOMN Cp€abl 1 MOJCIIbHBIC BPEMCHHBIC 3a/ICPKKHU IPHU BBIITOJIHCHU U MO]IyJ'[eﬁ
a0CTPaKTHOW MPOrpaMMBI.

B [25] paccmotpena mpobiema CHHTE3a MapaUlelbHBIX PEKYPCHBHBIX MPOTPaMM IO
HEMPOLEIYPHOH MOCTaHOBKE 3a1a4d. [Ipe/iosKeHo crieinaibHOe HCYUCIICHUE ANl €€ PeILCHHS.
Cuctema (parMeHTHPOBaHHOTO TporpammupoBanus LuNA, mpeaHa3zHaueHHas s pa3pabOTKU
OMONIMOTEK MapaUTeNIbHBIX YHCIEHHBIX TPOTpamM, mpenacraBieHa B [26]. Ona Gasupyercst Ha
HMCIIOJIL30BAHUM BBIYUCIIUTEIBHON MOACIN W OPUCHTUPYETCA Ha BBICOKO]'IpOI/I?:BO}II/ITeHBHBIﬁ
OJHOPOAHBIH Knactep [27].

B omimunme ot PACCMOTPECHHBIX BBIIIEC pa60T, HCHOJIB3YIOIMUX BBIYUCINUTEIIBHBIE MOICIN, MbI
HIpeagaraéM MoJeib U alrOPUTMbl IUIAHUPOBAHMSI BBIYMCIEHUI B Pa3HOPOAHOMN pacipeeNeHHON
cpelie C Y4YeTOM pealbHOr0 BPEMEHHU BBIIIOJHEHUS MOAYJIeH, MOJIyYeHHOrO BO BpeMs HX
TECTHPOBaHUs Ha pecypcax cpesl [28]. [IpeacTaBiieHb! ClICIHATH3HPOBAHHBIC CTPYKTYPHI TaHHBIX,
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HEOoOXOMUMBIC JI pealu3allid JaHHBIX Moneled W anropuTMmoB. [IpuBeneHBl MoneIHHBIC
MPUMEPHI, WUTIOCTPUPYIOLINE MPUMEHEHHE MPEATIOKEHHBIX MOJIEEH U aITOPUTMOB.

3. Modesnb

Cmpyxmypa mooenu. IlpencraBum BeraucnutensHyro moaens PIIIIII cnenyromeit cTpykTypoit:
Mpusp = (PAR,0,M,N,R™, R°“ R, ﬁ, PR,NPPF,NPPF',S), (1)
rone PAR — MHOXeCTBO TapaMeTpoB makera (oOpabaThiBaeMbIX MaHHBIX), O — MHOXECTBO
BBIUUCIIUTENBHBIX ONEpaluil Haj MOJIeM MapaMeTpoB, M — MHOXECTBO MOAYJEH, ABISAIOIIUXCA
KOHKPETHBIMH TPOTPaMMHBIMU  peaiu3alusaMi  aOCTPaKkTHBIX omepauuid, N — MHOXECTBO
Pa3HOPOJHBIX PECYpPCOB paCIpEielIeHHOW BBIYMCIMTENBHOM Cpeabl, Ha KOTOPBIX pa3MEIeHbI
moxynu. Kaxxmas omepanust 0; € O MHTEpIpETHPYEeTCs Kak aOCTPaKTHBINA MPOIECC BBIYMCICHUS
MHOECTBA €€ BBIXOJHBIX Mapamerpos PAR?™ C PAR 10 MHOXKECTBY €€ BXOJHBIX TapaMeTpoB
PAR™ c PAR, PAR™ N PAR{™ = @.
CBA3b MeX/Ty TTApaMETPAMH H OTIEPAIHsAMH 3aaeTCsl COOTBETCTBEHHO GyJEBBIMU MaTpHIaMu R™
1 R°“" pasmMepHOCTH N, X Ny, DIEMEHT MATPHIIBI rii]-" =1 (rl-i]-" = 0) yKa3bIBacT, 4TO j-if mapamerp

sBJIsIeTCS (HE SIBISIETCSI) BXOJHBIM JUIs i-if onepauuu, i = 1,n,, j = m. AHAJIOTHYHO, 3JIEMEHT
matpusl 17 =1 (rf** = 0) ykaseiBaer, 4o j-if mapaMeTp ABIAETCS (HE ABIACTCS) BHIXOTHBIM
JUTS i-i onepaunn.

CBs13b MEXKTy MOLYIAMH H OTEpalUsIMH NpeCTaBIeHa OyeBoil MaTpuueil R pasMepHOCTH M, X
n,. Dnement Matpuipl 7i; = 1 (f;; = 0) onpenensder, uTo i-it MOAYIb peanusyer (He peanusyer) j-
10 onepauuto, { = 1,n,,, j = 1,n,. O1a CBA3p UMEET TUI «OAUH-KO-MHOrUM». [losTOMY Ha Hee
HaKJIaJIbIBACTCS cneny}omee OTPaHUYCHHUE IIETIOCTHOCTH:

nm—l ~ ~ _ Nm =
(fivg) =0, f;= Vier oy (7 M), 95 = NILT- ()
OrpanunyeHue (2) ompenessieT, YTO OJHA ONepainus MOXKET OBITh peajr30BaHa TOJBKO OJHHM
MOZ[y.]'IeM B TOXE caMO€C BpeMH OJUH MOZ[yJ'IB MOXET peaJ‘II/IBOBLIBaTL HCCKOJIBKO OHepaHI/Iﬁ

CBA3b MEXK/Y pecypcamMu i MOJIIISIMU IIPE/ICTAB/ICHA OyneBoi Marpuien R Pa3sMEpHOCTH N, X My,
OneMeHT MaTpuupl ti; = 1 (rU = 0) ompenernsiet, 4To j-if MOIYJIb MOXET ObITh BBITIOJHEH HA I-M
pecypee, i = 1,n,, j = 1,n,,. Ota CBI3b UMEET THIl MHOTHE-KO-MHOTMM». OHa O3HAdYaeT, 4YTo
OJIH MOJIyJIb MOJKET BBITIOJIHATHCS HA Pa3HbIX pecypcax. B Toxke camoe BpeMsi, HECKOJIBKO Pa3HBIX
MOJyJiel MOTYT OBITh Pa3MELICHbI Ha OJHOM M TOM K€ pecypce.

Cxema pewenus 3a0auu. [\l TIpeNCTaBIEHHUS CXEMBbl PEIICHHS 3a7add (SpyCHO-TapajuleNibHas
(opma anropuTMa pemeHus 3aaaun) OyieM HCIOoIb30BaTh OyJIeBy MaTpUIy S pa3MepHOCTH Ny X
Ny, A€ My — TO YUCIO APYCOB CXEMbl. DIeMeHT Matpuipl S;; = 1 (s;; = 0) o3Hayaer, 4to j-s
omepanusl pazMmenieHa (He pa3MelieHa) Ha i-M spyce cxemsbl, [ = 1,n;, j = 1,n,. Marpuna U
Pa3sMepHOCTH N, X N, MPEICTAaBISIET CBEACHUS O MPEIIIECTBOBAHNH ONEpalnii IPU BBHITIOTHEHUH
cxembl S. DnemeHT u;; = 1 (w;; = 0) o3HayaeT, 4To 3aBepUICHUE ONEPAIUHU 0j NPEIIECTBYET (He

TpeIIeCTBYeT) BHIONHEHHIO onepamun 0; 1 PAR™ N PARY* # @.

Henpoyeoypuas nocmanoska 3aoauu. Cxema S CTpOUTCS IO HENPOLEJyPHOH MOCTAHOBKE 3a/1a41
NPPF. B paMkax Takod TOCTAaHOBKM 3aJadydl 3aJal0TCS MHOXECTBO S in — PAR WCXOIHBIX
NapaMeTpoB, 3HAYEHHS KOTOPHIX M3BECTHBI, M MHOXeCTBO S°%' C PAR 1eseBbIX NMapameTpos,
3HAYeHHUS KOTOPBIX JOJDKHBI OBITh BBIYHCICHB. Ha OCHOBE CBA3M MeXIy NapaMeTrpaMu M
orepaIsaMu TpeOyeTcst ONPeIeNTUTh MHOXKECTBO S° C O omepariuii, KOTOpbIEe HY>KHO BBITOJHHUTS,
YTOOBI BBIYNCIIUTH 3HAYEHHSI [IEJIEBBIX MapamMeTpoB. Takum o0pa3oM, HENPOLEeypHYIO HOCTAHOBKY
3amaqu NPPF MOXHO OTIpeIeNIUTh CIEAYIOMNM 00pa3oMm:

NPPF:S§in sout _ o7 (3)

rJie CUMBOJI ‘?° 03HAa4YaeT, YTO COOTBETCTBYIOIIEE MHOXKECTBO HE OIPEIEICHO.
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Hasnauenue pecypcos. Kak ObIJI0 OTMEYEHO BBIIIE, B JAHHOM KOHTEKCTE ITOHATUE CXEMBI PeIIeHHs
3a/1a4¥ COOTBETCTBYET abCTPAaKTHOMY HaydyHOMY paboueMy mpoueccy. HazHaueHue pecypcoB s
BBIIIOJIHEHMSI MOAYJEH, pealu3yIoNX OIEpalud CXeMbl S, OCYIISCTBISAETCS B IpoLecce
pacripeeneHus BBIYMCIUTEIBHBIX 3aaHUil C MOMOLIbI0 MyjibTHareHTHOM cuctembl (MAC) B
paMKax TeHepa BEIYUCIUTENBHBIX PaboT, IeTaIbHO paccMOTpeHHoro B [29-31].

TakuM 00pa3oM, B pe3ysibTaTe MPOBEICHHS BBIMICYIIOMSHYTOTO TEHIAEpA MBI IOJIy4aeM HOMEp
pecypca j ams kaxoii i-it oneparmu cxemsl S. Ha ocHOBe TaHHO#T IPUBSI3KH OTPEICTSAIOTCS OLICHKU

asynch o
EZY™M), crommoctn (ESOSt) mnamesxuocTy (EX) BBITOMHEHHS OTIEpaIii CXeMBI PEIIEHHS

BpemenH (
3aa4H.
Oyenka 6pemenu 8bINOIHEHUs: cxembl. JIJI OLIEGHKU BPEMEHHU BBITMOJHEHUS 3aJaHUI MBI UCTIOJIb3YEM
MoJenu, paccMoTpenHbie B [32]. 3mech Mbl mpuBOIUM (OPMYITYy BBIYHMCIIEHHS TAKOW OIIEHKH,
00O0OIICHHYI0O ¥ YTOYHCHHYIO JUIi ACHHXPOHHOTO PEKHUMa BBIMONHCHHUS CXEMBI S C y4ETOM
BO3MOXHBIX 3alyCKOB (yAajeHHWil) BUPTYadbHBIX MAIIMH W BO3HUKHOBEHHUH OTKAa30B Y3JOB,
cucteMHOro u npukiagdoro I10.

IIycte Matpuma D pa3MepHOCTH Ng X N OTpakaeT OLEHKH pa3Mepa JaHHBIX, MepelaBaeMbIX
ME3K/y ONEPalUAMH, g — YHCIIO ONEpaluii cXeMbl. D1eMeHT MaTpuilbl d;; = 0 HOKa3bIBaeT pazMep
NaHHBIX, TIEPENABacMbIX oOmepamuend o; omepaiuu 0;. Marpuna W pasmepHocTH 76 X Mg
MIPEJCTaBIIET MPOITYCKHYIO CIIOCOOHOCTh MHTEPKOHEKTa MEXKAY pecypcamu, Ha KOTOPBIX OymyT
3aMyIIeHbl MOMYJH, PEAIN3YIONIME ONEpayu. OJEMEHT MaTpuubl W;; = 0 TOKa3bIBaeT
MIPOITYCKHYIO CIOCOOHOCTh HMHTEPKOHEKTa MEXIYy pecypcamMu C MOAYJSAMH, PeaTu3yomuMu
OTEPAIMH O; U 0;.

asynch
Orenka Es Y BPEMCHHU BBIIIOJHCHHUS CXEMblI B ACHHXPOHHOM pPEXKHUME BBIYHUCIACTCA II0

crenyronei popmyie:

Easynch _

T
s mﬂei!

i=1ng

ef =el +e/™ +e[" e[ +e/™+ max  (ef +e7),
V]El,ns:uij:1,l¢]

atr — _ i
e - ’
c ji(t)w ji

T1€ MIEPEMECHHBIE MHTCPIIPETUPYIOTCA CIICAYIOIIUM 06pa30M:
o el-T (e]-T) — OLICHKA II€pruoJa BpEMEHHU T C Ha4aJia BEIIIOJTHEHUS CXEMBI U 10 3aBEPIICHUA OTI€paliun

0; (Oj)§
o eiq >0 - OLEHKa BPEMEHHU OXWIAHUA MOAYJA, PCATU3YIOMIECTO ONEpalui0 O0; B OYCpEan

JIOKaJIBHOTO MEHEIPKEPA PECYPCOB;
o el-”m >0- OLICHKA BPEMEHU BBIIIOJHCHUSA MOIYJIS 10 €0 YCICIIHOTO 3aBEPIICHUS UM O0TKA3a,

e ¢/® > 0 - oleHKa BpEeMEHH Ha pecTapT MOIYJIS B Cllydae BO3HUKHOBEHHS OTKa3a KaKOro-1Iubo
THUTIA,;

e /™ >0wue/™ >0 — dKCTIEPUMEHTATBHO OTIpesieNiseMble OTIEHKH BPEMEHH, HEOOXOIMMOTO
Ha 3aIlyCK Y 3aBEPILICHUE BUPTyaJIbHbIX MAIlIVH;
e 0 <¢(t) =1 — x0dpPUIMEHT yMEHBIIEHUS MPOIMYCKHON CIOCOOHOCTH WHTEPKOHHEKTA B
MOMEHT BPeMEHH ¢ MEXJly PECypCamu, CBI3aHHBIMHU C BBITIOJIHEHUEM OTepaluii 0; U 0.
Oyenxka cmoumocmu GulnoNHeHus 3adanusi. JlaHHAs OIICHKAa ONpeJeNsIeTCs IO CIeTyIoUeH
dhopmyie:
cost — s run *
ES = Zizlﬂ'iei + T,
rae m; = 0 — cebecTOMMOCTh eIMMHHIIBI TPOIIECCOPHOTO BpeMeHH pecypea, 1) = 0 — Toprosas
HalleHKa, 3aKjajblBaemasi MpoBaiepoM JaHHOro pecypca. B wacTHOcTH, 11 TOsb30oBaTenei

128



®eoktucto A.I'., Koctpomus P.O., T'opcknii C.A., Berakos U.B., Uepnbix A.H., banrapuaa O.}O. AnropuT™b! MIaHUPOBAHHUS BHIYUCICHUN
C y4eTOM H30BITOYHOCTH U HeonpeaeneHHoct. Tpyost UCIT PAH, Tom 34, e 1, 2022 1., ctp. 123-140

CYNEepPKOMIBIOTEPHBIX I[EHTPOB KOJUICKTMBHOIO TIOJb30BaHHs WIIM MPUBATHBIX OOJIAYHBIX
mathopM Kak TT;, TaK U 7T; MOTYT ObITh paBHbI 0.

Oyenxa naoesxcnocmu. IlodydyeHne ONEHKH HAJEKHOCTH BBINOJHEHUS CXEMbl PEICHUS 3aaudl
0a3upyercsi Ha HCIIOJIb30BAHMHM METOJIOB JIOTHMKO-BEPOSITHOCTHOTO aHAJIM3a, IPEJIOKEHHBIX
U.A. PAOUHUHBIM IPUMEHHUTEIBHO K HCCIICTOBAHUIO CIIOKHBIX TeXHUUYeCcKuX cucteM [33]. Beegem
Cleyronme 0003HaYCHNS:

® X —9T0 HabOp OyJIEBbIX MEPEMEHHBIX (IAPAMETPOB) X;j,, OTPAKAIOUIMX COOBITHS 3aBEPIICHUS

(xij; = 1) nnu nezaepurenus (x;;, = 0) onepanuu 0; Ha j;-M pecypee, i € 1,n,, j; € 1,1,

e y; — OyneBa (pyHKIHUSA, OMpENENSIONIAs HAJAEKHOCTh BBIMOJHEHUS I-ii Omeparuu Ha j;-M
pecypce;

o jz(t) — BEpOATHOCTH BHITIOJIHEHHS OIEpalliél O0; Ha j;-M pecypce B MOMEHT BpPEMEHH t
(cTaroHapHBIA KO3 (GUIIMEHT TOTOBHOCTH, XapaKTEPU3YIOIIMHI j;-H pecypc B MPOU3BOIBHBIN
MOMCHT BpeMeHI/I t 110 CTaTUCTHYCCKUM pe3ynLTaTaM cro pa60T1>1).

OYHKITUA Y; ONPEACISCTCs CIeAYIONIeH hopMyIoit:

Xijy ecd Jk:uy, =1, i #k, ke l,n,,

Yi= Xij, A Z;, BTPOTHBHOM CJly4ae, ()

Z; = Nvkewp=1,i#k V-
B pesynbrare BBINONHEHUS BCEX MOACTAHOBOK B COOTBETCTBHHU ¢ (3) M ydeToM MH(OpMALUH O
TpE/IIIeCTBOBAHMH ONEPALMA, IPEICTABICHHON MaTpHIeil U, MbI OMyduM 6y/1eBy ByHKIHIO

qS = /\i:sli=1 xijil l € 15 nlv (5)

OTIPENIeIISONTYI0 HaIe)KHOCTh BBITTOTHEHUS CXeMBI S. JIJ1s oTydeHnst BEpOSTHOCTHOTO TTOKA3aTes
HAJIe)KHOCTH CXEMBI S MPOU3BOAMUTCS nepexo oT GpyHKIwH (5) K BEPOATHOCTHON (DYHKIIUH

P(t) = [lis,=1p15;,() (6)
C TMOMOIIBI0 COOTBETCTBYIOLIMX MpaBuil mpeoOpasoBanus [34]. ®Dyukius (6) Bbruuciaser
BEPOSITHOCTH (OLEHKY HAASKHOCTH Ej) BBIMOIHEHUs] CXeMbl S 0€3 pe3epBUPOBAHUSI PECYPCOB B
MOMEHT BpEMEHH t B Ipoliecce MIaHupoBaHus. OnpeelecHre BEPOSTHOCTH BBITIONHEHHUS CXEMBI S
C pe3epBUPOBAHUEM PECYPCOB paccMOTpeHo B [34]. OmHako pe3epBUPOBAHKE 3aUACTYHO TPUBOIUT
K CHUXEHHIO 2QPEKTUBHOCTH HUCIOJIB30BaHUsI pecypcoB. [1oaToMy B naHHOW paboTe mpeaiokeH
MOJAXOM K ONPEICIICHUIO BEPOSTHOCTH BBIOJHEHHS CXEMbI S 0€3 pe3epBHPOBaHUS
JIOTIOTHUTEBHBIX PECYPCOB.
Hz6vimounocms. B mogenu (1) MokeT HaGIIIOAaThCS W30BITOUHOCTh OTHOCHTENHLHO BBIYMCIEHHUS
OJHHUX M TEX K€ MapaMETPOB Pa3HBIMHU OMEPALUSIMHU, T.€. MOTYT CYIIECTBOBATH TaKWE | M |, UTO
PAR™ N PAR]‘-’”t # @, i,j €1,n;. Ilosromy cxema S B 0OIIeM cly4ae MOXKET COJAEPKATH
HECKOJIBKO aJIbTePHATHBHBIX CIICHAPUEB PEIICHHUS 3a1a4H.
Mogenpb (1) He uMeeT M3GBITOYHOCTH OTHOCHUTEIBHO BBHIUUCICHUSI OJHUX U TEX K€ MapaMeTpOB
Pa3HBIMH OTIEPAIISIMU, €CII BBITIOJIHIETCS CIEAYIOIIee YCIOBUE:

n -
P (F N — — \/Mo—1y /Mo out out . — A0 _.out 7

ViL(five) =0, f; = Vi ViZin (rid™ Ang), g5 = N2, m5™ Q)

C OCIBIO obecredeHus BO3MOKHOCTH YCTpaHCHUA HU30BITOYHOCTH B IIPOUECCE TOCTPOCHUA CXEMBI
pelIeHHs 3a/1aui OTEPALUU 0y, 0y, ..., O, € O CHAOKAIOTCA MPHOPUTETAMHU DTy j, P12, v, P, j

OTHOCHTEJILHO JaHHOTO j-ro mapaMerpa. [IpropHUTeThl Ornepanuii aBTOMaTHIEeCKH OMPEAEISIOTCS
CJIeIYIOIINM 00pa3oM:

. . _. t
0, i€1ln, jELn,:rj* =0,

tj

(8)

129



Feoktistov A.G., Kostromin R.O., Gorsky S.A., Bychkov 1.V., Tchernykh A.N., Basharina O.Yu. Redundancy and Uncertainty-Based
Algorithms for Computation Planning. Trudy ISP RAN/Proc. ISP RAS, vol. 34, issue 1, 2022, pp. 123-140

OueBHIHO, YTO YeM MEHBIIIE HOMEP OTIEPAIMH i, TeM GOJbIINEe €e MPUOPUTET OTHOCHTEIBHO J-TO
napametpa B (8). Dopmupyemasi TaKuM 00pa3oM BEIIECTBEHHAs MaTpUIla TPHOPUTETOB PR MOXeT
OBbITh U3MECHEHA B JalibHEHIIIeM pa3pabOTYMKOM WIIM KOHEYHBIM MOJIb30BATENIEM MAKeTa BPYUHYIO
MyTEeM HM3MCHEHHsS MECT MapaMEeTPOB U OMEpaIMii B COOTBETCTBYIOIIUX CITHCKAaX MapaMeTpoOB U
onepanuii. Takue U3MEHEHHST OCYIIECTBISIOTCS C YY€TOM SKCICPTHOTO OMBITA Pa3paOOTUYUKOB H
KOHCUYHBIX IOJIb30BATEICH MakeTa, O0NAJaroIUX AITOPUTMUYCCKHMMU U CXCMHBIMH 3HAHUSMH
OTHOCHTEJLHO OTepalunii nakera.

Hosas nenpoyedypnass nocmanoexa sadauu. Jlnsi ycTpaHeHHs NW30BITOYHOCTH MBI HCIIOJIB3yeM
CIIEAYIOIIYIO HOBYIO TIOCTAHOBKY 3a/1a4H:

NPPF':S™, 5%, PR; , PR;

[
iy s PRy, = 897, 9)
L€ J1,J2, -, J1 € 1Ly,
Ipu 1IaHUPOBAHUM HA OCHOBE TAKOM MMOCTAHOBKHM 3a7a4yu B Mojenu (1) ocraroTcs oneparnyu, st

KOTOPBIX BBITIONHSIOTCS YCIOBUS Ti(;:;zi =1, ri‘};:t = 0, rae iy, = argmax pr,, iy € 1,n,, ji € 1,n,,
u=1PRy]

i=1n,, i #ig, k=1,1, | — yucno mapameTpoB, 3HAYCHHUSI KOTOPHIX BBIUUCIIAIOTCS Pa3HBIMHU
OTTepaIisIMH.

OTu  omepauud  HUMEIOT  HAUBBICIIME  INPHOPUTETHl  OTHOCUTENBHO  IapaMeTpoB
par;,,parj,, ..., par;, € PAR. Ilpu 5TOM OCTalnbHBIE ONEPAMH C MEHBIIMMHU TPUOPUTETAMH
CTaHOBSITCS HEIOMYCTUMBIMHU M BPEMEHHO CKpbIBAroTCs B Mozenu (1) B mporiecce MIaHUPOBAHHUS.
Tem campiM MaTpumbl S u S°% cHeNManU3UpPyIOTCS B COOTBETCTBHH C MOCTAHOBKOH 3ajauH.
Takum 06pa3zoM, 00eCIeuHBaCTCsl BHITIOTHEHHE YCIOBHSI (7) M IOCTPOCHHE CXEMBI C €THHCTBEHHBIM
CIICHapUeM pelIeHHs 3aJa4d 1o ee ocTaHoBke (9).

B cayuae, korga TpebyeTcss MOCTPOEGHHE CXEMBI, BKIIOYAIOLIEH HECKOJIBKO CLIEHAPHUEB PELICHUs
3aJ1a4M, IPHIMEHSETCS IIOCTAaHOBKa 3a1a4H (3).

B uemnom mMoznenp (1) siBiseTcs: pa3BUTHEM BBIYMCIUTENBEHON MOJICIH, IPEACTaBIeHHOU B [35].

4. Anzopummsbl NaHUpPo8aHusi eblYuciieHul

PaccMoTpuM anropuTMBI INTAHUPOBAHMSA CXEM C OJHUM MIIM HECKOJIBKHUMHM CIIEHApUSMHU pPEIICHUS
3aga4u B PIIIII Ha paccMoTpenHo# Boiie moenu (1).

Icepmoxon amropurma A;(0,S™,S°% n, — S,n;) NOCTPOEHMs CXeMbI C HECKOIbKHMHU
ANBTEPHATHBHBIME CIICHAPHSIMU PEIICHUS 3aauu 10 ee mocrtaHoBke (3) mpescrasieH Ha puc. 1.
[Mpeamnomnaraercs, 4To 1Sl KaXIOH j-it omepauuu u3 O H3BECTHBI PAR}" u PARf”t. Bynessl
nepemennbie Cr u Ap ucnonb3yrorcs B kadecte ¢puaros. @nar Cr = 1 (C; = 0) o3Hayaer, 4TO
CXeMma pelleHHs 3a1a4u nocTpoeHa (He mnoctpoena). ®nar A = 1 (Ay = 0) o3HavaeT, 4TO Ha
ouepeHON NTepalyy IJIaHUPOBAHUS, XOTs ObI 0JJHa ollepalns OblIa BKIIIOUEHA (HH OHA OIepariys
He ObuIa BKIIIOUEHA) B CXEMY.

[locne wHUIMATU3aIMA BCIIOMOTATENFHBIX TIEPEMEHHBIX B IMKJIE BBINOJIHSAETCS TNPOBEpKa Ha
BO3MOXHOCTh BKIIFOUCHHS KaXmoWl |-i omeparmu B cxemy S. Ilocrme 3aBepuieHus IHKIa
OLIEHMBAIOTCS TEKyILIHe pe3yJbTaThl IUIaHWpoBaHUWs. lIpoBepsem, paspemmma npobieMa WiIn
Hepaspemuma. B nepBoM citydae, MBI TOTOBUM JaHHBIE JUI CAETYIOLIEH HTepaluy MIaHUPOBAHUS
Y TIpUCTyTIaeM K Hel. Bo BTOpoM citydae, anropuT™ 3aBepIiaeT CBOIO padoTy.

AIroput™ A; UMeeT BBIYUCIUTENbHYIO CIOKHOCTE O (n,).

B o0mem cirydae B pe3yJsibTare BBIIONHEHUS aroputMa A; Ha mojend (1), /s KOTopoi ycioBue
(7) He BBINONHSETCS, MBI ITOJYYUM CXEMY C HECKOJIBKHMH CLEHAPUSIMH PELICHUs 3a/laui, KOTopas
MOXET TaKXe BKJII0YaTh HEHYXXHbIE BeIYHciIeHHs. C [esiblo 00ecedeHus] BO3MOXKHOCTH PELyKIHN
HEHYKHBIX BBIYMCIIEHUMH paspaboran anroput A,(0,S,S%%, n,,n; - S), NceBIOKO KOTOPOTO
nmokasan Ha puc. 2. Ilpeamomaraercs, 4To JUIs KaXIOW j-i omepammu u3 O M3BECTHBI PAR}'"
u PAR }’”t.
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B mporecce pabGorsl anroputMa A, Ha KaXJIOM YpPOBHE CXEMbI JUIS KaXIOW j-i omepanuu
IPOMCXO/IUT IIPOBEPKA BBIYMCIIEHHS €10 3HAYEHH I apaMeTPOB U3 LENeBOro MHOkecTBa S°**, Eciu
TIPOBEPKA BHIMOJHAETCS, TO BCIOMOTATENFHOE MHOKECTBO S 00BeTHHAETCS CO MHOKECTBOM Pji"
BXOJHBIX ITapaMeTPOB OIEpalii. B MpoTHBHOM citydae, onepanus yaansieTcs U3 CXEMBl PEIIeHUs
3aaun. [TocIte IPOBEPKH Beex ONeparuii i-To ypoBHS cXeMbl S % oOpemursercs ¢ S Vi > 1.

// VHyuManm3auys BCIOMOTATEJILHHX [1€PEMEHHEX
0*=0; Sin* — Sin; goutx — @;
i=1;
for j=1..C step 1 do
S,:j = 0,'
end do
Cf = 0; Af = 0;
// TlpoBepka BO3MOXHOCTU BKJIOUEHUS OMNEpalyii B CXeMy
for j=1..n, step 1 do
if (o =1)A(PAR" =@ v PAR" € S™) then
sij=1; Ap=1; SO =S UPARM™; of =0;
end if
end do
// TlpoBepKa OOCTMXEHMS LEJIEBOTO MHOXECTBA [1apaMeTpPOB
Sin* — Sin* u Sout*;
if Sou c §'"* then
// Bapmaua paspeummMa
Cf = 1,'
end if
// TlpoBepka paspelMMOCTM 3aIauy OJiS OUepPelHOM MTEepaluyuu IJIaHUPOBAHMSA
if AfVCf =0 then
// Bamaua HepaszpemmMma
return NULL;
else
if A;VC; =0 then
// Cxema mocTpoeHa
n = i;
return < S§,n; >;
else
// TIOATOTOBKA IAHHHEIX IJIS OUEPeIHOM MUTEepaluyuu IJIaHUPOBAHUSA
Sout* — (Z),'
i=i+1;
for j=1..n, step 1 do
Sij = 0;
end do
Af =0;
// Tlepexon Ha OUYEPEIHYH UTEPaLMo MJIaHUPOBAHUSI
goto 9;
end if
end if

QO J o Ul b WN

BWWwwwwwwwwwdhhdhNhdND NN EFRE R R PR PR PR o
O WO Joy T WNE OWOWOO-JO U dWNEFE OWOoWw-Joy U b wh kP O

Puc. 1. IIlces0okoo aneopumma A4
Fig. 1. Pseudocode of the algorithm A

Ha 3aKiIr0unTenbHOM CTaii OCYIIECTBISETCS YAAIEHHE BCEX i-X CTPOK MATPHUIBL S, [ KOTOPBIX
n

BbINOJIHSAETCA yenoBue V2, s = 0,ny = 1y — Ny, Tie Ng — 9TO YUCIIO YAATEHHBIX CTPOK. Y lalleHue

CTPOK BBIMOJIHSIETCS C IOMOILBIO BCIIOMOTaTeNnbHO# noznporpammel Delete_rows ().

Anroput™ A, HMEET BEIYUCIMTENLHYIO CI0KHOCTE O(n; X n,).
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1 // VHULMaIM3auus IepeMeHHBIX
2 ginx — o; goutx — Sout;
3 // PenyKumMsa HEHYXHHIX BBIUMCIIEHUMN
4 for i=n;..1 step —1 do
5 for j=1..n, do
6 if 5;;=1 step 1 then
7 if  PARM NS # (@ then
8 Sin* = §in*y PAR™;
9 else
10 S,:j = 0,'
11 end if
12 end if
13 end do
14 if i >1 then
15 goutx — goutx j ginx, ginx _ 0;
16 end if
17 end do
18 // Ymameuwe i-# CTPOKM MATPULE S: v;‘gl 5;;=0
19 Delete_rows(S,n; - S,n;);
20 return S;
Puc. 2. [lceedokoo ancopumma A,
Fig. 2. Pseudocode of the algorithm A,
1 // VMHMumanm3aumusa BCIIOMOIT'aTeJIibHBIX IIepeMEeHHBIX
2 0"=0;
3 // Cneumanmszaums MHOxecTBa 0
4 for k=1..l step 1 do
5 i, = argmax pry,;
u=1|PRy|
6 for i=1..n, step 1 do
7 if (*=1)A@ #i,) then
8 o; =0;
9 end if
10 end do
11 end do

12 // Crneumanmsaums MHOxecTs R 1y ROUt
13 Specialize(0*, R, ROt — Rin, ROUt);

14 // lpumeHeHme anropurMma A

15 A,(0%,S™, S%U n, > S,n;);

16 if S+ NULL then

17 // Cxema nocrTpoeHa. [lpuMeHeHyre anropurma 4,
18 A,(0%,5,5% n,,n; > S);

19 return S;

20 end if

21 // Banmaua HepaspeumrMa

22 return NULL;

Puc. 3. I[lceedoxoo ancopumma Az
Fig. 3. Pseudocode of the algorithm A5
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Ji1 ocTpoeHHS CXEMBI C €IMHCTBEHHBIM CIIEHApHEM PEIICHHS 3aJaqd pa3padoTaH aaropuTM

A;(0,R™, RO¥E, S, SOUt | PR; ,PR;, ..,PR;,l =S, n,). Ero nceBokos puBeieH Ha pHc. 3.

[Nocne nHANEAM3AMH BCIOMOTATEIFHOTO MHOXeCTBA 0™ OCYIIECTBISETCS ero CreHuanu3ays B
COOTBETCTBHH C 3aJaHHBIMM IIPHOPUTETAMH OTIEPAIMiA. 3aTeM CreNUaTIH3UpPYIOTC MHOKeCTBA R™
¥ R°Y BXOJHBIX M BBIXOAHBIX IIAPAMETPOB ONEPAMi C IMOMOIIBIO BCIOMOIraTeIbHON
noanporpammel Specialize(). I[pumensiercst anroput™ A,. Eciu cxema S mocTtpoena, To mocie
MpUMEHEHUs anroputMa A, anroputM Az 3aBepiaet cBOKO paboTy. B mpoTuBHOM ciaydae 3amada
Hepaspemmma. Pa3paboTunk win KoHEYHBIH monb3oBatens PIIIIII MOryT M3MEHHTH yCIOBHSA

IOCTaHOBKH 3aja4u (S, SOUE, PR;,PRj,, ..., PR]-I) Y BHOBb 3aIlyCTUTh MPOLIECC TNIAHUPOBAHUSI.

Anroput™ A; MMEET BHIYUCIUTENBHYIO CloKHOCTE O (ny X max{l,n;}).

5. Mpumep

B nmanHOoM pasnmene Mbl AEMOHCTPUPYEM acCHeKThl IUIAHMPOBAHHUS BBIYHMCIEHUS Ha MPOCTOM
MoensHOM npuMmepe. [lycts mHOXecTBa PR, O u M monemu (1) 3amaHbl CIeAyIOMAM 00pa3oM:
PR = {pry, pr, p13, 074, D75, P76}, O = {01, 04, 03, 04,05, 0,07}, M = {my, my, m3, my, ms, me}.
Mpl crienupHUIMPyeM ONEPAIUIO CICIYIOIIUM 00pa3oM:

operation_name(a set of inputs — a set of ouputs).
Takum 006pa3oM, omepainyyd UMEIOT Cleayloliue creuukanun: o, (pry = pry), 0,(pry, = pry),
03(pry = pr3), 04(pr2 = pr3), 05(P13 = P1L), 06(PTy = PT5), 07(pry = PT6). Onepaunn 0z, 03 n
04 BBIUHCIIAIOT 3HAYCHHE OJHOTO W TOTO XK€ Mapamerpa pri. s 3THX omeparuii aBTOMaTHIeCKA
dopmupyercs MHokecTBo PR; = {1.50,1.00,0.75} MX NPUOPUTETOB OTHOCUTEIBHO Mapamerpa
prz. O4EeBUIHO, YTO B MOJIENN UMEETCS BHIYUCIUTENbHAS U30BITOYHOCTh. MOylTb M, peanu3yer
JIBE OMEpaIUU 0, U 0,. Ha mpakTHKe, 3TO paclpocTpaHeHHas! CUTYyallus, KOTJa B 3aBUCUMOCTH OT
KauecTBa WJIM CTPYKTYPHI 3HAUEHHUsS MapamMeTpa HajJ HUM BBHITIOJHSIIOTCS KOHIENTYaJbHO pa3HbIe
onepaluu, peam3yeMble OJHOW U TOH ke mporpammoil. B aTom cityyae, ¢ KOHIENTyalbHOM TOUKH
3peHMsI, 3HAYCHUS BRIXOIHBIX ITAPAMETPOB MOTYT UMETh Pa3HBIH CMBICI.
CBSI3M MeXIy OOBEKTAMM BBINICYIOMSHYTEIX MHOXECTB MPEJCTaBIEHBI MaTpuriamu R, ROUE,
UuR:

100000 010000 0000000
[010000] 0010001 [10000 oo] 1000000
010000 001000 | 10000 00| Ig(l)‘l’ggg(l)l
R™=1010000f R™ =]001000} U=[10000 00 R={5001 000l
001000 000100 0111000 loooo1ool
000100 000010 0000100 looo o010l
010000 000001 1000000

PaccMoTpuM citydail MOCTaHOBKH 3a1a4u

NPPF:§" §out 5 §07
rae S™ = {pr;} u S°% = {pr,}.
CTaﬂI/II/I IJIaHUPOBAHUA BI)I‘*IPICJ'IGHPIFI " IOCTPOCHUA CXEMbIL S MpeaACTaBJICHbBI B Ta6J'I. 1, rae n —
HOMEp CTaguu (HyJIeBasl CTaaus — 3TO MOATOTOBKA HCXOJHBIX CTPYKTYp JAHHBIX), X — CIIy4aiiHOe
COOBITHE INPUMEHEHHWsI OIEPAlMM IIPU BBIIOIHEHUH CXeMbl, Pq(x)—P,(X) — OKpyrieHHbIe
BEPOATHOCTHHIC OIIGHKM BKIIOUEGHHMs omepanmii 0,—0, B cxemy S, E — mnokasarens
HCONPEACICHHOCTH IIpoHecca IMjIaHupOBaHUs, Hpe,[[CTaBJ'[eHHI;Iﬁ HH(I)OpMaIIHOHHOﬁ 3HTpOHPIeI>iZ

PN m;
— ] A
E=%,2pi(0)E;(x),
0, if p;(x) =0,
Ei(x) = loa-D therwi
—log,p;(x) otherwise,

m; — YMCIO onepaluii — KaHIMJIATOB HA TIPMMEHEHHE MPH BHITIONHEHMM CXEMbl Ha j-i cTajum

wianupoBanus. Craguu 1-4 OCyIIECTBISIOTCS B PaMKaxX METOJA MPSAMOM BOJHBI, PEAIU3yEMOro
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anroputMoM A;. Ctaguu 5-8 BBITIOTHSAIOTCS B paMKax MeToJla 0OpaTHOW BOJIHBI, PEaM3yeMOTo
anroputMoM A,. Ha 3akmouuTensHOW cTamuu paboOThl anroputMa A, ymaisioTcss BCE CTPOKH
MAaTPHIIBI S, BCE JIEMEHTHI KOTOPHIX paBHbI 0.

Tabn. 1. ITnanuposanue na ocnoée NPPF: gin gout _, goy

Table 1. Planning on the base of NPPF: S, 50Ut — §07?

n S §° Pr | D2 | P3 | Ps | Ps | Pe | P7 | E

0 [0000000] (0] 0.14 1014 | 0.14 | 0.14 | 0.14 | 0.14 | 0.14 | 2.81

1 [1000000] {o1} 0.14 1014|014 | 014 | 014 | 0.14 | 0.14 | 2.78

0111001 {o1,02,03, 04,07} 0.14 1014|014 | 014 | 0.14| 0.14 | 0.14 | 2.78

[1000000

1000000y
3 0111001 {04, 05, 03,04, 05,07} 0.14 1014|014 | 014 | 0.14 | 0.14 | 0.14 | 2.78
10000100

110000007

4 géééggé {04, 09, 03, 04,05, 06,0,} | 0.14 | 0.14 [ 0.14 | 0.14 | 0.4 | 0.14 | 0.24 | 2.78

10000010

110000007

51 19508903 {01,05,03,04,05,0,} | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | — | 0.16 | 2.54

10000000

110000007
6 8 é é é (1) 8 (1) {01, 02,03, 04, 05,07} 020|020 |0.20 | 0.20 | + - 10201232
10000000

110000007

7 8(1)(1)(1)(1’88 {04, 0,03, 04,05} 025]025]025(025| + | — | — |2.00

L0000000-

[1000000]
8 0111000 {01,0,,03,04,05} + |1033(033|033| + - - |1.58

100001004
B 1abn. 1 cumBombl ‘+’ W ‘—° 03HAYAIOT COOTBETCTBEHHO BKIIOUEHHE OMEpPAlUUd B CXEMYy H €€
HCKJTIOUEHHE U3 KaHAMIATOB Ha BKIIOYEHHE. B pe3ynbpTaTe MOCTpOEHA cXeMa ¢ TpeMsl CLICHApHsIMH
pemeHus 3afa4yy, ONpeneNsieMbIMH IIPUMEHEHHEM albTePHATHUBHBIX OIEPAIUi 05, 03 WIH Oy.
IToaToMy B cxeme ocTaeTcsi HeOIpeaesIeHHOCTh, KOTOpasl YCTpaHsIeTcs B JaJbHEHIIEM B paMKax
TEH/Iepa BEIYUCITUTEIHHBIX Pa0oT.
Tenepr paccMOTPHUM CITydail IIOCTAHOBKY 3a/1a91

NPPF:S™ So%t PR, — §°?

Craguy TUIaHUPOBAHMUS BHIYMCIICHUI M TIOCTPOCHUS CXeMbl S mpejcraBieHbl B Tabm. 2. Cxema S
CTPOHTCS ¢ TOMOIIBI0 anroput™ma A;. B paMkax HyneBoW cTaguy MPOMCXOAMT CIICIIMATH3AII
MHokecTBa 0. 3aTeM U3 aNroputMa Az BeI3BIBAIOTCS allrOPUTMBI A U A,, KOTOPBIE COOTBETCTBEHHO
peanu3yroT MeTObl MPsAMOi u 0OpaTHOW BoiH (3Tanbl 1-4 u 5-8). B pe3ynpraTe nmocrpoeHa cxema
C €IMHCTBEHHBIM CLIEHApUEM pellleHHs 3afadd. B 3ToM ciydyae HeonmpeneneHHOCTb MOTHOCTBIO
yCTpaHeHa.
Tabn. 2. [Tnanuposanue na ochoée NPPF: gin gout PR; — §°?
Table 2. Planning on the base of NPPF: S, S9% PRy — 5°?

n S §¢ D1 D2 D3 Da Ps De p7 E
0 [0000000] [0] 0.20 | 0.20 | - — 1020 (0.20 | 0.20 | 2.32
1 [1000000] {04} 0.20 | 0.20 | - - 1020 |0.20|0.20 | 2.32
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1000000
2 b

100001 {01,05,07} 020 (020 — | - [0.20|0.20|020 |53,

100000 O]
3 0100001 {04,0,, 05,07} 020|020 | - - 10.20|0.20 | 0.20
0000100/ 2.32

(10000007

0100001
41 10000100 {04, 02, 05, 06, 07} 020020 - | - |020020/020

0000010 2.32

(10000007

5 8588285 {04, 05,05, 07} 025(025| - | - |o02s5| - |o025

0000000 2.00

(10000007

6 8588285 {04, 05,05, 07} 033033 - | - | + | - |033

0000000 1.58

110000007

0100000
! 0000100 {04, 05,05} 1.00 | + _ _ + B B

0000000 0.00

1000000
8 0100000 {04,0,,05} e e
10000100

6. lMoeblweHue HadexxHOCMU 8bI4UCIIeHUll MymeM MPUMEHEHUsI CXeMbl C
HEeCKO/IbKUMU CUeHapusiMu peweHusi 3aday4
I/I36LITO‘-IHI)IG BBIYUCJIICHUA MOT'YT YCIHCIIHO HCIIOJB30BATBCA B TOM CiIyda€, Korja IMpoucCxXondaT

OTKa3bl OIpEJIeNICHHBIX THIOB MM 3apaHee Ha3HaueHHbIE pecypchl HepocTymHbl. Hampumep, 310
BO3MOJKHO TIPH OTKa3€ WM Ieperpy3ke HeoOXoMMOro pecypea.

Ilycth cxema peliieHHs 33a4d COACPIKUT aJbTEPHATHUBHBINA CIICHAPUI BBIIOJHEHHUS (pparMeHTa

omepanuii, MOAYyJIH KOTOPOTO MOTYT BBHIMOJHITHCS HA JIPYTOM PECypce, BO3MOKHO HMMEOIEM

JIPYTHE BBIYUCIUTENBHBIC XapaKTepUCTHKHU. Hampumep, oH paboTaeT mon ympaBiIeHHEM IpYrou

OTIepPallMOHHON CHCTEMBI. B 3TOM cilydae MBI MOXEM BBITOJHITH OCTAJIBHBIC OIEPAIHU CXEMEI,

WCIIOJNB3YS ATOT pecypc.

Jus onpenenenus gparMeHTa CXeMBI PEUICHUS 3aJadd, OIEePalrdd KOTOPOTO BHIMOIHSIIOTCS FITH

OKHJIAIOT CBOETO 3aIyCKa, BBEJIEM CIISAYIONIe 0003HAYCHHUS !

e O, © O — MHOXECTBO OllEpaLUi CXEMBI S

e 0, C O; — MHOXECTBO OIEPAIMi, KOTOPBIE BBIMIOIHEHBI, N, = |0, | — YUCIIO TAKUX OTEPALIHI;

e 0, =0,\0, — MHOXXECTBO OICPAIMi, BHIMOJHIIONINXCS WIH OXUJAMIINX CBOCTO 3aITyCKa,
n, = |0,| — auco Takux omepanuii.

Cxema S, BKITIouaroias onepanuu u3 0, sSBISETCS OCTATOYHOU CXEMOU peleHus 3agadn. Sy =

[ n n
sm U(Uk‘”=1 Pi‘l’{ut) u SPut = goutn (S mn U(Uk"’=1 pout ) — 3TO MHOKECTBA €€ BXOHBIX M BBIXOTHBIX
napamerpos, rae iy € 1,n,:0; € O,. MHOXecTBO S/ BKIIIOYAET MPOMEXYTOYHBIE PE3YIBTATHI
BBIUYHCIICHUM.

s ompeneneHnss 0CTaTOYHOM CXeMBI S, MBI UCTIONBb3yeM MoHsTHE, BBeaeHHoe A.Il. EpmoBsim
[36]. Kak mpaBuio, ocraToyHas cxXxeMa MOXET BKJIIOYATh HECKOJILKO CIICHAPUEB PEHICHHS
npoGsieMbl. Mbl MOXEM PEoyLHpOBaTh CXeMy, YAalIWB HM30BITOUHBIE ONEPAlMd OTHOCHUTEIHHO
orepalyu ¢ BBIOpaHHBIM NpuopuTeTOM. CXEMbl, HOJyYeHHBIE TaKUM OOpa3oM JUIl pa3HBIX
MNPUOPUTETOB OTIEPALid, SIBJISAIOTCS SKBUBAJICHTHBIMU.
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Byznem cuuTarth, 4TO JBE CXeMBI S; U S SBIAIOTCS SKBUBAJICHTHBIMH, ECIIM OHH yJIOBJIETBOPSIOT
CIEYIOUIEMY YCIIOBHIO!

Sﬂut c (S;nlu(uzil Pit,)cut ) N (SriHZU(U;Zl P[z}){ut))y
rae 0F # 02, 03,02 € 05, 0;, € 08, 0; € 02, S/™, 5" € S™, ny (n,) — 9710 KCIO ONEpaLMii B
mHoxecTse 01 (02),0 < k,l < n,,.
Takum 06pa3oM, B oTimHure ot [37], B paMKax yHpaBleHHs Paclpe/IeieHHbIMY BEIYUCICHUSAMHU MBI
IIepPEXOIUM OT KOHKPETHBIX MOJy/e K aGCTPaKTHBIM ONepalisaM, HCTIONb3ys npruopuTeThl. Kpome

TOTO, MBI YTOYHSEM JIOTHKY TPUHSITUS PEIICHHS MPH BBIOOPE CIICHAPUS TabHEHIIECTO PEIICHUs
3amaun (puc. 4).

par) Orkazel  Orkaser Orkashl
Yal0B MU,LI_\"JIQﬁ dlrcHTOB

1 N ¥ ¥
/“E o Brmomienmne
- orlcpal._um_

Terywme

Verpanense oTkaszor

Onepanus,
ORI IAIINe
BBIMOIHCHHS

HEYCTPaHHMOro

Puc. 4. Bnok-cxema svibopa cyenapus
Fig. 4. Block diagram for selecting a scenario

Ha »t0#t Omok-cxeme wuaeHTHHUIMPYETCs OTKa3. Ecnm mpepBaHHas omepamus MPeabIIyIiero
CICHApWsI peIICHHUS 3aJadyll HE MOXKET OBITh BBINOJHEHA, TO BBIOMpAcTCS CIEHApU C
aJbTEPHATUBHOU OIEpalMeil C HAUBBICIIUM IIPHOPUTETOM.
Ecmu uMmerotest Takas omepanus W JOCTYIHBIH pecypc I e BBITOTHEHHS, TO OCYIIECTBISICTCS
MEPEKITIOYeHHEe Ha COOTBETCTBYIOUIMH CIICHAPUHA W (OPMHPYETCS OCTaTOYHAs CXEMa pEIICHUSI
3amadd. 3aTeM MPOBOTUTCS TEHIIEP BBEIYUCIUTEIBHBIX PabOT ¢ MCIIONB30BAaHHEM PacCMOTPEHHBIX
BBIIIE€ OLIEHOK BPEMEHH, CTOUMOCTH M HAJEKHOCTH cxeMbl. [lociie Ha3HaueHus: pecypcoB IJis
BEITTOJTHEHHSI BCEX OTEpaIyii CXeMBbl, HAYMHACTCS €€ BBITIOJTHECHHUE.
MBI cpaBHHBaEM HECKOIIBKO KITFOUEBBIX XapakTepucTHK MAC B OTHONICHHH OTKAa30yCTOWYMBOCTH
IPU BBHIMOJIHEHWH CXEMBI PEIICHHS 3aJla4d C JBYMS TPAJUIHMOHHBIMH METAIUIAHHUPOBIIUKAMH
Condor DAGMan u GridWay. Cpenn HMX — NOJIEpPKKa OTKa30yCTOMYMBOCTH B Cllydae OTKa3a
pEeCypcoB, CHCTEMBI M MPHUKIAJAHOTO TPOTPAMMHOTO OOECHeUeHUs, a TakkKe CpeaHssI
MIPOAOIDKUTEIBHOCTE — Iepe3amycka. MBI  MOJeNupyeM BBIIIOJHEHHE [IOTOKOB  3aJaHUi,
CT€HEPHUPOBAHHBIX C HCIIOIB30BAHWEM HCTOPHUU BBIUYMCIICHUH pealbHBIX MOTOKOB 3aJlaHWH JUIA
IIUPOKOTO CIEKTpa MpakTHYecKuX 3ajad [38]. Mbl HCIONb3yeM HMMHUTAIMOHHYI0 MOJETh
TeTEPOreHHON paclpeleIeHHOW BBIYHCIHTENBbHOW cpenbl [39]. OHa ObUla amanTHpOBaHA K
mogenu (1).
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PesynbraTel cpaBHEHHS IPEICTABICHBI B Ta0J. 3. DKCIIEpUMEHTHI IOKa3aJIH, YTO BCE CPaBHUBACMEIC
CHCTEMBI YCIICIITHO YCTPAHAIOT MPOOJIEMBI B CIIydae 0TKa30B PECYpCOB WM CHCTeMBI. IIpomneHT He

YCTpaHCHHBIX OTKA30B 3TUX THUIIOB OYCHb HU3OK.

Tabn. 3. Pesynomamvi cpasHeHus
Table 3. Comparison results

Meta-scheduler

Fault-tolerance
support in case of

Fault-tolerance
support in case of

Fault-tolerance
support in case of

Mopnepikka
ITopnepixka Ionnepika 0TKA30yCTOHYNBOCTH Cpennss
Meramuamy. |CTRAOYCTOIMMBOCTH | oTkasoycToitamBocTH TpH oTKa3ze TPOAOIIKUTEb-
posupuc/ | TIPM OTKase pecypea /| mpu orcaze cuctembi/ | npukiagnoro IO/ |  HocTh mepe-

3amycka, cex. /
Average restart

resource failure system failure applied software makespan, s
failure
Condor
DAGMAN +/— +/— - 8.05
GridWay +/— +/- - 8.11
MAC +/— +/— +/— 6.23

B T0 e Bpemst Condor DAGMan u GridWay He UMEIOT HHCTPYMEHTOB JJIsi 00pa0OTKH OTKA30B
npukianHoro I1O. Kpome Toro, Takue METaIUIaHUPOBIIMKHA HE MOJAEPKUBAIOT H30OBITOUYHBIC
00paboTKy 3aJaHuii C BBIYUCIUTEIBHOW HM30BITOYHOCTHIO. [loaTOMY pelieHHe 3amaud Moj uX
KOHTPOJIEM MOXKET OBITh IIPEKPAIEHO B PE3YJIbTATE OTKA3a pecypca.

B orinume ot Takux MeraruiaHUpoBIIMKOB, MAC MOXET B HEKOTOPBIX Cllydasx Iepe3anycKaTb
BBIYMCIICHHS 32 CUET HCIIOJIb30BAaHHS BBIYMCIMTENLHOM M30bITOUHOCTH. Hannume npropuTeToB
orepanyii 3HAYUTEIHHO YCKOPSET NPUHATHE PEIICHUH U epe3alyCcK BBIYUCIUTENBHOTO ponecca.

7. 3aknroyeHue

CraTtbs nocBsimeHa npobiemam ruianuposanus Beraucierus B PIIIIII. MccinenoBanue 6a3upyercs
Ha KOHIENTYaabHOM MOAEIMPOBAHUY BBIYHCIUTENBHBIX TPOLECCOB.

B nanHoii pabore MoauduIMpoBaHa M JONOJHEHa HOBBIMHU IOHATHSIMU MpPEAJIOKEHHAs paHee
koHuenryanbHass monens PIIIIII. B uyactHOCTH, BBEIEHBI NPUOPUTETHI BBINOIHEHUS OIEPALIUH,
KOTOpBIE aBTOMATHYECKH (DOPMHUPYIOTCS M IEPECUUTHIBAIOTCS MPH M3MEHEHWH crenudukanmm
mojenu. [lpemnokeHa HOBas MOCTAHOBKA 3aJadd, B PAaMKaX KOTOPOH HCIOJB3YIOTCS TaKUe
npuoputeTsl. [Ipy M30BITOYHOCTH MO/IENN MPUOPHUTETHI 00ECTIEYNBAIOT BO3MOXKHOCTh YCTAHOBUTH
HOPSI0K BEIINOJIHEHHS ONEPALHi, TEM CAMBIM CMAr4asi HEOMPEAEIEHHOCTb IIPH HOMBITKE OCTPOUTH
CXeMy C €AMHCTBEHHBIM CIICHApWeM pelleHus 3anadd. PaspaborTaHbl clienMaln3UpOBaHHbIE
QITOPUTMBI  TIOCTPOCHUSI CXEM  PpeIIeHHs 3aJad Ha MOAENM C H30BITOYHOCTBIO H
HeonpeeNIeHHOCThI0. [Toka3aHa moje3HoCTh N30BITOYHOCTH MOJIENH JUIS TTOBBIIICHUS HAJIS)KHOCTH
BBIYHCJIEHUM 110 CPABHEHUIO C TPAAULMOHHBIMHA METAIUIAHUPOBILUKAMH.

B pamkax Oynymux MccieoBaHMH MpEeJIoiaracTcsl peain3oBaTh aBTOMAaTHYECKOE OIpe/ieTICHUE
NPUOPUTETOB OINEpallii Ha OCHOBE JIONOJIHUTEIbHOW MHPOPMAIMK O MOAYJISIX, PEaTU3YIOMINX
orepanny (OIEHKAaX BPEMEHM BBINOJHEHHMS W pa3Mepa MepefaBaeMBbIX TAHHBIX, CTATUCTUKH MO
OoTKazaM U Jp.). B Hacrosimee Bpems Takas uH(OpManuio yxke cobupaeTcs B Ipolecce
HETIPePhIBHON MHTETPALMH IPOTPAMMHOT0 OOECTIEYEHHUS PAaCIPEICICHHBIX MaKeTOB MPHKJIATHBIX
IIPOrpaMM.
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AHHOTanusl. BexTopHOEe MpEeACTaBICHHE CIIOB HCIOMB3YETCS JUI1 PA3IMYHBIX 3aJad aBTOMATHYECKOH
00pabOTKH €CTECTBEHHOTO sI3bIKa. MHOKECTBO METOJOB CYHIECTBYET IJIsI MPEICTaBICHUS BEKTOPOB CIOB,
BKJIFOYasi MeTojbl HelpoHHBIX ceTed Word2Vec u GloVe, a Takke KIacCHUECKHA METON JIATCHTHO-
cemanTHyeckoro aHaimmza LSA. Ilems naHHO# paboTa IOCBsIIeHa HCCIEIOBaHUIO A EeKTHBHOCTH
HCIIOJBb30BaHMs CETEBBIX BEKTOPHBIX MeTooB LSTM mis Heknaccnueckoi kiiaccuduKanuy BHICOTHI TOHA B
TEKCTax Ha PyCCKOM U aHTJIMICKOM si3bIKaxX. OIICaHbl XapaKTePUCTHKHA BEKTOPHBIX METO/IOB KIIACCU(PHUKAIINT
cioB (LSA, Word2Vec, GloVe), onncana apXuTeKTypa HEHpOCETEBOTO KIacCH(PHKATOpa CIOB HA OCHOBE
LSTM u B3BemeHbl METOABI BEKTOPHOH KIacCH()UKAIINN CIIOB, MPEICTABICHBI PE3yIbTaThl SKCICPUMEHTOB,
BBIYHCIUTENBHBIX CPEACTB U UX o0cyxaeHue. Jlyumel Moaenbi0 BEKTOPHOTO IPEACTABICHHS CIIOB SBIIAETCS
moznens Word2Vec, yauTsiBas CKOpocTs 00ydeHNs], MEHBIINHI pa3Mep KopItyca CJIOB i 00y4deHus1, OOIbLIYIO
TOYHOCTH U CKOPOCTh 00Y4eHHUS HEHPOCETEeBOro KilacCH(UKaTOpa.
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1. BeedeHue

O0paboTKa TekcTa Ha €CTECTBEHHOM SI3BIKE IpHOOpeTacT Bce OOblIee 3HAYCHHE M BBI3BIBACT
OONBIION MHTEPEC B COLMOJIOTHH, MAapKETHHIE, JTUHI'BUCTHKE, IICUXOJIOTUH U IPYTHUX 00IACTSIX
YEJIOBEUECKOH JEATeNbHOCTU. beicTpoe pacnpocTtpaHeHue MHTepHeTa sBisieTcs OAHOM U3
OCHOBHBIX JBHXKYIIUX CHJI 3TOH TCHAEHIIHH.

ABToMaTm3anusa 00pabOTKH TeKCTOBOM WH(MopMarmu TpeOyeT MpEeACTaBICHUS TEKCTa B BUIC
YHCIIOBOI MOZAENH, KOTOpast IPEACTABISIET TEKCT KaK BEKTOP €r0 XapaKTEPUCTUK — OMHCAHUE €TO
aTprOyTOB. YTOOBI MOIYYUTH

Mertop npeacTaBieHus CHMBOJIOB (Ha3bIBAEMBIH TEKCTOBBIM HHICKCHPOBAHNEM) OCHOBAH Ha JBYX
MOJXOAaX: TPEICTABICHUM TEKCTa B BHUJE «MEIIKAa CIOB» W MPEACTABICHUH TEKCTa B BHAC
MOCTIEeI0BATENbHOCTH CIIOB, IPEACTaBIECHHBIX B BUE BEeKTOpOB [1].

ITpencTaBmsist TEKCT B BUIE «MEIIKA CIIOBY», TEKCT MOXHO IPEICTaBUTH B BUJE BEKTOPA CIOBApHOTO
3amaca oOydatomiei BeIOOpkH. KaxIprid aeMeHT BeKTopa MpPEeACTaBIIeT BEC COOTBETCTBYIOIIETO
cioBa B cioBape. Becom MokeT OBITh 94acTOTa cloBa B TEKCTE WM KaKOW-TO Apyroi Oosee
CJIOKHBIM TOKa3aTenb. DTO MPEACTABICHNE HE YYUTBHIBACT HMOPAIOK CIOB B TEKCTE, YTO SBISIETCS
OJIHUM U3 OCHOBHBIX HEIOCTATKOB 3TOT'0 METOJA.

MmHoroobemaromeid TeHICHINEH B 00pabOTKE ECTECTBEHHOTO sSI3bIKa SIBJISETCS BEKTOPHOE
MIPE/CTABICHUE CJIOB, KOTOPOE I03BOJSIET NPEICTaBUTh TEKCT B BHJE IOCIEIOBATEIBHOCTH
BEKTOPOB, COOTBETCTBYIOIIUX CIOBAM B TEKCTE.

IMpocreiimmm criocoboM MpeoOpa3oBaHMs CIIOBA B BEKTOP SBISIETCS OANHOYHOE KOJUPOBaHKE [2],
TO €CTh KOJAMPOBaHME KaXKJOTO CIIOBAa BEKTOPOM JUIMHBI, PaBHOHM pa3Mmepy cloBapsi 00ydaromei
BbIOOpKH. KaXkablil U3 ATUX BEKTOPOB COCTOMT M3 HYJIS M €IUHUIIBI, COOTBETCTBYIOIIECH MO3UIIUI
cJIoBa B clioBape. DTo mpeacTaBieHre Maaodp(eKTHBHO ¢ TOYKH 3pEHUs 3aIIOMUHAHUS U, IPEKIC
BCEro, He J1aeT HUKAKOT0 OOBSICHEHHs CMBICIOBOTO 3HAUEHHUS CIIOB U HE IO3BOJIAET CPAaBHUBATh
CJIOBA TI0 CMBICJIOBOH OJIM30CTH, YTO OUEHb 3aTPYIHACT KIaCCHU(PUKAIIHIO.

CymecTByeT HECKONBKO METOJOB IOJyYeHMS BEKTOPHBIX IPEACTABICHUI CIIOB, MO3BOJISIOMINX
CO3/1aTh HU3KOPa3MEpPHOE BEKTOPHOE MPEACTaBIICHHE IS KaKIOro cjoBa B Kopiyce (Habope
TEKCTOB) M COXPaHUTh KOHTEKCTyaJbHOE CXOJCTBO CJIOB. Bo-TiepBBIX, M3BECTHBI J[Ba MeETOja
Heiiponnsix cereit: Word2Vec [3, 4], paspaborannsiii Google, u Global Vectors (GloVe) [5],
paspaboransslii B CT9H(OOPACKOM yHHUBEPCHUTETE.

Bruto moka3zaHO, 4TO 3TH JABa METOJa NPEBOCXOIHO CIPABIAIOTCA C 3amadamMH 00paboTKH
€CTECTBEHHOTO f3bIKa, TAKMMH KaK PACHO3HAaBaHUE IOXOXKHX CIOB M T. A. OgHAaKO Takxke ObUIO
MOKa3aHo [5], 4TO KiacCHYeCKHe METOJbl, B YaCTHOCTH METO]| JIATEHTHOTO CEMaHTHYECKOTO
aHanmm3a LSA [6], MoryT OBITE OOJIee ToIe3HBIMH, YeM, HapuMmep, Word2Vec. DTo CBsI3aHO C TeM,
yro Word2Vec ¢ caMoro Havaia yduTcs HAa HHU3KOPa3MEPHBIX BEKTOpaxX M HE HCIIOJIB3YeT BCIO
HHPOPMALINIO U3 YIeOHOTO KopIiryca ciIoB. beuto moka3aHo [7], uro MeTon LSA Oonee HagexxeH 1
CYIIIECTBEHHO HE 3aBHCHUT OT pa3Mmepa KopIryca.

Lens nanHOW paboThl siBiIsAETCS M3ydeHHE S(PPEKTUBHOCTH HCIOJB30BAHUS STHX METO/OB IIPU
aBTOMaTHYeCKOI 00pab0TKe TEKCTOB Ha PyCCKOM M aHTIMHCKOM s3bIkax. OOHapyKeHHe TOHA — 3TO
cnenuduyeckas KiacCupUKaMOHHAs 3a/1aua, KOTopast BKII0YaeT B ce0s1 KOIMYECTBEHHYIO OIIEHKY
U KaTeropus3alnuio MHEHHH, BBIPQKEHHBIX B TEKCTE, C LEJIBIO ONPEACNICHHUS TOTO, SIBIAETCS JIN
OTHOIICHWE aBTOpa K TOW WM WHOH TeMe, MPOIYKTY IOJIOKUTEIHHBIM, OTPHLATEIHHBIM HWIH
HeirpansHbIM [5]. UckyccTBennsie HelfiporHble cetr (MHC) okazanick XOpoImM pemeHneM Takux
mpobieMm. Apxurektypa wucnoipdyembix HWHC  wmoxer pazmuyatees. HWHC — mpsmoro
pactpocTpaHeHus [6] ABIAIOTCS KOHTEKCTHO-3aBUCUMBIMH, TO €CTh OHH MOTYT YYUTHIBATh TOJIBKO
OTIPE/ICTICHHOE KOJMYECTBO CJIOB BOKPYT JAHHOTO CIIOBA, YTOOBI ONpPENENUTh €ro 3HAueHHe
MOBTOPHO.
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2. Memodosnozcusi uccrnedoeaHus

B nmannO# crathe cpaBHMBaIOTCS Tpu MeToma: LSA — kimaccmueckuit meron, Word2Vec kak
HanOoJee MOMYIISIPHBIA METO/ B PyCCKOS3BITHOM COOOIIECTBE cpeau mporpammucToB 1 GloVe kak
TOITyJISIpHASL allbTePHATHBA, Majo OMMCAaHHAs B PYCCKOS3BIYHBIX HMCTOYHHKAX. Jlamee «ciIoBO»
3aMEHSCTCA CJIOBOM «TEpM», IIOMYCPKUBAs, UTO 3TO TEKCTOBBIA 3JIEMEHT C OIpeIesIeHHOMH
CMBICJIOBOW Harpy3Kou.

2.1 CemaHTUYeCKUN aHanus3

Merton nateHTHOTO ceMaHTHYecKoro aHanm3a (LSA) ocHOBaH Ha mpuUHIMIAX (HaKTOPHOTO aHAIH3a
[6], KOTOpEII MO3BOJIIET, B TOM YHCIE, BEIIBUTH JIATCHTHBIC (CKPBITBIC) OTHOIICHHS MEXKIY
TePMUHAMH W TEeKCTaMH (IOKYMEHTaMH), OIMpPEIeISIONNe MPUCYIIYI0 HOKyMEHTaM TEMAaTUKy H
TepMuHBL. Kakmast TemMa XapakTepH3yeTCsl CBOMM 3HAUYE€HHEM B CMBICJIOBOM OTHOLICHUH
JOKYMEHTOB M TEPMHHOB. Pa3MepHOCTh BEKTOPHOTO TIPEJCTABICHHS YyMEHbIIEHa 3a CYeT
WCKJTFOUCHHS U3 JIMHTBHCTUYECKON MOJICIIA TEM C HANMEHBINCH CMBICTIOBOM HArpy3KOH.

[TepBBIM mIaroMm siBiIsI€TCS MpeoOpa3oBaHre OCHOBHOTO TEKCTa (JOKYMEHTOB) B MACCUB TEPMHHOB.
DnemenTaMu 3TON MaTpuIbl 00b4HO siBisitoTes Beca TF-1DF [6].

TF (4acTOTHBIH TEPMHH) — STO OTHOIIEHHE nt (KOJWYECTBa BXOXKICHUH cjoBa t) K oOueMy
KOJIMYECTBY CJIOB B IOKYMCHTE:

TF(t, d) =

ng
kg
Kpome Toro, cormacHo TeopeMe O METOJaX BBIYMTAHMS CHHTYJSIPHBIX pas3siokeHH [7],
MOJY4EHHYIO BEIECTBEHHYIO IPSMOYTOJIBHYIO MaTPUILy MOXHO BBIYECTh KaK MPOM3BEICHUE TPEX
MaTpHuIl:

A=1USVt,
rae MaTtpuiisl U u V opToroHanbHeL, a S — 1uaroHanbHas MaTpHIla, JUAarOHAIb KOTOPOM COAEPKUT
CUHTYJISIPHBIE 3HAYEHUS] MAaTPULBI A.
Ecnu B Matpuiie S ocTaBisieM TOJILKO HAMOOJBIINE CUHTYJISIpHBIC 3HaueHus: k 1 Mmatpuupl U u V —
TONBKO CTONOIBI, COOTBETCTBYIOIIME dTHM 3HAYEHHSM, TO TpousBeneHue S u V matpur T ecth
HAMITyulIee NPUGIIKEHNE HCXOIHOM MaTpuibsl A K Matpuue A ¢ panrom k.
Ota Marpuia HpencTaBiIseT coOOH CTPYKTYPY acCOLMAaTHBHOW 3aBHCHMOCTH, KOTOpas JISKUT B
OCHOBE MCXOIHOMH MaTPHIIBI, K KaXKIblil TepM (CTpoka B MaTpuie U) M KaskIblil JOKyMEHT (CTpOKa
B Matpuie V) mpencTaBleHbl B BHIE BEKTOPOB B OOIIEM MPOCTPAHCTBE C PasMEPHOCTBIO k
(mpoctpancTBO runoTe3) (cM. puc. 1). k mogbupaeTcsi ONBITHBIM ITyTEM U 3aBUCHT OT KOJIHYECTBA
UCXOJIHBIX JOKYMEHTOB. BEKTOpHBIE TEpPMUHBI MO’KHO HCIIOIb30BATh KaK BEKTOPHBIE CIIOBA.

document document

[
4

o1
term = term : 2.7

los|

Puc. 1. Bekmopras mooenv LSA
Fig. 1. LSA vector model

2.2 Word2Vec

Word2Vec [3] —meTos, MO3BOJISIONINIA MPEJICKAa3bIBATh KOHTEKCT CJIOBA MO 3aJaHHOMY CIIOBY
(meton Skip-Gram) wim HaoO0OpOT MpencKa3blBaTh CIIOBO MO 33JJaHHOMY KOHTEKCTY (METO[
CBOW). B aToM ciydae CKpBITBIH c10i HEHPOHHOM CETH MPOSLUPYET CJI0Ba HA HEOOJIBILION BEKTOP.
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OO0mas cTpyKTypa HEHpOHHO# ceTH (CcM. puc. 2):

—  BXOJIHOW CJIOH, KOTOPBIH MOJTydaeT BEKTOPBI KOHTEKCTHBIX CJI0B B ciiydae CBOW wmiti BEKTOPBI
OJTHOMEPHBIX KOANUPYIOIIMX CJIOB U B ciyyae Skip-Gram;

—  CKPBITHIH CII0# ¢ HECKOJIBKUMH HepoHamu k;

— BBIXOJHOW CJIOM ¢ Mepapxudeckoil ¢yHKimeid aktuBauuu Softmax [4] nim oTpuuATeIbHON
BBIOOPKO#1 [4], BBIXOA KOTOPOH CXOAWUTCS BO BpeMsi oOydeHHs K BEKTOpaM CJIOB B cllydyae
CBOW wumu k BeKTOpaM KOHTEKCTHBIX CJOB B ciydae Skip-Gram, B oIHOpa3MepHOE
KOAMPOBAHUE V.

[Tocne 0OyueHHs: BBIXOIHBIE JAaHHBIE CKPBITOTO CJIOSI HCIOJIB3YIOTCS /IS IOJTY4EHHsI BEKTOPa CIIOB

pa3mepa k.

W

¥

ey CBOW Skip-Gram Ve

Puc. 2. Memoo Word2Vec

Fig. 2. Word2Vec Method
XOTsI 3TOT METO/ OXBATHIBAET TOJIEKO CTATHCTHYECKUE CBOWCTBA TEKCTOB, KAYKETCS, YTO OOyICeHHAS
Mozenb Word2Vec oxBaThIBaeT HEKOTOPEIE CEMaHTUIECKUE CBOHCTBA CIIOB.

2.3 GloVe

GloVe [5] npexacraBiseT co00H MOIENb, COYCTAOIIYIO B ceOe CBOHCTBA METOJa YMCHBIICHHS
cuHTyJsipHOCTH M MeToza Word2Vec.

[IepBBIM 11aroM sBJISIETCS CO3JaHUE MAaTPUILIBI cOCTaBa X JJIsl TPEHUPOBOYHOTO JaTaceTa. 3HaueHHe
3JIEMEHTA X;; MOKA3bIBAET, KaK YaCTO CJIOBO j MOSBIAETCS B KOHTEKCTE CioBa [. CeMaHTHYECKas
ONMU30CTh CJIOB [ W j OIGHUBACTCA C IIOMOIIHIO OTHOIICHHS BEPOSTHOCTH HX COBMECTHOTO
MTOSIBJIEHHS B KOHTEKCTE K:

Pix _ Xik/YmXim

Pjk B Xji/InXjn'

TJIe Wy, W; — BEKTOPBI CJIOB, W), — BEKTOP KOHTEKCTA.

F(Wi,Wj, Wk) =

CemaHTHUecKasi ONM30CTh ATHX BEKTOPOB OMNpEIEIsIeTcss MX CKAISpHBIM mpousBeaeHueM. C
MIOMOIIBI0 TIPeo0pa3oBaHUi W JOMyIIeHUH B [5] mokazaHo, 4To Ienblo GopmupoBanus GloVe
SIBIISIETCS U3yUEeHUE BEKTOPOB TAKMM 00pa3oM, YTOOBI MX CKAIIPHOE IPOU3BEICHHE OBIIO OJIM3KO K
sorapu(My BEpOSITHOCTH COBIAJCHUS CJIOB B BbIOOpKe (opMmupoBaHus. UTOObI yMEHBIINTH
Ba)XKHOCTh COBNAJeHUH penxux (MeHee HWH(OPMATHBHBIX, INYMHBIX M HEHAJEXKHBIX) WIH
HEHAJIeXKHBIX CJIOB, a TAK)KE YMEHBIINTH BXKHOCTh OYEHb PACIIPOCTPAHEHHBIX (HAIIPUMED, «ECTH))
coBmajieHnii, Pennington u ap.

B [5] B xauectBe wmeneBod ¢yHKIMH OOydeHHs ((QYHKIMHM MOTEPb) HCIOIb3YETCS MOJEIb
B3BEIICHHOM perpeccud IO METOJy HaMMEHbIIMX KBajparoB (1), roe w; — BeEKTOp
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CYHIECTBUTECIIBLHOTIO, W} — BCEKTOP KOHTCKCTA, bi n bj — MaCIIITa6I/IpOBaHI/Ie 3HAYCHUI OTKIIOHCHUS
CJIOB CYHICCTBUTCIIBHOI'O 1 KOHTECKCTAa COOTBETCTBCHHO, V- pasMep ciioBaps:

14

ij=1

2.4 Knaccudukauus TeKcToB

OCHOBHBIMH 3TaliaMu pa3paboTKH U GOPMHUPOBAHUS TEKCTOBOTO KJIACCH(PHUKATOPA SBIISIOTCS:
—  ImpeaBapuTeNbHas 00paboTKa TeKCTa,

—  MHJEKcalus TeKCTa,

paspaboTka u popMupoBaHue Kiaccudukaropa,

—  OIIEHKa KAa4eCTBa KIACCH(HKALIUH.

ITpenBaputensHast 00paboTKa TEKCTa 00513aTENIBHO MPEAIIOIAracT TOKCHU3ALHIO, T. €. BBIICICHHE B
TEKCTE S3BIKOBBIX CIMHHUII, TAK HA3bIBAEMBIX JICKCEM, CIIOB UM TCPMUHOB.

O6paboTka TeKCTa MOKET TAKKE BKIIFOYATH

- COIIOCTABJICHUC CJIOB B BEPXHEM M HUIKXHEM PETrUCTpE, yTOOBI M30€KaTh CEMaHTUYECKHMX
pa3m/1l11/1171 MCKAY MOXOKHMMH CJIOBAMHU B PA3HBIX PETUCTPAX,

—  HCKJIIOYECHHUE TAaKUX CJIOB, KaK COIO3bI, IIPEIVIOTH, aPTUKIIH, T.€. CIIOBA HE IMOX0XKHE Ha CJIOBO,
HMCIOIIIMEC OJMHAKOBOC 3HAYCHHUE, HAMPUMEP, K HUM OTHOCSATCS YCTPAHEHHE CEMaHTHUYECKU
HEHTPaIBHBIX CJIOB (CTOI-CIIOB);

- yAaJICHUC UJIK 3aMCHa I_lI/I(i)p HUX TECKCTOBBIMHU 5KBHUBAJICHTAMM;
- YCTpaHCHUEC 3HAKOB NPECIIMHAHUA U JIMIITHUX npo6en013;

—  HOpMaJM3alus CJIOB: CTEMMUHT WM JIEMMATH3alHs, 3aMCHA BCEX CJIOB CTaHIAPTU3UPOBAHHOM
hopmoti.

Bo3MOXXHBI W Jpyrue MeTOIbl IpeABapUTeNIbHOW 00paboTku cioB. Bwibop cueHapus

NpeIBapUTeIbHOI 00padOTKM 3aBUCUT OT THIIA PellaeMOoil 3aauu M XapaKTepHCTHK BBIOOpKH. B

pe3yabTaTe BBIICIAIOTCS BCE 3HAYHMMBIE CIIOBA, KOTOPbIE COOCTBEHHO M ONPENEISIOT CMBICIOBOE

3HAYCHHE TEKCTA.

Kiaccudukaums Tekcra TpeOyeT MHICKCALUH TEKCTa, T.C. ONMUCAHMS Ka)KIOro CBOWCTBA TEKCTa,

MOJISKAIIETO KIIACCU(BUKALINY.

BceoObemiioniie ¥ TOYHBIE HM3MEPEHHs, a TAaKXKE KOHKPETHBIE TECTOBBIC O0Opaslbl MOTYT

HCIIOJTB30BATHCSI JJIsI OICHKH KAauecTBa KIACCH(PUKAIIUH.

2.5 OnpepeneHne TOHANbLHOCTHU

CraBuTcs 3amada CpaBHUTH 3(P(PEKTHBHOCTP METONOB TIPEACTABICHUS BEKTOPOB CIIOB,

PacCMOTPEHHBIX B MPEIBIAYIIEM pa3/ieie, IpH ONpeaeIeHHH TOHAIbHOCTH TeKCTa.

CTpyKTypa ceTH MoKa3aHa Ha puc. 3 U COIEPXKUT CICIYIOIINE YPOBHH.

1) BxoAHOW CcJO#, KOTOPBIA IMOAydYaeT IOKYMEHT B BHJE MOCIEAOBATEIBHOCTH JIGKCEMHO-
TEpMaJIbHBIX HH/IEKCOB (METKH).

2) Crnoit BEKTOPHOTO CJIOBaps ¢ (PUKCHPOBAaHHBIMH BECAMH, TJIC BECa CIOsI MOCICAOBATEIILHOCTH
ONPEACIISIIOTCA MaTpULIeH, CTPOKa KOTOPOM [ SIBISIETCS] BEKTOPHBIM IMPEICTABICHHUEM TEpPMUHA
i; WCTONB3yeTcs sl BBIOOpa COOTBETCTBYIOIIETO BEKTOpa TEPMOB; MAaTpHUIlA CTPOUTCS H3
BEKTOPOB, CTEHEPHPOBAHHBIX MOJIENIBI0 BEKTOPHOTO CIIOBAPSL.

3) Koppekrupyronuii ciioi, KOTOPBIi M3MEHSET ONpeNeeHHbIA MPOUEHT BBIXOAHBIX 3HAYEHHM
MPENBIIYIIETro CJIOsI, YTOOBI N30€KaTh Ype3MEePHOTO 00yIESHHMSI.

4) CaeprouHas ceTh — 3TO MOCIEAOBATEIIBHOCTh CBEPTOUHBIX CIOCB M TOABBIOOPOK C (yHKITHEH
MaKCUMyMa; OH HCHOJb3yeTCs JUIsl YMEHBUIEHMS KOJIMYECTBA BXOAHBIX IapaMETPOB
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CIIEIYIOIIETO CIIOS U JUISA MOBBIIICHUS CKOPOCTH O0ydeHUS.
5) Cunoit LSTM kak 0CHOBHO# KiaccH(pHKaTop.
6) BBIXOIHOI CII0¥ ¢ CHTMOMIATBHON (DYHKIINEH aKTHBAIIUH.

|
Kone )

postive

i “wv
C0R BETIED
npROCTRENgH

LETH-znadt

negatve

Puc. 3. Tonanonocms mexcma
Fig. 3. Sentiment of the text

3. Pesynbmamsi u o6cyxo0eHus
B nmanHO# paboTe MBI HCIOJIB3YeM KOPITYC 0030pOB COIMATBHBIX CETeH Ha PycCKOM si3bike [4] u
KopIryc 0030poB QHIHMOB Ha aHTIHICKOM s3b1ke Ha IMDB [5].

Jlist Kakmoro Kopiyca ObLTM HPOBEAEHBI 3KCIEPHUMEHTHI MO OOYYEHHIO Pa3HOTO KOJIMYECTBa
TEKCTOB U C Pa3HBIMH COYETaHMSIMH IIAPaMETPOB BEKTOpa U 11alJI0HA CII0Ba:

—  KxommuecTBO o0yvaromux TexctoB — 1000, 10000, 25000;
pa3MepHOCTh BekTOpHOTO npeacrasienus — 50, 150, 300;

KOJIMYECTBO NEPHOIOB WK urepauuii ooy4yenust LSA — 2, 8, 15.

LSA Word2Vec CBOW
. 1.0 L 10
g - g -
@0.8-'....".'—. mo.B-r
5 5 3
S 0.6 - S 0.6+
MI ~|
2 04 2 0.4 1
[ ”
> >
% 0.2 «' 0.2 1
2 2
0.0 - v F 00 - . -
0 200 200 600 [¢] 200 400 600
emb_time {seconds) emb_time (seconds)
GloVe Word2Vec Skipgram
> 10 > 1.0 . .
-
Gos 4o o $ o8 i
- -
S 3
g os 3 g os
2 044 E 04
[} L]
> >
' 0.2 4 ><| 0.2
0.0 T T T 0.0+ T T r
0 200 400 600 0 200 400 600
emb_time (seconds) emb_time {seconds)

146

Puc. 4. Juaepammul paccesnust Ol1s1 aH2N0AZbIYHO20 MEKCMA
Fig. 4. Scattering charts for English text




Kakcsibaes [1.0., Muszamosa I'.H. Anroput™sl 06pab0TKH €CTECTBEHHOTO s3bIKa AT TIOHUMAHHS CEMaHTHKU TekcTa. Tpyour UCIT PAH,
Tom 34, Bim. 1, 2022 r., ctp. 141-150

Jnst Word2Vec u GloVe mcronb3oBaicst pa3mep OKHa KOHTEKCTa: 2 CJIos JieBee U 2 CJIoBa MpaBee
ocHOBHOTO cioBa. J{ims Word2Vec ncrnonib30Bascst OTpULIATENbHEBIN pa3Mep BEIOOPKH. JIJis Kakioro
TecTa (PUKCHPOBAIIOCH BpeMsi 00yUeHHsI BEKTOPHOW MOJIENH CIIOB (Ha pHc. 4, 5 moka3aH rpaduk 1mo
ocu abcruce). UrooOwr mpoBeputh 3¢ dexktuBHOCTs cetn LSTM B ompejieicHHH TOHA TEKCTa, OHA
Obuta obyuena 13 000 annoraumit. IIpoBepku mpaBaonomoOust ObLIM BBIMOAHEHB! At 3250
anHoTanmi. I[loaTOMy MakcuManbHas TOYHOCTh KiacCH(MKAIMM, IMOJy4eHHas JUIl TECTOBOW
BeIOOpKK 3a 10 3mox oOy4eHusi, Obl1a ONpezeieHa Kak MaKCUMAaJbHO JOIYCTUMash TOYHOCTh
KIaccudukanuu (0Cb OpauHAT Ha puc. 4, 5).
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Fig. 4. Scattering charts for Russian text

VY aHrIMIICKHUX TEKCTOBBIX KIIACCU(HUKATOPOB OBUIM CaMble BHICOKHE CPEAHUE 3HAYCHUS] TOUHOCTH
(3a UCKJTFOUEHHEM TECTOB, B KOTOPBIX UCIOJb30BajIcst GloVe), HO 3TO MOXKET OBITh CBSA3aHO U C TEM,
YTO OHU OBLIH JUIMHHEE — 00YYAIOIINX JaHHBIX OBLTO OOJbIIe.

LSA sBnsiercs Hanbosee HaIe)KHOW MOJIENBIO C TOYKHU 3PEHUS IEPEMEHHBIX TapaMeTPOB TOYHOCTH
Kki1accudukaTopa, TaK Kak BCE OSKCHEPHUMEHThI Jald I[PUMEPHO OJWHAKOBYIO TOYHOCTh
kinaccudukanmu. LSA nan sydiine pe3ysbrarhl 10 TOYHOCTH Kiaccudukanuu (B cpeanem 81,2 %
JUIA PYCCKHX TEeKCTOB M 82,9 % & aHTTIHMICKUX TEKCTOB), HO B TO K€ BpeMs caMble IUIOXHE
pe3yJIbTaThl 10 BPEMEHH KIAacCU(PUKAIMK KakK JUIl PYCCKOTO, TaK M Ul AHIJIMHCKOTO SI3BIKOB.
Tupoko ucnons3yembie Metoabl Word2Vec Skip-Gram u Word2Vec CBOW Benu ce6st npuMepHO
OJIMHAKOBO JUIsi OOOMX KOPIIYCOB: TOYHOCTh KJIACCU(HMKALMHM CHIKAIACh IpPU HEOOJBIIOM
KOJIM4YecTBe y4eOHbIX TeKkcToB. CKOpocTh MX OOy4eHus Humxke, 4eM y Mmoxeneii LSA, Ho
3HAUMTENBHO HIDKE, ueM y mozeneii GloVe.

4. 3aknrodyeHue

Meton Word2Vec mokazan 0osiee BBICOKYIO CPEIHIOI0 TOYHOCTh KJIACCH(HKAIUU W MEHBIIYIO
YyBCTBUTEIHHOCTh K pa3Mepy OOydYaromieil BBIOOPKH, HECMOTpPS HAa MEHBIIYIO JJIUHY TEKCTa B
PYCCKOM Kopmyce. DKCIEPUMEHT, B KOTOPOM HCIIOB30BANICS ATOT METOJ, NOKa3al HAWBHICIIYIO
TOYHOCTh. B cilydae ¢ aHTIMICKUM KOPITYCOM JTOT METOJI TOKa3aj Jy4IIne Pe3yJbTaThl IO
TOYHOCTH KJIaCCH()UKAIMU 1 HAMMEHBIIYIO YyBCTBUTEILHOCTH K pa3Mepy 00ydaromieid BBIOOPKH.

CornacHo [5], PKcepThl OOBIYHO CXOJSATCS BO MHCHHH O TOYHOCTH TOTO WIIM UHOTO TeKcTa B 79%
ciaydaeB. DQPGEKTUBHBIM CUHTAETCS KiIacCH(PHKATOP, OMPENESNSIONINA TOHATBHOCTh TEKCTa C
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TouHOCTRIO Oostee 70%. B ciydae pycckoro xopimyca Bce knaccudukaropsl Ha ocHoBe LSA u GloVe
MOTYT OBITh HCIIONIB30BaHBI Ha IPAKTHKE IO 3TOMY KpuTepuio (cM. puc. 5). Kak mokassiBaroT
BBIYHCIIATENbHBIE SKCIIEPUMEHTHI, Word2Vec CoXHO NPUMEHSTh K HEOOIBIINM KOpITycaM, HO B
JIPYTUX Cciy4asx oH paboraerT xopouio. B cimydae aHrimmiickoro Kopmyca Ha NPakTHKE MOXHO
UCIIONIb30BaTh BCe Knaccupukaropsl Ha ocHoBe LSA (cM. puc. 4). Word2Vec takke Moaxomur uis
HeOOJBIIMX KOPIIYCOB, HO B OOJBUIIMHCTBE Cly4aeB paboTaeT Xopomo. bonemuHcTBO
9KCTIEPUMEHTOB C UCTIONB30BaHNEM Moenu GloVe mokaszany HelpueMIeMble pe3yIbTaThl.

O6paTI/IT€ BHHUMAaHUC, YTO AJIA KaXXJI0I'0 Ha60pa rnapamMeTpoB 1a0JIOHOB MpEACTaBJICHUSA BCKTOpa
CJIOB OBLI BHIIIOJIHEH TOJIBKO OWH TECT, IIO3TOMY PE3YJIbTATHI BEJINKHU.

TounocTh KnaccudukaTopa Ha ocHoBe ceth LSTM Takke 3aBUCHT OT METOJA TOKEHW3AIMU U
00paboTKM TOKEHW3aluu Tekcra (oOpe3ka TEeKCTa WM JieMMaTH3alus, YIaJIeHHE CTOI-CJIOB,
COKpalieH!e OAMHOYHOTO CJI0Ba U T. [I.), IapaMeTPOB BEKTOPHOTO IIPEICTABICHHS MOJIEIH, a TAKXKE
CTPYKTYpPY M IapaMeTpbl caMoil HeHpOHHOH ceTH. ViccaenoBaHus, ONMCaHHbIE B 3TOH CTaThe, ObLIH
BBIMOJIHEHBI C OTPAHMYEHHBIM YHCJIOM 3HA4YEHUH NapaMeTpoB Uil MoJesell NpeacTaBlIeHUS
BEKTOpOB cJIOB. [l03TOMy CTOMT paccMOTpeTh pas3iM4HbIE CHOCOOBI OOpabOTKM TEKCTOB H
MPOBEPHUTH PPEKTUBHOCTH MOJENECH BEKTOPHOTO NPEICTABICHUS C APYTMMH NapaMeTpaMu H
IPYTUMHU ceTeBhIMU apxutekrypamu LSTM, 4To0bl ymyqmmuth pe3ynbTraTtel. CTOUT OOpaTHTH
BHUMaHHUE U UcciieaoBaTh 3¢ dextuBHOCcTh GloVe.

3acmyxuBaeT BHUMaHUS d(hdhekTuBHOCTE Moaenn Word2Vec B IpyruX pOCCHICKIX KOpPIycaX, TaK
KaKk OHa IOKa3blBaCT OYEHb XOPOIIME pe3ylbTaThl HPH aHaIu3e TOHOB. OIHAKO MPUMEPOB
MIPUMEHEHUS dTOW CUCTEMBI B PYCCKOSI3BIYHOM JIUTEpaType HE OOHAPYKEHO.

Beibop mydmmelf TEKCTOBOH BEKTOPHOM MOJENHM TaKKe OCHOBBIBACTCS Ha KPUTEPHAX
knaccudukanyuy. X KpuTepruu U MpUOPHUTETHl HEOAMHAKOBBI [UIS Pa3HBIX 33134, TOITOMY MOJIEINb
HEOOXOANMO BBIOMpATh B COOTBETCTBHM C OTPAaHWYEHHSMH, KOTOPHIM JOJDKHA COOTBETCTBOBATh
BbIOpaHHAS MOJETb.
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Amnnoranus. Ilouck 3anMCTBOBaHMI B TEKCTOBOM JIOKYMEHTE IO OTHOLIEHHIO K OOIIMPHOH KOJIISKIMH
MOTCHIIMAIBHBIX HMCTOYHHMKOB SIBIISIETCSI BBIYMCIMTENBHO TsDKeNoil 3amaueil. IIpm 3TOM CymecTBYIOT Tak
Ha3bIBa€MbIC BHYTPEHHHE METOMBI ITOMCKA 3aMMCTBOBAHMUIL, KOTOpBIE HE HCIONIB3YIOT BHEIIHHH KOpIYC, a
AQHANIM3UPYIOT HCKIIOYUTENBHO IPOBEPSEMBIN JOKyMEHT. DTH METOAbl HE OTJIHYAIOTCS TOYHOCTBIO, HO
00ecednBaoT JOBOJIBHO BEICOKYIO IIPOU3BOJUTENBHOCTE. B paboTe mpeanoskeH KOMOMHUPOBAHHBINA MOAXO.
K OOHapy)XEHHIO TEKCTOBBIX 3aMMCTBOBAHHIl, OCHOBAHHBIH Ha WCIIOJH30BAHHM BHYTPEHHUX METOIOB JUIS
BBISIBJICHUS] BBICOKOOPHTHHAIIBHBIX JIOKYMEHTOB, IIPOBEPKA KOTOPHIX MO BHENIHEH KOJUIEKIMH HEe TpeOyeTcs.
IIpeanaraeMelif anropuT™M HMpU3BaH Pasrpy3UTh CUCTEMY IOMCKA 3aMMCTBOBAHUII IO BHEIIHEHW KOJUICKIIMH,
OT(GMIBTPOBBIBAsT JIOKYMEHTHI C BBICOKOW CTENEHBI0 OPUTHHAIBHOCTH. B paboTe mpemnaraercst anroputM
TIONCKA BHYTPEHHUX 3aNMMCTBOBAHUH, OIMCHIBAIOTCS PE3YIIbTATHI BEIMHUCIUTENBHBIX SKCTIEPUMEHTOB.

KnioueBbie ciioBa: 00paboTKa €CTECTBEHHOTO S3bIKa; OOHApY)KCHHWE 3aMMCTBOBAHWUIl, BHYTPEHHHE
3aUMCTBOBAHHS; TIOMCK BEIOPOCOB B CTATHCTHKE,; aHTHILIATHAT
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Abstract. There are two global approaches to the problem of searching plagiarism in the text: external and
intrinsic search. The first approach implies search through an external collection of documents that could have
been used for text reuse. The second approach, on the contrary, does not use any external data, but analyzes the
text by itself. It is proposed to combine these two approaches to speed up the search for text plagiarism. With
a large flow of documents that need to be checked, the outer corpus search system processes each document
and finds plagiarised blocks in each document, if there are any. However, intrinsic search could be used to
determine the fact of plagiarism. Thus, it is possible to reduce the number of documents for the expensive
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procedure for searching for plagiarism by the outer corpus. Moreover, in an isolated analysis of a single
document, there is no need to try to find specific blocks of plagiarism, this procedure is considered as a unique
indicator of the originality of the document. If the overall originality is at a low level, then this document should
be sent for a more detailed and accurate check. The proposed method allows to filter texts with a high rate of
originality that do not need additional verification.

Keywords: natural language processing; plagiarism detection; intrinsic plagiarism; outliers detection;
antiplagiat
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1. BeedeHue

1.1 O630p nuTepaTypbl

ITonck 3aMMCTBOBaHMM B TEKCTOBBIX JOKYMEHTAaX SBILSIETCSI CIOXKHOH, HO B TO )K€ BpeMs
BOCTpPEcOOBAHHOI 3a7aucii, 0COOCHHO B aKaJIEMUUCCKOM U CTyIeHUECKOM cpenax [1, 2, 3].

MoO>KHO BBIJENHUTH ABa TTI00ATBHBIX MOIXO0/A K 3a/a4e MOMCKA 3aMMCTBOBAHHH B TEKCTE: ITOWCK
BHEIIHUX 3aUMCTBOBaHHH (external plagiarism detection) W MoOWCK BHYTPEHHHX 3aMMCTBOBAHHA
(intrinsic plagiarism detection). TTouck BHEIIHUX 3aMMCTBOBAaHHUI MPEICTABISIET COOON MOKCK TIO
BHEITHEH KOJUICKIIMU JOKYMEHTOB, KOTOPBIC MOTJIH OBITH HCIIOJNB30BAaHBI B KA4ECTBE MCTOYHHKA
3auMCTBOBaHMA. Tako# IMOAX0N B TOM WJIM WHOM BHJAE CBOAWUTCA K IOMApHOMY CPaBHEHHIO
HCCIIEAYEMOT0 TOKYMEHTA C KaKABIM JOKYMEHTOM M3 KOJJICKIIHH.

Kosutekis TeKCTOBBIX JOKYMEHTOB, IO KOTOPOH HMPOWCXOJHUT MOMCK BHEIIHUX 3aMMCTBOBaHHH,
Kak IIPaBWJIO, IOBOJBHO OOJBIIAS, @ 3HAYUT U TOUCK 110 HEH SBIISETCS TSHKEJIOW BBIYMCIUTEILHON
3agaueil. Kak mpaBmiio, TeKCThl MPEACTABIAIOT B BUIC MEPEKPHIBAIOIIUXCSA CIOBECHBIX N-TpaMM
(T.H. IIUHTIIOB), KOTOPBIE BIIOCIEACTBIH CPABHUBAIOT C N-TPaMMaMHU aHAJTU3UPYEMOTO TOKyMEHTa
[4]. TIpompbltIeHHBIE HHCTPYMEHTHI, PabOTaOIIME HA TAKOM MPUHIIUIIE CPaBHEHUS JOKYMEHTOB,
MOKa3bIBAIOT BBICOKYIO TOYHOCTH MPH MOMCKE 3aMMCTBOBAHUIN B TEKCTOBBIX TIOKyMeHTax [5]. Takoit
MeTon paboTaeT TOJBKO B Cllydae JIOCJIIOBHOTO 3auMMCTBOBaHWsI (parmeHTa Texcra. OmHaKo
CYIIECTBYIOT METOMBI 00dycKaruu (MacKUPOBaHMSA) 3aMMCTBOBAaHHBIX (ParMeHTOB, HaIpUMeED,
nepedpasupoBaHue WIH TIEPEBOJl TEKCTOBOrO ()parMeHTa M3 NOKyMEHTa Ha JPYrOM SI3BIKE.
KoHeuHO, cuCTeMBI TOWCKA 3aWMCTBOBAaHHMH YMCIOT HAaXOOUTH W TepedpazupoBaHus [6] u
MIepeBOAHBIC 3aMMCTBOBAHMSA [7], OZJHAKO 3TO TpeOyeT INOMOIHHUTENBHBIX pacXxonoB. Bo-nepBhIx,
TpebyeTcst 0oJbIe BpeMEH! M BEIYMCIUTENBHBIX PECYPCOB Ha IPOBEPKY OAHOTO JTOKYMEHTA, a BO-
BTOPBIX, HEOOXOIMMO 3HAUUTEIBHO pACIIUPATH TEKCTOBYIO KOJUIEKIMIO IOTEHIMAIbHBIX
HNCTOYHUKOB.

[Tonck BHYTpEeHHHX 3aMMCTBOBAaHHMH e, HA0OOpPOT, HE HCIOJb3YeT BHEIIHIOK KOJUICKIIHIO
MOTEHIMAIbHBIX UCTOYHHUKOB, a aHAIM3UPYyeT TEKCT U301upoBaHHO. [Ipy noucke aHanmusupyroTcs
pa3IUYHbIC CTHIIMCTHYECKHE, CHHTaKCHIecKne, opdorpaduaeckre 0cOOEHHOCTH TEKCTA.

[Tonck BHYTpPEHHHMX 3aWMCTBOBAaHMH OOBIYHO paccMaTpHBAeTCsl KaK IOJHOIIEHHBIH WHCTPYMEHT
00OHapy KeHHs TEKCTOBBIX 3aMMCTBOBaHHH. T0 €cTbh, B pe3yJibTaTe paboThl AITOPUTMA JOJDKHEI OBITH
yKa3aHbl KOHKpETHbIE ()parMeHTHl TeKCTa, KOTOpbIe ObUIM 3aUMCTBOBaHbI [8]. AHanm3upyemblit
TEKCT TIPH TaKOM IIO/IXOJIe, KaK IIPaBHJIO, pa30MBaeTCs Ha OTJENbHBIE CeTMEeHTHL. Hanpumep, TekcT
JeNUTCS Ha TpeANIoKeHus [9], uiam ompesensercs HeKOTopasl MIUpUHA Iara, B COOTBETCTBUH C
KOTOPOH TEKCT pa3lensercsi Ha cerMeHTHl oauHakoBoi MmmHB [10]. IlomydeHHBIE CerMEHTHI
CPaBHUBAIOTCS CO BCEM TEKCTOM M JIETAETCS BBIBOJI O 3aMMCTBOBAHHH JJIST KOKJOTO cerMenTa. [lis
CpaBHEHHS CETMEHTOB HCIIONIB3YIOTCS Pa3IUYHbIe PU3HAKHM, HAIPUMEpP, YaCTOTa CHMBOJIBHBIX N-
rpaMM, U3 KOTOPBIX COCTOUT TekcT [11, 12], umu rpaMmMaTrueckue [ 13] 1 cHHTakcHYeCKHe TPU3HAKKI
[14]. MHOrna mMcnonb3yrOTCsl BEKTOPHBIE MPEACTABICHHUS, MOIyYEHHbIE C MOMOILBIO HEHPOHHBIX
cereii [15]. JloBonbHO 4acTo pemraercs Oosee oOIMas 3amava Tuapu3allid aBTOPOB, B paMKax
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KOTOPOW HYKHO OTIPENIEINTh aBTOPCTBO JJIS KX I0T0 pparmeHTa Tekcra [16, 17]. Metoab! moucka
BHYTPEHHUX 3aMMCTBOBAHWA, B CHJIy OTPAaHWYCHHUS Ha aHAIN3 TOJBKO HCCIIEAYEMOTO TEKCTa, He
OTJIMYAIOTCS BLICOKUMU TTOKa3aTeIsIMU TOUHOCTH [18].

1.2 AKTyanbHOCTb paboThbl

CpaBHHBasl 3TH ABa IIOIXO0/a, MOXHO CJIIENaTh BBIBOJ, YTO METOABI MOMCKA 3aMMCTBOBAHUH IO
BHEITHEH KOJUIEKLIUH SIBIAIOTCS TOYHBIMH, HO PECYPCOEMKHMH, & METOABI MOWCKAa BHYTPEHHUX
3aMMCTBOBAaHHH — ropa3[ 0 MEHee TOYHBIMH, HO HE CHIBHO TPeOOBaTENbHBIMH K pecypcaM. [Ipu
3TOM, B IEPHOABI MMKOBOM Harpy3ku (HampuMep, BO BpeMsl CECCHU Y CTYJEHTOB), CCTeMa MOHCKa
MO BHEUTHEH KOJUICKI[UH MOXET MepecTaTh CIPaBIATHCS CO BXOJSAIIMM NMOTOKOM JOKYMEHTOB JUIS
MPOBEPKH, YTO NMPHUBEAET JIMOO K CHIBHOM 3aJiepKKe OTBeTa, JIMOO K OTKasy oT mpoBepku. O0a
Clly4ad KpaiHe He)KellaTelNbHBI CO CTOPOHBI CUCTeMBbI IIpoBepkH. CaMblil IpOCTOi ctoco0 YCKOPUTH
paboTry 3akimodaeTcsi B YMEHBIICHUM KOJMYECTBA IPOBEPOK (HAIpHMep, OTKa3 OT IIOUCKa
MEPEBOAHBIX 3aMMCTBOBAHHMH) WM B COKPALICHNWHM KOJUIEKIMHM MOTCHIMAIBHBIX HCTOYHUKOB
3auMCTBOBaHHH. V1 TO U pyroe CHIBHO CKaXXETCsl HA Ka4eCTBE ITOMCKA 3aMMCTBOBAHUH B KaXKI0M
paccMaTpUBaEMOM JIOKYMEHTE.

B Taxoii cuTyanny KaxeTcs JOTHYHBIM HE YIPONaTh paboTy TOYHOH, HO PECYPCOEMKOI CHCTEMBI,
a KaKMIM-TO 00pa3oM COKpPATHUTh ITOTOK BXOAAIINX JOKYMEHTOB. Tak Kak OCHOBHOM II€JIbI0 PAOOTHI
CHCTEMBI SIBIISICTCS BBIABICHUE TOKYMEHTOB C BBICOKHM ITPOIIEHTOM 3aHMCTBOBaHHMH, TO OBLIO OBI
JIOTUYHO COKPAIIATh MOTOK 33 CYET BHICOKOOPUTHHAIBHBIX (T.€. C MAJIOH JOJICH 3aMMCTBOBAHHMIA)
JOKyMEHTOB. 11 3TOH menM INpearaeTcsi HCIOJIb30BaTh IMOJXOJ IO IOMCKY BHYTPEHHHX
3anMcTBOBaHMH. Kak OBLIO CKa3aHO, B Ka4eCTBE CAMOCTOSTEIFHOTO HHCTPYMEHTA, TAKOH MOAXON
UMeeT OYEeHb HU3KOEe KauecTBO paboThl. Ho ero MoKHO MCIob30BaTh Kak rpyOblid GuibTp nepen
OoJiee TOYHOI MTPOBEPKOM, KOTOPBIH OyAET OTCEMBATh JTOKYMEHTBI, KOTOPHIM HE HY)KHa JeTanbHas
9KCIIEePTHU3a.

[Ipruem npy M30JIMPOBAHHOM aHAIM3E OTIEIBHO B3ATOrO JOKYMEHTAa HE HYXKHO IBITAThCS HANTH
KOHKpeTHBIE OJIOKM 3aMMCTBOBAHMH, 3Ta IpoIlefypa paccCMaTpUBAaeTCs KaK CBOEOOPa3HBIN
MoKa3aTelb OPUIHHAJIBHOCTH JOKyMeHTa. B ciydae, ecnu o0mias OpUTHHAIBHOCTH HAa HU3KOM
YPOBHE, TO 3TOT JIOKYMEHT CTOUT OTIPABUTH Ha OoJiee AeTalbHYIO U TOYHYIO MpoBepKy. Ecmu xe
JIOKYMEHT MMEEeT BBICOKYIO CTENCHb OPUTMHAIBHOCTH, €r0 MOKHO IPOIYCTUTh U HE OTJaBaTh Ha
JETAILHYIO TIPOBEPKY.

2. MocmaHoeka 3adaqyu
IIycte D — xonnexkuust TEKCTOBBIX JOKYMEHTOB:
_ N
D - {dl}l=1
Kaxxmprit TOKyMeHT d; 3TO! KOJUIEKIIUU HYKHO OTHECTH K OJTHOMY W3 JBYX KIIACCOB:
e xiacc 0 — kacc BHICOKOOPUTHHANBHBIX JOKYMEHTOB,

L4 Kiacc 1 — kace JAOKYMCEHTOB C 3aMUMCTBOBAHUSIMU.

ITox BEICOKOOPUTMHATIBHBIM JOKYMEHTOM IIOHUMAETCS JOKYMEHT, COJAEPKAIIUN Maloe KOIUYECTBO
3aMMCTBOBaHUI U3 MOOBIX APYTHX TEKCTOB (MIIM He coaep Kaniiii ux Boce). COOTBETCTBEHHO, IO
JIOKYMEHTOM C 3aMMCTBOBAHUSMH IOHHUMAETCSI TEKCT, COJEpPIKAIINil OOJBIIOEe YNCIIO BCTABOK M3
JpYTUX TEKCTOB.

2.1 Kputepumn KayectBa

OcHOBHasi 1eib MPEIVIaTaéMOro aJrOpuTMa — OTQWIBTPOBBIBATH BBICOKOOPHTHHAJIHHEBIE
JIOKYMEHTBI, He TIPOITyCcKas MpPH ATOM JOKYMEHTHI C 3aWMCTBOBaHMSIMH. [lo3TOMy, TIpH OIlCHKE
KauecTBa aJlrOpUTMa BaXKHBI, IIPEXKJIE BCETO, CJIETYIOIINE TOKa3aTelu:

L4 MIOJIHOTA Kj1acCa JOKYMEHTOB C 3aMMCTBOBAHUSIMU,
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®  KOJHYECTBO OT(PIIBTPOBAHHBIX BHICOKOOPUTHHAIBHBIX JOKYMCHTOB.
[Tox mostHOTOM Kiacca (recall) moHMMaeTCs CileTyroNIas BeTUIHHA:

TP
TP+ FN’

rne TP, FN — true-positive u false-negative oGbextsl. TO eCTh 3TO TEKCThI, KOTOPbIE BEPHO
OTHECCHBI aJITOPUTMOM K HYXXHOMY KIIACCy W, HA00OPOT, TEKCThI, KOTOPHIC HEBEPHO OTHECCHBI
aJITOPUTMOM K MPOTHBOIOJIOXKHOMY KIIACCY, COOTBETCTBCHHO. TakuM 00pa3oM, MOTHOTA Kiacca —
9TO J0JIs1 BEPHO HAN/ICHHBIX aJITOPUTMOM JOKYMEHTOB M3 BCEX JOKYMEHTOB 3TOT0 Kiacca.
Bropoii moka3zarenb (KOJMYECTBO BBHICOKOOPUTHHATBHBIX JOKYMEHTOB) BaXKEH, TaK KakKk MOXHO
MPUBECTH TPUMEpP KpaiHEero ciydasi, Korja BCe TOKYMEHTBI OTHOCSTCSI K KJAacCy AOKYMEHTOB C
3auMcTBOBaHHAMH. TOrIa MONHOTA KJIacca JOKYMEHTOB C 3aMMCTBOBaHUSIMU OyJIeT paBHa 1, HO HU
OHOTO JIOKYMEHTa OT(QHJIBTPOBAHO HE OYAET, M HArpy3ka Ha CHCTEMY IOMCKa BHEUIHUX
3aMMCTBOBAHHU HE YMEHBIIUTCS.
KonnuectBO OTHUIBTPOBAHHBIX JOKYMEHTOB MOXHO paccMaTpuBaTh Kak MOJHOTY Kiacca
BBICOKOOPHUTHHAIBHBIX JOKYMEHTOB. T0 €CTh, HAM Ba)kHA MOJIHOTA 000UX KIIACCOB, OJJHAKO MOJIHOTA
KJacca JOKyMEHTOB C 3aWMCTBOBAaHHSMH BakHee. MOXXHO BBECTH BCIIOMOTaTEIbHYIO METPHKY,
KOTOPYIO Oy/IeM HCIIOJIB30BaTh MPU HACTPOIKE TUIepIapaMeTPOB AITOPUTMA!

Recallg = B - Recall, + Recally, ¢
rne Recally wu Recally — mnomHOTa KIacca JOKYMEHTOB C 3aWMCTBOBAaHMSMH W
BBICOKOOPHTHHAIIBHBIX JOKYMEHTOB COOTBETCTBEHHO. JIjis1 TOro, 4TOObI MONHOTA Kiiacca | Obuia B
NPUOpPHTETE, BeCOBOW KOA(duIeHT 6epercst S OoIblle eMHULIBI

Recall =

3. OnucaHue anzopumma

OO01u1y10 JIOTHKYy padOTHI MPEJIaraeMoro ajirOpuTMa MOYKHO MPEJCTAaBUTh B BUJE TICEBAOKOIA:

AJ'II‘OpMTM onpeneJjyieHm4d @)aKTa 3aMMCTBOBAHMA B TEKCTe

Require: text

statsList « [ ]

text « preprocess(text)

segmentsList « getSegments (text)

for segment in segmentsList do
segmentVector = vectorize(segment)
stat « calcStat (vector)
statsList.append(stat)

end for

outliersCount « 0

for stat in statsList do
if stat > statT hreshold then

outliersCount+ = 1

end if

end for

if outliersCount > outliersThreshold then
return ’'text is not original’

else
return ’text is original’

end if
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AJITOPUTM COCTOUT M3 CICIYIOIUX OCHOBHBIX 3TAIOB:
e mpenoOpaboTKa TeKCTa,

®  CErMCHTALUS TEKCTa,

®  BEKTOpPHU3AllMs CETMEHTOB;

®  pacueT CTATHCTHK Uil CETMEHTOB,;

e oOHapy)XeHHUE BEIOPOCOB B PSIJIc CTATHUCTHK.

3.1 NpepobpaboTka TEKcTa

CHavana TEKCT MPOXOTUT INpOLERypy HpenoOpadoTku. Mcnone3yroTcs cTaHIapTHBIE TEXHUKH
00pabOTKN €CTECTBEHHOTO S3bIKA: yNAIIEHHE PEIKUX CHMBOJIOB, YIAJICHHE CTOI-CIOB (CIIOB, HE
HECYILIUX CMBICJIIOBYIO Harpysky), IpHBEACHHUE CJIIOB K HadayibHOH (opme. KOHKpeTHBIE TeXHUKH
npeno0paboTKM W UX MapaMeTphl MOJOUPAIOTCS NMPU HACTPOWKE IropuTMa Ha KOHKPETHOM
KOpITyce JOKYMEHTOB.

3.2 CermeHTaums TekcTa

oz cermenTamueit TeKCTa TOHUMAETCS TIPOLEypa pa3OueHus TeKcTa d Ha CErMEHTEI S;!
m

j=1
HpI/I OTOM CETMEHTBI MOTYT OBITH TNIEPECECKAIMNMHUCA H, HaO60pOT, HUMETH HYJIEBOEC IEPECCUCHUE.

I[J'I?[ KaXa0oro cCermMeHTra 3aTeM 6yz[eT pacCUUTBIBATbCA HCKOTOpPAsA CTAaTUCTUKA, IOITOMY
CETMCHTUPOBAHUC NOJIKHO YAOBJICTBOPATH HEKOTOPBIM YCJIOBHUAM.

Pa3bueHune Ha CErMEHTBI JOJIDKHO OBITH J0CTaTOYHO MCIIKHM, YTOOBI MOKHO OBLIO ACTCKTUPOBATH
BBI6pOC B pAAC CTATUCTHUK, U 3BHAYCHNUC CTATUCTUKH Ha HECKOTOPOM CEIMCHTE CUJIBHO OTINYAJIOCH OT
OCTaJIbHBIX 3HaueHui. C ,Z[pyl"Oﬁ CTOPOHBI, pazMep OTACIIBHOTO CErMEHTAa NOJKEH OBITH J0CTaTO4YHO
BCJIHK, YTOOBI MOXKHO OBLIO IMOCYHUTATH AACKBATHYIO CTaTUCTHUKY.

Camble NOnyJIIpHbIE CTPATETHH CETMEHTALIMH, KOTOPbIe IPUMEHHMBI B IAHHOM CllyYae:
e pas30OmeHHe 1o maparpadam;
e pa30HeHHEe OKHOM C (PUKCHPOBAHHBIM LIArOM.

B mporecce HacTpoWKH TUIEpNapaMeTpoB ajlrOpUTMa, BHIOMPAETCS CTpaTerusi CErMEHTAllUH, a
TaKKe €e apryMeHTHI (IIMPUHA OKHA U pa3Mep Iara).

3.3 Bektopu3sauus cerMmeHToB

Kaxnp1ii cerMeHT TekcTa MOoJBepraeTcs mpoleaype BekTopu3anun. s mocTpoeH!s BEKTOPHOTO
MPEJICTaBICHUSI CETMEHTA UCIIOJIb3YIOTCS YaCTOThI CIIOBECHBIX M CUMBOJIBHBIX N-IpaMM.

Tlox cuMBOJIBHOM MIJIM CJIOBECHOM N-TpaMMOM NMOHHMMAETCsl MOCJIEI0BATEIbHOCTh U3 N CUMBOJIOB
WK CIIOB B TekcTe. Kak1oii N-rpaMme @ B TeKCTe d CTABUTCS B COOTBETCTBHE YHCIIO:

cnt(w)

freqn = Y. ent(w') 8 (Seq(m))’

rae cnt(w) — YKCIIo BXOXKIEHUH @ B TEKCT d, M — YMCIO CETMEHTOB B TeKcTe, Seq(m) — 4ucio
CErMEHTOB, COAEPKAIIUX .

BexkTop cermenta GpopMUpPYETCs U3 PACCUUTAHHBIX BEMUMH (2) U1 BCEX YHUKAIBHBIX N-TPaMM B
Tekcte. Ecnu N-rpaMMa ecTh B TEKCTe, HO OTCYTCTBYET B CETMEHTe, TO 3HadeHwue (2) paBHo 0.

Tun paccMarpuBaeMbIX N-rpaMM (CHMBOJIBHBEIE WITH CIIOBECHBIE) BLIOMPAETCS NMPU HACTPOMKE
THIEPIIApaMETPOB AITOPUTMA Ha KOHKPETHOM KOPITYCE JIOKYMEHTOB.

(2)
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3.4 MopcueT cTaTUCTUK U HAXOXAEHMe aHoManumn

Jlist paccMaTpuBaeMOro TeKCTa CTPOHUTCS P CTATUCTHK MyTEM IOJCYeTa HEKOTOPOH CTaTHCTHKH
JUTSL KaXKJIOTO CErMEHTa TeKCTa. B KauecTBe CTaTHCTHKY BHIOPAHO PACCTOSHUE OT BEKTOPA CErMEHTa
Sj 10 YCPE/IHEHHOTO BEKTOPA BCEX CETMEHTOB S

m

1 Z
s=— ) 5.
m J

j=1

Tun paccTosHHS MEXKIy BEKTOpaMH Tarke BBIOMpaeTcsl MpH HACTPOWKe anroputMma. Bridop
MIPOUCXOJUT U3 CIEAYIOIIHUX BAPHAHTOB:

®  EBKJIUOBO PACCTOSHUE,;

®  KOCHUHYCHOE PacCTOSTHHE;

e  HOPMHPOBAHHOE EBKJINIOBO PACCTOSHHE.

IMoydeHHBIH PSR CTATHCTHK CIIAXKHBACTCS CKONB3AIINM CPEIHUM (PUKCHPOBAHHOW IIMPHHBI.

B noxyueHHOM psiie CTaTHCTHK BBINOJHSIETCS MOUCK BEIOpOcOB. 1o BEIOpOCOM mopazymMeBaeTcs
3HAYEHHE CTATHCTUKH, KOTOPOE IIPEBBIIAET HEKOTOPHII 3alaHHBIN MOPOT (KOTOPHIi oxdupaeTcs
IIpY HacTpoiike runepnapameTpoB). [1o KoiuuecTBy BBIOPOCOB B TEKCTE NMPHUHUMAETCS peLIeHHE 00
OpPHUTHHAIBHOCTH TOKYMEHTA.

4. BblqucnumesnbHbIl 3KCrepuMeHm

Jng mpoBepku KauecTBa IMPEUIOKEHHOTO ajJropuTMa OBLIO NPOBEACHO JIBA BBIYUCIMTEIBHBIX
sKcriepuMeHTa. [lepBblil KCIIEpUMEHT OBUI MPOBEJEH Ha KOPIyCe aHTJIOA3BIYHBIX JOKYMEHTOB,
MOJTOTOBJICHHBIX B PaMKaxX KOHKypca IO OOHApYKEHHIO TEKCTOBBIX 3amMcTBOoBaHMi PAN-2020.
Jlis IpoBenieHnsT BTOPOTO SKCIIEPUMEHTa OBII HCIIONB30BAaH KOPITYC PYCCKOSI3BIYHBIX TEKCTOB
Paraplag [19], cmemmanbHO COCTAaBICHHBIA JUII TPOBEPKH aTOPUTMOB IOHWCKA TEKCTOBBIX
3aMMCTBOBaHHM.

B pamkax Ka)XIoro 3KCIIEpHMEHTa NPOW3BOJMIACE HACTPOWKA THIIEpIIapaMeTpOB ONMHCAHHOTO
anroput™a. sl HacTPOWKH, JaHHBIE pa3OMBaINCh Ha OOYYAlONI[yl0 M TECTOBYIO BBIOOPKH, B
pasmepax 70% u 30% oT Bcero kopmyca COOTBETCTBEHHO. HacTpolika rumeprnapaMeTpoB
MIPOM3BOIMIIACH C TMOMOIIBI0 KPOCCBAJIHMIAIMK Ha TpeX pa30omeHusx oOydatomeil BeIOOpku. B
Ka4yecTBe IeJICBOM METPHKH HCIOIh30Baach MpeioskeHHas MeTpuka (1).

4.1 OnucaHue AaHHbIX

B mepBoii 9acTM  BBIYMCIMTEIBHOTO 3KCHEPHUMEHTA  HCHOJB3YETCS KOPIYC TEKCTOB,
MOJICOTOBJICHHBIX M pa3MEYEHHbIX B pamkax KoHkypca PAN-2020 [20]. Kopmyc comepxut
JIOKYMEHTBHI Ha aHTJIMHCKOM s3bIke. KaxIplid TokyMeHT MoxeT coaepkaTh oT 0 mo 10 BcraBok
TEKCTa Pyroro aBTOpPCTBA.

Kopmnyc cocrout n3 aByx uyacreil. Ilepsast yacTb npencTaBiseT U3 ceOst y3KOCTIeIIHAIN3NPOBAHHBIH
HabOp JOKYMEHTOB — BCE JIOKYMEHTHI B HEH MOCBSIIEHBI TEMe TEXHOJOTHH. BTopas 4acTs Kopiyca
ABJIsIeTCS HAOOPOM TEKCTOB Pa3TMIHON TEMAaTHKH (ITyTEIIeCTBHUS, PIIIOCO(HS, SKOHOMHKA, HCTOPHS
U T.J.). DTO CIENaHo JyIA TOro, 4TOObI ObUTA BO3MOXKHOCTH MPOTECTUPOBATH TpeEjIaracMble
QITOPUTMBI HAa YCTOHYMBOCTH K CMEHE TEMAaTHKH IpU pabore ¢ AoKyMeHTamMH. KoindecTBo
JIOKYMEHTOB C 3aUMCTBOBAaHMSMHU IPUMEPHO PABHO KOJWYECTBY BBICOKOOPHUTHHAIBHBIX
JIOKYMEHTOB.

Jg BTOpOit 9acTH 3KCTIepuMeHTa ObIT HCIIOIb30BaH PYCCKOSI3BIYHBIN KOPIYC TEKCOB, COAEPIKAIINI
JIOKYMEHTHI ¢ 3amMmcTBoBaHmsIMH Paraplag [19]. Kopmyc mpencrasnsier n3 cebs Habop TEKCTOB
(3cce), B KOTOpBIE aBTOPHI HAMEPEHHO M00aBISUIM 3aMMCTBOBAHMSI M3 JPYrHX JIOKYMEHTOB. B
Ka4ecTBE BBICOKOOPUTHMHAJBHBIX JOKYMEHTOB IPEJCTABJICHBl MCTOYHHKH 3THUX 3aMMCTBOBAaHUH
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(craTeu w3 sHIUKIIONE NI ). {011 TOKYMEHTOB C 3aMMCTBOBAHUSAMHI OTHOCUTEIHFHO BCETO KOPITyCa

okoJo 15%.

4.2 Pe3synbTatbl

I[JIH OLEHKHU UTOTIOBOT'O Ka4Y€CTBA IOJYYEHHOT'O AJITOPUTMA, ObLIa paccurTaHa IMOJHOTAa KaXXK0T0 U3
LECJIICBBIX KJIaCCOB Ha TECTOBOU BLIGOpKe. Pe3yJ'II>TaTI>I OKCIICPUMECHTOB NPUBEACHLI B Tabm. 1.

Taban..1. Pesynomamei sxcnepumenma
Table 1. Experiment results

Ha3zBanue xopmyca S3bIK Joas knaccal | Iloanora Honnora
B Kopmyce KJacca 0 KJacca 1
PAN-2020 AHTITHACKHN 50% 10% 94%
Paraplag pycckuii 15% 32% 97%

Bugno, uTto Ha 000MX Kopmycax moiaHoTa kiacca 1 6muska k 100%. D10 3HAYMT, YTO Majas 4acTh
JOKYMEHTOB, KOTOPBIM HEOOXOIMMa JieTallbHAsl MIPOBEPKA C IMTOMOIIBIO CHCTEMBI TIOMCKA BHEITHUX
3aMMCTBOBaHHH, OyJeT HempaBoMepHO OTGMIbTpoBaHa. [Ipy 3TOM, YacTh BHICOKOOPHUTHHAIBHBIX
JIOKyMEHTOB OYZET MPaBUIILHO OTCEsIHA, YTO CHU3UT HArpy3Ky Ha CHCTEMY.

[Ipumeps! paboThl aropuTMa Ha KOHKPETHBIX TEKCTax MpHBEAEHH! Ha puc. | u puc. 2. CuHUMH
JVHUSIMA ~ TIPENICTABJICHBl 3HAYCHWS PSIOB CTATUCTHUK JUIA  KaKJOTO TEKCTa, KpPAacHOH
TOPHU30HTAIIBHON — BEPXHUI MOPOT CTATHCTHKH, BBIIIIE KOTOPOTO OHA CUUTACTCS BEIOPOCOM.
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Fig. 1. Algorithm results on plagiarised text (left) and on original one (right). English corpus
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Fig. 2. Algorithm results on plagiarised text (left) and on original one (right). Russian corpus
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5. 3aknoyeHue

B cratbe mpeanoxeH anroputM Mo OOHapyXeHHIo (hakTa 3aMMCTBOBaHHI B Tekcre. [Ipu 3TomM
ANTOPUTM aHAJIHM3HUPYET TEKCT M30JIMPOBAHHO, HE MCIOJNB3Ys BHEIIHIOO KOJUIEKIIUIO BO3MOXKHBIX
HCTOYHHMKOB 3aMMCTBOBAaHHUM. [y ycTaHOBIEHNA (haKTa 3aMMCTBOBAHUS, TEKCT CETMEHTUPYETCS, U
JUTSL KQ)XKJJOTO CETMEHTa PACCUNTHIBACTCS CTATHCTHKA, OCHOBaHHAs HA YaCTOTAaX PacIpeelICHUs n-
rpaMM. B momydeHHOM psiie CTaTHCTHK IPOUCXOJHWT MOWCK BHIOPOCOB, M MO HX KOJIHIECTBY
JleNlaeTcsl BEIBOJ O CTEIIEHH OPUTUHAIBHOCTH TEKCTA.

IIpeanoxeHHbIH anropuT™ OBUT HACTPOEH U MPOTECTHPOBAH HA KOPIyCaX aHTIMHCKUX M PyCCKUX
TEKCTOB. B 00omx cirydasx anropuT™M KOPPEKTHO OTOMPAeT BHICOKOOPHIMHAIBHBIC HOKYMEHTHI,
OCTaBJISIsI TP ATOM JTOKYMEHTHI ¢ 3aMMCTBOBaHMAMU AT JanbHeimelt nposepku. Takum oOpasom,
ITOPUTM YAOBIICTBOPSIET BBIABUHYTHIM K HEMY TpPEOOBAaHHUSM IO KaueCTBY W MOXET OBITH
UCMIONb30BaH B KadyecTBE MEPBHMYHOrO  OTOOpa  JOKYMEHTOB IIPH  HCIHOJIb30BaHUH
BBICOKOHArpy>XEHHOH CHCTEMBI TONCKA 3aMMCTBOBAHHH 110 BHEITHEMY KOPITYCY.

Kax ObIIO CKa3aHO, OCHOBHAs Ieb NPEATIOKCHHOTO alropuTMa 3aKiiouaeTcs B (HUIbTpaluH
BBICOKOOPHIMHAJILHBIX IOKYMEHTOB, JJIsl KOTOPBIX HE TpeOyeTcs neTanbHas nmpoBepka. KoHeuHo, B
HJICAIBHOM CJIydae BCE IOCTYIAOLIUE HA IPOBEPKY JOKYMEHTBI JOJIKHBI IPOXOUTH IIOJHOLICHHYIO
mpoBepky. OnHaKO peanbHOCTh TaKOBA, YTO IIPH BBICOKOI Harpyske, CUCTeMa IMOMCKAa BHEIIHUX
3aMMCTBOBAaHUN MOKET CWJIBHO 33J€pXKUBaTh OTBET MM IIPOIYCKATh JOKYMEHThl. B Takoi
MOCTAHOBKE Ka)KETCS JIOTMYHBIM IIO’KEPTBOBATh MajbIM (YacThIO JOKYMEHTOB, C HHU3KOH JONeH
3aMMCTBOBAHMM ), YTOOBI COXPaHUTh PAOOTOCIIOCOOHOCTH CHCTEMBI.

IIpennoxkeHHBIM aNropuTM Kak pa3 M OCYIIECTBIAET Takyr Joruxky. lIpu cpaBHuUTENBHO
HEOOIBIIOM KOJIMIECTBE MPOMYIICHHBIX JOKYMEHTOB C 3aMMCTBOBaHUSAMH (0KOJI0 3% IUIS pyCCKOTO
KOpIIyca) yAaJlI0Ch COKPAaTHTh IIOTOK JOKYMEHTOB JUIsi 0OpaOOTKH [TOYTH Ha TPETh.
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1. BeedeHue

Metox MopmenwpoBaHUS MOJEKYyJsIpHOW nuHaMukun (MJI) sBiseTcs OOIMENPHHATEIM METOIOM
HCCIIEOBaHMS OMOJOTHYECKUX CTPYKTYyp. Pesympraramm M/l pacué€roB ciykaT TpaeKTOpHH
MOJIEKYJIIPHOH JOWHAMHKA — 3alliCH KOOpIMHAT aTOMOB dYepe3 OINpeieiEéHHbIe, OOBIYHOE
OJIMHAKOBBIC, POMEKYTKH BpeMeHH. K HacToseMy MOMEHTY BPEMEHH BO MHOTHX J1a00paTOpHsIX
HaKOIIICHO OOJIBIIIOE KOJIMIECTBO (aitnoB Tpaekropuil. C HUMH pabOTAIOT IIPH OMOIIH ITPOTPaAMM
aHanm3a TpaekTopuii, Takux kak VMD [1], [2], TAMD [3-5], PyMol [6], [7]. TTporpamms! aHamm3a
TPaeKTOPUH, Kak IPaBHJIO, CIOCOOHBI BOCIIPOU3BOIUTH TPACKTOPHIO B BUJIE MOJIEKYJSIPHOTO KHHO,
a TaKKe PAaCCUUTHIBATH HEKOTOPBIE XapPaKTEPUCTUKU BIOJIb TPACKTOPUH. XapaKTEPHUCTHKH MOTY
OBITH MPOCTBIMH, TAKUE KaK PACCTOSHUE MEXAY aTOMaMH, Tak M 0oJiee CIOXKHBIMH, HaIpUMED,
BBIYHCIICHHUS MaTPHUIBI KOBapHALNH.

K HacrosiiieMy MOMEHTY BpeMEHH OLIYLIAEeTCS Hy’KJja B CPEACTBE LIEHTPAIIN30BAaHHOIO XPaHEHUS U
aHaJ M3a TPACKTOPUI. DTO €CTECTBEHHBIH 3Tam pa3BUTHS BHAA MPOrPAMMHOIO OOECIICUEHHSI.
MHorue B HeIHEIIHEM M3BECTHBIC KaK TMTaHTCKHUE pacnopeaciaICcHHbIC, CETEBBIC, KIIMCHT-CCPBECPHBIC
(B IaHHOM KOHTEKCTE 3TO CHHOHUMBI) IIPOTPaMMHBIE KOMIUIEKCHl H3HAYAJIBHO CO3aBalIUCh Kak
MIPWIIOKEHUS U OJTHOTO KOMITbIoTepa. M b ¢ pa3sBUTHEM JIOKAIBHBIX BEIYUCIUTENBHBIX CETEH
MPOrpaMMHBIE MPOAYKTHI CTaIH HOAIEPKUBATH CETEBOM PeXUM pabOTHI.

Korna peus uaér o 00Ib1II0M KOTHYECTBE HHPOPMAIHU, KOTOPYIO HEOOX0AMMO CIeNIaTh TOCTYITHOM
Jutsl GOJIBLIIOTO YHMCIIa MOJIb30BaTelNei, pa3yMHO 33yMaThCs B IEPBYIO OYEPEab O XPAHEHUH STOU
nHpOpManuu B cucteMe ympasieHus 0azamu maHHbIX (CYBJl). Hactosmmas cratest mocBsimeHa
HMEHHO Npo0iieMe XpaHeHUs TPAeKTOPHH MOJIEKYISIpHOH AMHAMUKH B pa3nudHbix CYB/I.
[Tpeamnonaraercs, 4To NPOrpaMMBbI aHANIN3a TPACKTOpU M/l — He SIBISIONINECS PEAMETOM AaHHOH
paboTHl — MOTYT ITOAKIFOUaThCs HanpsiMyto K CYB/] 1o ceTu B cirydae AeCKTON-TIPUIIOKEHUH, JIHO0
OBITH pa3zieNeHbl Ha KIMEHT U cepBep, KOTOPBIHA, B CBOIO O4epenb, OyJeT MMETh MOAKIIOUYEHHE K
cepBepy 0a3 JaHHBIX.

2. lMpedcmasnieHue OaHHbLIX 8 pesisiuuoHHoU CYB/]

Penssumonnsie CYB/I 3aBoeBanu cBOIWO MOMYJSIPHOCTH ewé ¢ koHua 1970-x rogos. Cpeaun cambIx
nonyJspHeix crout ormeruts Oracle [8], MySQL [9], [10], Microsoft SQL Server [11], PostgreSQL
[12] u naxe Microsoft Access. Bee atu CYB/] nojiep»KuBaroT pa3MeIleHre JaHHbIX B CBA3aHHBIX
TabIMIax, TOCTYI K KOTOPBIM MOXET OBITh TIOJTyUYeH ¢ mpuMeHeHHeM si3bika SQL (Structured Query
Language, cTpyKTypHpOBaHHBIN SI3BIK 3aIIPOCOB).

[HonbiTKa XpaHuTh naHHble B pensiunoHHoNM CYBJl u3HauaabHO BBINISAIUT €CTECTBEHHOU. MHOTHE
MPOTPAaMMHUCTHI BIIQJICIOT HABBIKAMH PaOOTHl MMEHHO C PENSIHMOHHBIME 0a3aMu MaHHBIX. [Ipu
npuMeHeHuu si3bika SQL mocTyn Kk 3TUM 6a3aM B MEPBOM MPHOIMIKCHUU BBITISAUT MPAKTHYCCKH
onunakoBo. Ilox mocrynom monumatorcs omnepauun CRUD, kak ux ceifyac mpHHSATO Ha3bIBaTh
(create, read, update, delete — co3nanue, BoIOOpKa/uTeHIE, OOHOBJICHHE, YIAICHHUE).

Tabn. 1. Cmpyxmypa mabauyer Names
Table 1. The structure of table Names

Iloae Tun Onucanue

Id Int, IlepBUyHbIA K04 U nentndukatop MMeHN
Name CTpOKa HasBanue skcniepumeHTa
Natoms Int KommaectBo atomoB
Nframes Int KosruecTBO KaapoB
Typename char Tum sneMenTa:

dir — xaranor

exp — maHHbie 00 SKCIIEPUMEHTE
(TpaeKTopust MOJIEKYIISIPHON
JTUHAMHKH )

Parent Int CchlIKa Ha POAUTENS
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Mo 6ynem wmcnosb3oBate CYBJ] MySQL [9], [10] mas wumoctpanmu. BeiGop o6ycioBieH
OecIuIaTHOM JIMIICH3UEH U IUPOKOU pacnpocTpanéHHocThio nannoit CYB/I.

Wtak, TpaekTopus MOJEKYIAPHOW TUHAMHKH — 3TO IPEXKAe Bcero (ailin — MMEHOBaHHAs 001acTh
nmaHHbIX. [IpemmaraeTcst MCIoNb30BaTh OTAEHbHYIO Tabmumy Names (tabm. 1) mias XpaHeHUs
cBeieHUi 0 camoil TpaekTopuu. OcTanpHBIE TAOMUIBI OyIyT CCHUIATHCS HA TPAGKTOPHIO MO e
NEePBUYHOMY KIIFOUY — YHUKaJIbHOMY HAeHTHuKaTopy id.

3mech cuemyeT pacckaszaTh O TpaekTopum Oosee mompoOHo. TpaekTopus — 3T0 HHGOPMAIHA O
KOOpJWHATaX KaXJOro aroMa B KOHKPETHBIH MOMEHT BpeMeHH. ATOMOB (DPMKCHPOBAaHHOE
KOJIMYECTBO NAtOMS. ¥V Kajk#Aoro aToMa TpU KOOPAUHATHI X, Y, Z. MOMEHTHI BpEMEHH B TPACKTOPHH
(PUKCHPYIOTCS TOJIBKO ONpe/eNIiEHHbIE, ¢ HE00OX0IMMOI1 YacToTOH, 3aqanHoi B M/[-9kcriepumente.
3auKCHpOBaHHBIN B TPAGKTOPUM MOMEHT BpEeMEHH OyzaeM Ha3blBaTh KajapoM (¢peiimom). Beero
kazapos nframes.

PaspabareiBacmas cuctema Trajectory Commander moagep)KuBaeT XpaHEHHE TPACKTOPHHA B
JIPEBOBU/IHOM Kartajore, NoAoOHOM opraHu3anuu Qaiinos B daitnoBoii cucreme. st oTneneHus
TPAeKTOPHUil OT KaTaJoOroB CIY)XHT moje typename, kotopoe mpuHuMaeT 3HaueHue dir B ciydae
KaTaJyiora, JIn00 eXp B ciy4ae xpaHeHus Tpackropuu. [loye parent cceiiaetcst Ha UACHTUDHUKATOP
(monte id) poaurensckoro karamora. B ciydae KOPHEBOrO KaTajora HCIOJb3yercs 3Hauenue 0 B
Ka4yecTBE POJIUTEIIS.

Tabnuna Trj (tabm. 2) Oyaer comepkaTh JaHHBIE HEMOCPEACTBEHHO camuX Tpaekropuit. s
JaHHOW Tpaekropuu id_name, B 3amanHoM Kaape hframe, y atoma mox HoMepom natom Gymyt
XPaHHTHCS KOOPAWHATHI X, Y, Z.

Tabn. 2. Cmpykmypa mabauyvt Trj
Table 2. The structure of table Trj

one Tun Onucanune

id_name Int, BHemHwil k04 | MneHTH(UKATOp HMEHU
Nframe int Homep kampa

Natom int Howmep atoma

X float KOOPAUHATHI

Y

z

SQL-3anpoc nony4eHuss KOOpJHHAT BTOPOT'O KaJpa OIPeJIeICHHOW TPAeKTOPHH MOXKET BBIMJISJIETh
Kak:

SELECT x, vy, zZ,

FROM Tr

WHERE id name=Strj id AND nframe=2

ORDER BY natom;

Jnist BBIOOpa KOOPAMHAT TOJILKO JBYX aTOMOB atoml u atom2 Mo>xHO HammcaThb 3anpoc:

SELECT x, vy, zZ,

FROM Tri

WHERE id name=$trj id AND (natom=$atoml OR natom=$atom2)

ORDER BY nframe, natom;

CopTupoBka o6s3aTenbpHa, 9TOOB! KaAPBl M AaTOMBI [IUTH CTPOTO 10 MOPSIKY.

Kak npaBuio, TpaeKTOpUM MOJEKYJSIPHOW JWHAMHUKM HE XpaHAT CBEAEHHS O THIIaX aTOMOB,
AMHMHOKHCIIOT U pouylo MetanHpopmanuo. OHa OyneT HAeHTHYHA OT Kajapa K Kaapy. Bmecro Toro
B aupektopusx ¢ M/I-pacueramu Beerna npucyrctByrot PDB-daitner — daiinsr Protein Data Bank
B OZHOMMEHHOM Qopmare. 31ech MBI He OymeT paccmaTtpuBaTh ¢opmar PDB. Xpanenue ero B
CVYB/l ue Be3bIBacT TpyaHocTeil. [IpuBeném aums coOTBETCTBYIOMIYIO TaOuuIy (Tabim. 3), Kakaas
CTPOYKa KOTOPOH JOJDKHA CCHUIATHCSI CBOMM BHEIIHUM KITIOUOM HA TPAEKTOPHIO.
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Taon. 3. Cmpykmypa mabauyst PDB
Table 3. The structure of table PDB

Iloae Tun Onucanue

id_name Int, BHemHmii k0w | MneHTudukatop uMeHn

Natom int Howmep atoma

Atomstring Str Crpouka u3 ¢aiina 6e3 KoopauHaT

Xpanenune unpopmanuu o PDB-daiinax HeoOxoauMo AJis TporpaMM aHaiusa Tpaekropuil. bynem
CYUTATh, YTO TaKOH (haiin ynoOHO mojaBaTh STUM IpOrpaMMaM B HEM3MEHHOM BHIIE.

2.1. Npobnema BbIGOpa peanbHbIX AAHHbIX

OOBeMBI TpaeKTOpHH BeChbMa pa3Hble. PasnMYHO Kak KOJNMYECTBO aTOMOB, TaK M KOJIHNYECTBO
kanpoB. Tak npu xommgectse aromoB 1000 u 1000 xanmpos (1 HC pu wacToTe 3amucu 1 kaap Ha 1
nic, 6o 10 HC mpwm yactoTe 3amucu Kaxknaele 10 1c) Mbl moimygaeM | mMmumoH cTpok. Crowt
3arpy3uth 10 Takux TpaeKTOpHi W pa3Mep Tabnuibl Trj Bozpactaer 10 10 MHIUTHOHOB CTPOK. A
ecnu xpanuth 100 tpaektopuii mo 1000 xamgpos, mo 10 000 atomoB B kaape, To moiydaeMm 1
MUJUTHApA CTPOK.

3aMeTuM, UYTO TpHUBEIEHHBIE YHCIAa CHOyXaT CcKopee TPHKUIKON CBepxy, 4YeM CHHU3Y.
MHororurabaiiTHeie (ailyipl TPAaCKTOPHUI — 3TO HOPMA, PABHO KaK U CUCTEMBI U3 JICCATKOB THICSIY
aTOMOB.

B TectoBOii Gaze mopsaka 24 MIH CTPOK Tabmuipl Trj. 3ampoc BBIOOPKH OAHOTO Kaapa 0Oe3
HCTIONB30BaHUs MHAEKCOB 3aHUMAaeT mopsiaka 2 MUHYT. Ilpy BKIIOUCHUM HHJIEKCAIMM IO BCEM
IIOJISIM, YTO YUYBCTBYIOT B 3aIIpOCE 3TO BpeMs COKPAIIAETCs A0 5 CeKYH/, YTO FTOBOPUT O IPAMOTHOM
IIPUMEHEHUU HHAEKCOB. OHAKO AT BOCIIPOM3BEICHUS MOJIEKYJIIPHOTO KHHO 3TO HEJOCTaTOYHO.
1 xanp B cexynay HemnpuemseM. OcOOEHHO yuuThIBasi TOT (hakT, TO 24 MIIH CTPOK — 3TO COBCEM
HeOoubImas Oasa.

BozMosxHO, pobiieMy MOXKHO pemnts, npuderayB Kk NOSQL 6a3am maHHBIX?

3. CYB/[] knacca NoSQL

Cam tepmun NOSQL MOXHO BOCHpUHHMMATh T0-pazHOMY. OJTO0 W 0a3bl JaHHBIX, HE
MOJIJIEPKUBAIOIIIE PESIIMOHHYI0 MOJENb, U HE MOJJIepKUBatoIUe s3bIK 3armpocoB SQL. Hawm
Gonbiie Hpasurcs ompenenenne Not only SQL, moguépkusaromiee, uto s1oT Kiacc CYB]]
MpeAIaraloT Heuto uHoe, yeM pessiuonasie CYB/T [13].

Crout Takxe oTMeTuTh, 4T0 CYB/] Hauana 1990-1x ro10B 4eM-TO HATOMUHAIHN STOT HOBBIH KJ1acc
CYBJ. A3sik SQL He Obu1 B TO Bpems pacnpoctpanéH. CYBJ] Toro BpeMeHH MOAAEPKUBAIH
MHOTHE OIepanuy, JOCTYH K KOTOPHIM MPOTPaMMHMCTBI TOJyJadHd TPH ITOMOIIM OPUTHHAIBHOTO
API, cBoero coOCTBEHHOTO S3bIKa, IPUMEHIEMOT0 UMEHHO ¢ KoHKpeTHoW CYBJI. Spxuii Tomy
npumep — FOXPro mms DOS, momnep:kuBaromuii ¥ MyJIETH UHIIEKCHBIE (DAIIBI, TOKa3bIBAFOIITHIA
npekpacHoe ObICTPOJCHCTBHE HAa BBIYMCIUTENBHBIX MalliHaxX Kiacca Pentium. Ota CYBJ] (win
SI3BIK, €CIIM YTroJHO) nepetuen B Bepcuto Visual FoxPro for Windows. Cran nognepsxusats SQL, HO
MOTEPSUI CBOIO MOMYJISIPHOCTB, HE BbLAEpKal KOHKypeHIuH. dakt Hanmnuns crateid B 2020-2021
rogax [14], [15] Bei3eiBaeTr yausienue. JlaHHbIi a03all JIMIIb OTPaXKaeT OJHO U3 MHEHHI aBTOPOB,
a He uetkme ompeneneHus: k CYB/] moxHO Hampsimyro oOpamiatrbes mipu momomu API, Ge3
ucnonb3oBanus SQL-3ampocoB. HecoMHEeHHO, 3TO ObIcTpee, T.K. HE HY)XHO TPAaTUTh BpeMsi Ha
CHUHTaKCHYECKHUil pa30op ornepaTopos.

Cornacuo peiituary Top-5 CYB/I [16], camas pacnpoctpanénnas CYBJ] kmacca NoSQL — ato
MongoDB [17], [18]. Tlosumuonmpyercss Kak mokymeHTHO-opuentupoBannas CYB. Tlox
JIOKYMEHTOM TTOHMMAEeTCsl He4YTOo, He IMojiatolneecs: cTporoil kinaccudukauuu. TouHee, nmeercs B
Buay nokyment B hopmare JSON (JavaScript Object Notation), xpausimuiics 8 popmare BSON
(Binary JavaScript Object Notation), T.e. B OHHapHOM BHAE JUII SKOHOMHH JHCKOBOTO
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npoctpancTBa. HecMoTps Ha cBOE Ha3BaHMeE, JaHHBIN (hOpMAT MOXKET UCTIOJIE30BAThCS MPAKTHICCKH
B JIFOOOM SI3bIKE MPOrPAMMHPOBAHUSI KaK aCCOLMATHBHBII MACCHUB.

B/ mnst xpaHeHHs TPACKTOPHUN MOXKET COCTOSTh M3 JABYX TaONHII (OIBYX KOJUICKITHH, IIepexos Ha
tepmuHooruio MongoDB):

Konnexyuss Names
/* DneMeHT OupexkTopust */

{
" id" : ObjectId("610129f9%ba76f8e36dc5da7d"),

"name" : "dir",
"Parent" : "0",
HType" : "dir"’
"PDB" : "M,
"aim" : O,
"NFrames" : O

/* DnemenT MI-3KCHEpUMEHT */

" id" : ObjectId("61012a04ba76f8e36dc5da7e"),

"name" : "123",

"Parent" : "610129f9ba76f8e36dc5da7d",

"Type" : "exp",

"PDB" : "ATOM 1 CT Ac 1 -13.432 -5.484 ",

// comepxyMoe IMOJig LEJUMKOM HE MNPUBOIUTCS

"aim" : 44689,

"NFrames" : 145
}
3mech M jgajgee MO TEKCTy B KaXKAOH KOJUICKIMHM OyIyT MCIOJB30BAThCSA T€ Ke MOJsI, Kak B
pemsmonHbix CYBJ]. 310 He Tpebyercs mis pabotel ¢ MongoDB, HO HeoOxommmo mis
WHJEKCAIUH.

Tabn. 4. Onucanue noneii konnekyuu Names
Table 4. The description of Names collection

one Tun Onucanue

_id_ Objectld Wpentudukarop nMeHun
Name String Ha3sBanue skcnepumeHTa
PDB String Coneprxumoe PDB-daiina
Aim Int KonnuecTBo aToMOB
NFrames Int KomnuuectBo kaapos
Parent String CchlIKa Ha pOAUTENS

Konnekuust Names ananoruaso tabuune Names pemnsiquonHoit BJ] ¢ Tem pasmiunem, yro nose id B
MySQL uucnosoe, a B MongoDB Ml ncrionb3oBaiiv BHYTPEHHUH UICHTU(HUKATODP, KOTOPBIH €CTh
y Kaxznoro jgokymenra. Takxe tabmuma Names coxepxut crpokoBoe mnosne PDB, B xotopom
HeIMKoM Iomernaercst cogepxumoe PDB-daiina. Kak rosopmiock paHee, mporpammbl aHaiIu3a
TPaeKTOpuil OpHeHTHUpOBaHbI Ha uTeHne ogHoro PDB ¢aiina, oTHOCsmErocss K TpaeKTOPHUU IS
pacro3HaBaHUsl TUIIOB aTOMOB U TIEPBUYHON CTPYKTYpbI Oenka. KoopauHaTel mpu 3ToM OepyTcs
UCKITIOUYNTETBHO U3 TPAEKTOPHBIX (DaiiIoB.
Konnexyus Trj:
{

" id" : ObjectId("5eb2dd86895408ca51dd9b4de"),
// COBCTBEHHHN UIEHTUOUKATOP

"trj id" : ObjectId("5eb2dd84895408ca51dd9b4d"),
// CcCBIIKa Ha UMS TPAEKTOPUM
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"frame" : O,
"data" : [
25.80421,

}
Tabn. 5. Onucanue noaeii koanexyuu Trj
Table 5. The description of Trj collection

Ilone | Tum Onucanne

_id_ Objectld CoOCTBEHHBIH YHHKATBHBIH HICHTH(OUKATOP Kaapa

trj_id | Objectld Wnentudukarop NIMeHH, CCHUIKA HA UMS TPAEKTOPUHI

Frame | int Homep xampa

Data Array Maccus koopauHat B ¢popmare (X1, y1, z1, X2, y2, 22, ..., Xn, yn, zn)

Kak BHIHO U3 OMUCaHus MOJIEH, 0{Ha Ta0JIHMIA KOJJIEKIUH (Ta0auibl) Trj XpaHUT Kaap HEIUKOM, a
HE KOODIMHATY KaXIOro aromMa B Kaxnoit crtpoke. CymectBoBanue I[lomst _id_ sBisercs
tpeboBarnem CYB]], a He MPOIUKTOBAaHO apXUTEKTYPOH KOHKPETHOH 0a3bl.

B urore xonuyecTBO CTPOK B Tabiuile (KOJUIEKIMH) yMEHbIIaeTcsl Ha 3-4 mopsaka. A 3ampoc Ha
BEIOOPKY OTHOTO Kajpa 3aHuMaeT noiu ceKyHnsl (0,15-0,2 c).

MBI AOCTUIIN CBOEH LieJIU — MOJIYYMIIM KaJp TPAEKTOPHUM 3a npuemiieMoe Bpems. Hano 3ameTurs,
YTO MPH STOM MBI BOBMOKHOCTH BBIOOpa KOOPJMHAT KOHKPETHBIX aTOMOB. bosbiiast i1 310 1iara
3a ObicTpozpedicTBre? C OAHONW CTOPOHBI, NPOTPaMMBl aHAINW3a TPACKTOPUH MOJICKYIIPHOU
JUHAMUKH YWTAIOT KaJp IETHKOM, Jake KOTa HY>KHO IMOCTPOUTh KPUBYIO PACCTOSHHUS MEXIY
nBymsa atomamu. C npyroii croponsl, MmHOrHe CYBJ], 1 MongoDB B yacTHOCTH, HOAIEPKUBAIOT
XpaHUMbIE TpOLEenypbl. JTO HEOONbIINE NPOrpaMMBbl, HCIIONHIEMBl Ha CEPBEPHOW CTOPOHE.
VIMeHHO OT Tako# MpOoTrpaMMBbl MO>KHO ITOTPEeOOBaTh BHIOOPKY KOHKPETHBIX KOOPIMHAT U3 MacCHBa
KOOpJMHAT TeKyIiero kaapa (mosst data tabmuipsr Trj). JInbo ke MOKHO HamucaTh (yHKIHIO,
KOTOpast BEPHET cpa3y pacCTOSHUE MEXy 3aJaHHBIMH HOMEPaMHU aTOMOB.

3.1 MNMoackaska ot NoSQL: peanusaumsi XpaHeHUs Kagpa B OOHOM rnone
pensunoHHon CYB[]

BreiaBuaeM Tumnote3y o Tom, uto yermex CYBJ] kmacca NOSQL cBsizan He ¢ camum KitaccoM 0a3

JTAHHBIX, @ CO CIIOCOOOM XpaHEHHs Kajapa [EJIUKOM B OJTHOM IOJIE.

Hauunas ¢ Bepcun 5.7.8, CYBJl, MySQL nmomuepxuBaet tun ganueix JSON (JavaScript Object

Notation). B Takom mnose ygo0HO OyJeT XpaHUTh JIMHEAPU30BAHHBIH MACCHB KOOPAMHAT OJTHOTO

kaapa TpackTopun. CTpyKTypa TaOJIHUIBl XPAHSHHUS TPACKTOPUHN MPUMET CIICAYIOIINN BUI:

Tabn. 6. Hosas cmpyxmypa mabauywt Trj
Table 6. The new structure of Trj table

[Tone Tun Onucanue

id_name Int, Buemnmii kou | Wpentudukarop nmeHu

Nframe int Howmep kaapa

Data JSON Koopnunate! kagpa B popmare
[x1,y1,21,%x2,y2,22, ...]

WHaekcupyeMbiMu nosisiMu OyayT id_name kak ccblika Ha Ha3BaHHE TpaeKTopuu W nframe s
ObIcTpOii BEIOOPKH HOMepa Kazpa. [Ipu 3ToOM 35KOHOMHTCSI MECTO Ha I10JIe, OTBEYAIOIIEro 3a HOMEp
aToMma B Kanpe. [Ipindem xak B Tabnurie, Tak U B MHIEKCE.

B HOBO# CTpyKType TepseTcs BO3MOXKHOCTh OOpalieHuss K KOHKPETHOMY HOMEPY aToMy B KaJipe.
B03M0HO TONBKO MoyueHue Kaapa nuenukoM. OHaKo MoylydaTh JOCTYI K KOHKPETHOMY KaJpy U
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He TpebyeTrcs, ecim MbI HCToJb3yeM bydep ciydaifHOTO H0CTyma K TpaeKTOpWH AHanm3aTopa
TPACKTOPUIl MOJISKYJIIPHOM JMHAMHUKH. AHAJIM3aTOp BCErJa CUUTHIBACT Kaap LEIHKOM.
[porpammel, Takue kak VMD u PyMol cuuThIBafOT TpaeKTOPHIO MEIUKOM, YTO HE SKOHOMHUYHO
UCIIOJIb3YET ONEPAaTHBHYIO NaMSITh.

4. llpoepammHas peanu3ayusi — npunoxeHue Trajectory Commander Kak
Yyacmb AHanu3zamopa mpaeKkmopull MONeKysipHOU OUHaMUKU

B pamkax Amnanuzatopa TpaekTopuil MonekynsipHodW auHamukn (TAMD) Obuto cosgaHo
NPWIOKEHUE B CTUJIE JIBYXIIAHEIHLHOTO MEHEIKepa, MO3BOJIIFOLIETO ONEPHPOBATh TPACKTOPUSIMU
Ha JTICKE W cpa3y B ABYyX Oa3ax manHex — MySQL n MongoDB.

e

Uil - a

File  View Serv faying  Windows

Play Stop  Pedomance Seep 3 Moo stemibo: |1 H w 2 Hohaman W pha civer | I
Trajex tory Commander | - X
Diwve F\Foed Work NTF = Copy-» MiDe MName 123

F\Temp De-5642 My Home

b ¥ MOepemet

000

el o o o o o o o o o o b b b

Puc. 1. Trajectory Commander ¢ Ananusamope mpaexmopuii monexynsipnou ounamuxu (TAMD)
Fig. 2. Trajectory Commander as part of Trajectory analyzer of molecular dynamics (TAMD)

Ha nanHoM 3Tame paboTel ocHOBHOI 1enbro Ob110 cpaBHeHrne NOSQL 1 SQL moaxo10B kK XpaHEeHHIO

TpaekTopuii. [loaToMy ObUT peau30BaH CleTyIOUIHN CTUCOK BO3ZMOXHOCTEH:

e OTOOpaKEHHUE U MO3UIHOHUPOBAHKE 110 JIOKAIILHOU (hailyIoBOIl CHCTEMBbI Ha JICBOW MAHEIIH;

e XpaHEHME YUYETHBIX 3amuceil moaxIodeHuii k pasnuaasiM CYB/I;

e OTOOpakeHUE M MO3UIUOHUPOBAHHE IT0 IPEBOBHIHON CTPYKTYPE TPACKTOPHUH, XPAHAIINXCS B
CVYB];

e coznanue katainoros B CYB/[;

e xomnmposanue PDB u tpaekropubix daitnos u3 nokansHo# ¢aitnoBoii cucremsl B CYB/];

e OTKpHITHE W paboTa C TPACKTOPUSAMH MOJEKYISIpHOW IuHaMHUKH Hampsamyio u3 CYB]]
cpeacTsaMu AHanu3aTtopa TPaeKTOpHI.

AHann3aTop TPaeKTOPHHA MOJIEKYJISIPHON AWHAMUKH H3HAYAIBHO pa3padaThIBayics Ui pabOoTHI C
TEKCTOBBIMH TpaekTopusaMu popmara PUMA, 6muskoro k popmary XY Z. [l 9TeHUS TpaeKTOpHi
Obl1 paspabotan Oydep CIydalHOTO JOCTyNa K TPAeKTOPWUH, KOTOPBIA XPAaHHUT TOCIEIHUE
NpOYUTaHHBIE (aNIIBL.

Jnst utenust Tpaektopuit Hanpsmyto u3 CYBJ] Obiin 1o6aBneHbl (PYHKIIMU 9TEHUS KaApOB HE W3
TEeKCTOBOTO (aiina, a u3 0a3pl AaHHBIX. TakuM o0Opa3oM coxpaHeHa BO3MOXHOCTH PabOTHI C
TpaekTopuei depe3 Oydep ciydaiiHOro mocrynma K TpaekrtopusMm. Bce Bo3mokHoctn TAMD

167



Likhachev 1.V. Solving of the problem of storing trajectories of molecular dynamics in a DBMS. Trudy ISP RAN/Proc. ISP RAS, vol. 34,
issue 1, 2022, pp. 161-172

COXpaHWIN paboTOCTIOCOOHOCTh Oylarojapst TOMY, HYTO OHH OOpabaThIBAIOT KOOPIUHATHI
UCKJIFOUUTEILHO U3 MOIYJIS YTCHUS TPACKTOPHUHL.

4.1 CpaBHeHMe BblIOpaHHbIX pelueHun

Jnst cpaBHEHHUS BBIOpaHHBIX pELICHHI ObLIa HCIIONB30BAaHA TPACKTOPHSA, KOTOpas B TEKCTOBOM
¢dopmare PUMA 3anumaer 535 Mb auckoBoro npocTpaHcTsa.

Tabun. 7. Obwvembr unghopmayuu
Table 7. Volumes of information

CYB/[ OO0BEM TaHHBIX O0BEM HHIEKCOB OOt 00bEM TaHHBIX
TexcroBblii paitn | 535 Mb 535 Mb
MySQL 324 Mb (61%) 410 Mb (+127%) | 734 Mb (137%)
MySQL (JSON) 246 Mb (46%) 32 Kb (+0,013%) | 246 MB (46%)
MongoDB 281 Mb (53%) 45 Kb (+0,016%) | 281 Mb (53%)
Ob6bem ONCKOBOTO MPOCTPAHCTBA
800
700
600
500
400
300
200
100 I
0
TekcToBbIl dain MySQL MySQL (JSON) MongoDB
B Ob6bem gaHHbIXx B O6bem MHAEKCOB 0bwmii 06bem AaHHbIX

Puc. 3. Obvem duckosoeo npocmpancmea (Menvute — iyyuie)
Fig. 4. Volume of disk space (less is better)

B cronbie «00BbEM TaHHBIX» U B CTOJIONE «OOMIHMH 00BeM JaHHBIX) IPOLEHT MPUBEICH OT pa3Mepa
HCXOJIHOTO TEKCTOBOTO TPAEKTOPHOTO (haiina, B cTonbIe «00beM HHAEKCOB» OT pa3Mepa JaHHBIX B
cootBetcTBytommeit CYBJI.

W3 Ttabn. 7 BuaHO, yro XpaHeHue Tpaekrtopuil B CYBJ] mpakthyeckn B 2 pa3a BBITOJHEE MO
CPaBHEHUIO C TEKCTOBBIM (opmaroM. OpHako it 3(QQEKTUBHOTO JOCTYHNa K TPACKTOPUH
HeoOxoanMa nHjekcanust noseil. B MongoDB nnpexcarnus uaér no naeHTuGHUKaToOpy TPaeKTOPUH
n kanpy. B MySQL k mHnexcam emé nobamisercs HoOMep aromMa B Kaape. Pasmep 3ammceil B
PeISILIMOHHOM 0a3e JaHHBIX YBEIIMUUBACTCS Ha KOJIMUECTBA AaTOMOB B CUCTEME (Ha TPH HOPS/KA MIPH
pasmepe cucteMbl 1000 atomoB). MIMEHHO 3THM OOBSCHAETCS CTOJb CYIIECTBEHHBIH 00BeM
WHJICKCOB.

CornacHo Tab:. 8, Mo cKkopocTH cUUTHIBaHMA Kaapa muaupyer MongoDB. Xpanenune ogHoro kaapa
LEJMKOM B OfHOHN cTpoke pensmuoHHON CYBJl nmaér necsaTWKpaTHBIM HPUPOCT B CKOPOCTH
BBITIOJTHEHHS 3a1poca.
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Tabn. 8. Ckopocme umenus Kaopos mpaekmopuu
Table 8. Trajectory frame reading speed

CYBJ Bpemsi yTeHus oxHOro Kaapa
TexcToBblit (aiin 55 mc

MySQL 300 mc

MySQL (JSON) 30 mc

MongoDB 4 mc

Bpema uteHna ogHoro
Kagpa

400
200 .
0 ] —
TekcToBbIN MySQL MySQL MongoDB
dann (JSON)

H Bpema YTeHWA 0NHOro Kanpa

Puc. 5. Cpasnenue bvicmpodeticmeus npu wmeHuu mpaexmopuu (MeHviie — yduie)
Fig. 6. Comparison of performance of reading the trajectory (less is better)

5. O6cyxOeHue

B pamkax pab®ouero mporpaMMHOTO MPOAYKTA, aKTHBHO Hcmonb3yemoro B HUW mis paGoTsl ¢
TPAaeKTOPUS MOJICKYISIPHOH IWHAMUKH (AHAnIM3aTopa TPACKTOPUH MOJCKYISIPHOH ITWHAMHKH
TAMD) 6bmi ucnBITaHBl CHIOCOOB! XpaHEeHUs M jgocTyna K TpaektopusiM B CYBJ] pazmuuHbIX
BUJIOB.

Beumy maccoBoro pacmpoctpaneHus HepermsimuoHHBIX CYBJl B mociegHne TOABI BaKHBIM H
pa3yMHBIM Ka3ajoch cpaBHHBaTh AByX npeacraButencii CYB/l: pemsuuonnyio CYBJl MySQL u
HEepeNIMOHHYI, Tak Ha3piBaeMoro kiacca NOSQL, noxymenrto-opuentupoBannyio CYB]]
MongoDB. O6e CYBJI nonHOCThIO OeCIUIaTHBI, ¢ OTKPBITHIM HCXOMHBIM KOJOM (OPen source),
SIBIISTIOTCS IMUPOKO M3BeCcTHBIMU TpeactaButessimu CYBJl B cBoéM kitacce. BMeCTo KOHKpPETHBIX
CYBJ] moxHO OblIO OBl BHIOpaTh WX KOHKYpeHTOB. Ho 3amaueil craTbu siBisieTcss CpaBHEHHE
MOJIXOJIOB, 2 HE KOHKPETHBIX ITPOrPaMMHBIX IIPOTYKTOB.

[Ipy nocTpoeHHn CTPYKTYPbI JaHHBIX CYNIECTBEHHAs pa3HUIA MPOSBHIIACH B CIIOCOOE XpaHEHHs
0JTHOTO Kazpa TpaekTopuu. B pensimonnoit CYBJ] ecTecTBEeHHBIM KaXXETCS XpaHEHUE TPEXMEPHBIX
KOOpJAMHAT Ka)KJ0ro aTOMa B OTIENBHON cTpouke. KonuyecTBo CTpOK COOTBETCTBYET KOJUUECTBY
atomoB B cucteme. B NOSQL mongxone Bce KOOpAWHATHI Kajpa XpaHATCS B JMHEAPH30BAaHHOM
MAacCCHBE, B OJHOH SUCHKE.

B pensauuonnoi CYB]] nuckoBoe NpOCTPAHCTBO YXOAUT KaK HA XPAaHEHUE CAMUX JAHHBIX, TaK U
Ha XpaHeHHEe WHJEKCOB. [IpM XpaHEeHHMH OOJIBIIOTO KOJIMYECTBA TPAEKTOPHH OBICTpOIeHCTBHE
pemsmmonHoi CYB/] emé Gonbinie magaeT BBUAY OONBIIOTO KOJUYECTBA CTPOK B OJHOMN TabmHIIe.
B pabore ¢ TpaeKTOpHAMH IperojiaraeTcsi, 4To KaAp He00X0AMMO YHMTATh MOJHOCTHIO.
Pa3zymeercs, ecTb MHOKECTBO XapaKTEPUCTUK, TAKUX KaK PACCTOSIHUE MEXJIY IBYMs OTAEIbHBIMU
aTOMaMH WJIM BaJIEHTHBIC U TOPCHOHHBIE YIJIbI, KOTOPbIE TPEOYIOT BEIOOPKH TOJIBKO KOHKPETHBIX
HOoMepoB aromoB. Ho apxutekTypa AHanu3aTopa TPaeKTOPUM TaKoBa, YTO KaJap YHMTAETCs
nosnHocTbo. Tak ynoOHee OblI0 peanuzoBathk bydep ciaydaiiHoro nocryna Kk TpaeKTOpHH, KOTOPBIN
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XPaHUT B ONIEPATUBHOI NMaMATH MOCIEAHNE Kaapbl. OHM MOTYT MOHaJOOUTCS KaK AJISI HAXOXKICHHS
XapaKTepUCTHUK, TAK U A BU3yaJIN3aluu Kaapa. B mocienneM ciryqae HEOOXOAMMO UMETh TTOJTHBIA
Habop Kazpa.

CpaBnauBas xapaktepuctuku MySQL- 1 MongoDB-monxonoB, BEIOOp CTaHOBHTCS OYCBHIHBIM.
MongoDB cymiecTBeHHO BHIMTpPHIBa€T U B 3aHUMAEMOM IHCKOBOM IPOCTPAHCTBE, H B CKOPOCTH
JIOCTYNAa K TPAEKTOPHHU.

Bcraér Bompoc, a MOJKHO JIH IIEpeHeCTH HepelsIMOHHbIH oaxon Ha pesinrorayio CYBI? IToxxox
3aKJIIOYaeTCsl JIMIIb B CHOCO0E XPaHEHWs] OJHOTO Kajpa TPacKTOpHH. Bce koopanmHATHI OZHOTO
Kajipa pa3yMHO XpPaHUTb B BHJE JIMHEHHOTO MacCHBa.

Heo0xonnmo BBIOpaTh THN AaHHBIX, moanmepkuBaeMblii MySQL mis xpaHeHHs MaccWBa YHCEIL.
MoxHo OpUTO OBl HCTONB30BaTh OwHapHBIH (opmar, HO MySQL nHaumHas ¢ Bepcum 5.7,
monaepxkuBaeT TUO JSON, KOTOPBIH BBITTSAWT TNPEANOYTHTEIbHEE BBUAY IIPOCTOTHI
MHTEPIPETALUH JaHHBIX YeJIOBEKOM IIPH MOUCKE OLIHOOK.

BriOpanHbiii M0X0/] B Tabnunax u pucyHkax uzodpaxken kak MySQL (JSON). Ilpu xpaHenun
JIUCKOBOTO TIPOCTPAHCTBA TpeOyeTcs nake MeHbIe, 4eM 11 MongoDB. Beibopka naHHBIX BCE ke
3aHMMAaeT OOJIbIIEro KojaudecTBa BpeMeHH, yeM B MongoDB. Ilo Bceii BeposTHOCTH, CKa3bIBaeTCs
ycrpoiicto pensiuonnoit CYB/I B iesoM, HaurHas ¢ aHaigu3a 3anpocoB SQL, Hexenu CTpyKTypa.
OpHaKo BBIOPAHHBIN MOAXO BBIMVISLUT Topa3ao 0ojiee MPUBIICKATEIbHBIM, HEXEIN KIACCHYeCKOe
PEISILIMOHHOE IIPENICTABICHUE C HEKOTOPOIT H30BITOYHOCTBIO B BUJIE AOCTYIA K KOHKPETHOMY aToMy
kazapa. [Ipu 5TOM He TpaTHTCS CYIIECTBEHHBIX JUCKOBBIX PECYpCOB Ha XpaHeHHE UHIEKCOB. 30 Mc
Ha YTEHHE KaJpa KaKeTcs BIIOJHE MpruemieMbIMu. 1 310 Bpemst He OyJeT CTpeMHTENBHO PacTH, KakK
B TPAIULIMOHHOM IOJX0/I€ C OOJBIIMM KOJIMYECTBOM CTPOK B TaOIHIIE.

B urtore nmenaercst BoiBOA, uTO KoMmakTHoe xpaHenne MySQL (JSON) MokeT KOHKYpHUPOBATH C
CYB/J MongoDB. MongoDB mpomomxkaer BEIMTPEIBATE B CKOPOCTH, HO ckopocTh MySQL yxe
npuemiema. [Ipu atom MySQL BeIMrpsIBacT B pacxoje ANCKOBOTO MPOCTPAHCTBA, HE CMOTPS JaXKe
Ha npuMeHeHue TekcroBoro popmara JSON nportus 6unapaoro BSON y MongoDB.

[pu pazpabotke pemenus Ha si3bike C# MySQL BeITIsIIUT 60ee TOKYMEHTHPOBaHHEIM, a cam AP
6onee mpuBbraHOW. [Ipu padote ¢ MongoDB co3matenmu oTMedaroT B IUTIOCaX OTCYTCTBHE CXEMEI,
YTO JOJDKHO YCKOPHTh pPa3pabOTKy. ABTOpy pabOTBl 3Ta BO3MOXXKHOCTH IIOKa3ajlach M
TIOJIOKUTEIBHON, KOT/Ia He HaJl0 CO3/1aBaTh CXEMY 10/ HOBYIO TaOJIHIly, M OTPUIATENILHOM, T.K. HET
IO/ TJIa3aMU YETKOM CXeMbl JaHHBIX. [IpW MCIIOIBb30BaHWM CTOPOHHUX NMPOAYKTOB-YTHIIUT IS
paborst ¢ CVYBJ] (rakux Kak TekcToBas KoHconb, phpmyadmin, HeidiSQL, Robo 3T,
MogoDBCompass) otmeuaercss Gosipumux ¢yHkiponan y MySQL, oTcyTrcTBHE SBHBIX OLIMOOK.
IMpu padore ¢ MongoDB MogoDBCompass He cmorjia oToOpakaTh JaHHbIE KOJUISKIHMH C
KOOpJMHATaMH KaJpoB 3a IIpHeMiieMoe BpeMsl (TpeOOBaINCh JECATKH CEKYHN).

6. BbigoObi

IMocTpoenne knaccuueckod cTpykTypbl pensuuoHHoW CYBJ] mns xpaHeHus TpaeKTopuid
MOJ'IeKyJ'IHpHOﬁ JUHAMHUKW HE MOAXOAWT I XpaHCHUA CYIIECCTBEHHBIX O6'BeMOB I/IH(I)OpMaLII/II/I.
OcHOBHas MpUYMHA — BOSHUKHOBEHHE OOJIBIIIOTO KOJIMYECTBA CTPOK B 0HOH Tabmuie. CieacTeue
— HH3Kasi CKOPOCTh BBIITOJIHEHHUS 3aIIPOCOB, CYIIECTBCHHBIH 00heM MHIICKCHBIX (aiiyIoB.
NoSQL-mogxon Ha 6aze MongoDB gaér nyumie pesynsTarthl MO ObIcTpozedcTBHiO. Kaap
TPACKTOPUHU XPAHUTCSA B OAHOM IIOJIC. HOJIXO}] MPpUroJA€H MJId MOCTPOCHUA 60J'IBIHI/IX XpaHUJIAII]
TPAeKTOPUI MOJICKYIIIPHON THHAMUKH.

Tt MySQL BO3MOXKHO KOMIPOMHUCCHAsI CUTYallusl, KOT/Ia OJIMH KaJp TaKKe XPaHUTCS B OJTHOM
mojie. B pabore mis 3TOro MCHOJb30BaH THN MaHHbBIX JSON, HO 11T 9TOW IENM MOMKET
HCIIONIb30BaThCsl M JPYrOd THII, IPUTOJHBIA sl XpaHeHus MaccuBoB. [loxxon MySQL+JSON
TOKa3bIBACT TMPUEMIIEMBIC PE3YJIbTATBI IO CKOPOCTH J0CTyNa, HET 6BICTpOFO IIaacHUs
MIPOU3BOIUTEIHHOCTH MPHU YBEIHMYCHHH 00beMOB HHpopManuu. Cpeu MPEeuMYyIIEeCTB OTMEYACTCS
HaNMEHBIINKA 00HhEM AUCKOBOTO MPOCTPAHCTBRA.
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HecMotpss Ha oueBuanoe mpenmymectBo MongoDB-nonxona mo ckopocTH, TpH MOCTPOCHUU
XpaHWIKINA BBIOOP MOXET ObITh caeidaH B moib3y MySQL+JSON moaxoma BBy JIydiiero
3HakoMcTBa ¢ 310 CYB/I, myumeii mokymMeHTHpOBaHHOCTH W Ooubinero kommdectBo APl u

TMOJIC3HBIX YTHUIIUT.

Tabn. 9. Ilpeumywecmea u nedocmamxu
Table 9. Advantages and disadvantages

MySQL MySQL (JSON) MongoDB
HcnonezoBanue 137% ot wucxoxmHoro | 46% ot wucxogHoro | 53% OT HCXOZHOTO
JIMICKOBOTO NPOCTpaHcTBa | (haiina (aifna (aitna
Ckopoctb uteHus ogHoro | He cmpasmsercs ¢ | Ilpuemiemoe npu | beictpoe mpm  pabore
Kazjpa OompmuM  00BEMOM | paboTe OompImKX | OONBLIMX 00BEeMOB
JTAHHBIX 00BEMOB JTAHHBIX JTAHHBIX
Pexomennyercs Her. Beuny Gombmoro | [la Ja
HCTIONB30BaTh JUISL | KOJIMYECTBA 3aIHCEH B
OpTaHM3aIUH XPAaHWINIIA | OJHOW TabiuIe
TpaeKTOpHUi
MOJIEKYIAPHON TMHAMUKHI

JlerkocTs pa3paboTki

OaMHAKOBO JIETKO Nzyuenne HoBbIX API
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