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M.J. DIVAN, D. SHCHEMELININ, M.E. CARRANZA,
C.I. MARTINEZ-SPESSOT, M. BUINEVICH
REAL-TIME RELIABILITY MONITORING ON EDGE
COMPUTING: A SYSTEMATIC MAPPING

Divan M.J., Shchemelinin D., Carranza M.E., Martinez-Spessot C.1., Buinevich M. Real-Time
Reliability Monitoring on Edge Computing: a Systematic Mapping.

Abstract. Scenario: System reliability monitoring focuses on determining the level at
which the system works as expected (under certain conditions and over time) based on
requirements. The edge computing environment is heterogeneous and distributed. It may lack
central control due to the scope, number, and volume of stakeholders. Objective: To identify
and characterize the Real-time System Reliability Monitoring strategies that have considered
Artificial Intelligence models for supporting decision-making processes. Methodology: An
analysis based on the Systematic Mapping Study was performed on December 14, 2022. The
IEEE and Scopus databases were considered in the exploration. Results: 50 articles addressing
the subject between 2013 and 2022 with growing interest. The core use of this technology is
related to networking and health areas, articulating Body sensor networks or data policies
management (collecting, routing, transmission, and workload management) with edge
computing. Conclusions: Real-time Reliability Monitoring in edge computing is ongoing and
still nascent. It lacks standards but has taken importance and interest in the last two years. Most
articles focused on Push-based data collection methods for supporting centralized decision-
making strategies. Additionally, to networking and health, it concentrated and deployed on
industrial and environmental monitoring. However, there are multiple opportunities and paths
to walk to improve it. E.g., data interoperability, federated and collaborative decision-making
models, formalization of the experimental design for measurement process, data sovereignty,
organizational memory to capitalize previous knowledge (and experiences), calibration and
recalibration strategies for data sources.

Keywords: real-time, system reliability, monitoring, edge computing, systematic mapping
study.

1. Introduction. The continuously evolving technological landscape
has driven the need for real-time data processing to meet emerging
requirements. Consequently, there is a renewed interest in reevaluating real-
time concepts and their alignment with advancements and new contexts [1].
These reasons vary, ranging from leveraging up-to-date information about
entities to making critical decisions [2—-4] and mitigating natural
disasters [5]. These advancements have paved the way for various
monitoring applications in sectors such as retail [6], industry [7, 8], and
natural disaster management [9 — 11], among others. In applications directly
associated with people (e.g., natural disasters and rescue), real-time
represents the difference between whether or not keeping a person
alive [10]. To achieve this, the Internet of Things (IoT) has played a crucial
role by enabling data processing, sensor integration, storage, and
communication systems to be deployed as close to the monitored

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1243
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WCKYCCTBEHHbBIA MHTEJIJIEKT, UHKEHEPUS JJAHHBIX U 3HAHUI

environment as possible [12, 13]. Simultaneously, Edge Computing (EC) has
emerged to enhance resource management and workload processing [14, 15].
This approach has increased computing power, local resource availability, and
communication capabilities while enabling effective resource allocation and
management within specific events. Various networks, including body sensor
networks and road sensor networks, have been developed and deployed as
part of a common and heterogeneous infrastructure, each serving different
purposes [16].

Real-Time Reliability Monitoring (RTRM), which relies on IoT devices
and EC, is based on a crucial assumption — the system is reliable. However, it is
important to establish a clear and shared definition of reliability to ensure a
common understanding. Reliability refers to the level of achievement at which a
system, product, or component meets its functional specifications within
specified conditions and time intervals [17]. A reliable system should exhibit
maturity, availability, fault tolerance, and recoverability.

Maturity entails meeting the reliability requirements during typical
system operation. Availability ensures that the system is operational and
accessible whenever it is required. Fault tolerance focuses on maintaining
the system's expected functionality even in the presence of hardware or
software faults. Recoverability deals with the system's ability to recover
affected data and restore the desired state of a component following an
interruption or failure event. Therefore, while reliability represents the
desired objective, resiliency encompasses the various elements and
procedures employed to attain such a status.

In critical areas such as healthcare, real-time analysis relies on the
utmost reliability and monitoring. The advent of IoT has enabled the
proliferation of sensing applications, leading to increased density and
coverage of data collection related to various aspects, such as the impact of
particulate matter on people's health. However, it is crucial to acknowledge
and address concerns associated with sensor measurements, such as
miscalibrations, before making decisions based on such data [18]. The
assumptions underlying the measurement process must be precise and
treated with the same level of importance as any decision-making process,
whether automated or not.

The collection of measures should adhere to certain principles:
repeatability (consistent data collection methods), extensibility (ability to
accommodate new requirements), clear definition, and alignment with the
intended purpose. The measures obtained must be comparable and
consistent, reflecting a cohesive and coherent representation of the property
being quantified. They should also possess a known degree of accuracy and
precision, achieved using calibrated devices (instruments or sensors). When

1244 WUundopmaruka u apromarusanus. 2023. Tom 22 Ne 6. ISSN 2713-3192 (mieu.)
ISSN 2713-3206 (onnaiin) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

introducing data-driven decision-making [19], decision-makers expect the
data to be interesting, consistent, trustworthy, and timely. They seek
information, rather than raw data, to inform their decisions across various
aspects. This concern becomes even more critical in the context of automated
sensor networks, where decision-making processes are automated.
Therefore, ensuring system reliability monitoring, along with a robust
measurement process, becomes essential.

Given the critical areas (e.g., health) where real-time analysis is
applied, reliability and monitoring are mandatory. On the one hand, IoT
fostered increasing the density and coverage of sensing applications
(e.g., particulate matter and its impact on people's health). On the other hand,
sensors suffer from different concerns that need to be considered (e.g.,
miscalibrations) before deciding based on such data [18]. The underlying
assumptions around the measurement process are sharp and must be regarded
as in any decision-making process (automated or not). How the measures are
collected must be repeatable (i.e., collects data in a compatible way),
extensible (e.g., new requirements), defined, and aim guided. The obtained
measures must be comparable and consistent (i.e., cohesive and coherent
based on the property trying to quantify), with a known degree of accuracy
and precision using a calibrated device (instrument or sensor). Always Data-
driven decision-making [19] gets introduced, and decision-makers believe
that data are interesting, consistent, trust, and timely. Thus, decision-makers
expect to use information (and not data) before deciding on any aspect. Now,
it extrapolates this concern in automated sensor networks where the decision-
making is automated. System reliability monitoring (and the underlying
measurement process) becomes essential.

The Systematic Mapping Study (SMS) describes a set of guides to
perform a study focused on tracing the evidence in a broad domain, such as
RTRM on EC. This approach allows for a preliminary exploration of the
topic before delving into specific aspects [20 — 22].

This work contributes in several ways: a) an SMS was conducted,
providing a detailed identification and characterization of strategies related
to RTRM on EC; b) different approaches focusing on reliability monitoring
were identified and characterized; c) a comparative analysis was performed
to elucidate the relationship between artificial intelligence, reliability, and
monitoring on edge devices; d) the reliability monitoring needs and their
impact on automated decision-making processes were analyzed within the
context of edge computing.

The study is divided into seven sections. Section 2 provides a
summary of related articles that share similar objectives. Section 3 outlines
the methodological strategy, including the selected data sources, criteria for
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article selection, and retention criteria used to compile the final list of
articles. Section 4 analyzes the collected documents using the SMS
methodology, describing the application of SMS and the analysis of the
subjects, along with a scoring model for prioritizing further reading.
Section 5 presents a comparative analysis of the main strategies based on
the scoring model. Section 6 discusses the results obtained in relation to the
research questions. Finally, the study concludes with a section dedicated to
presenting the overall findings and conclusions.

2. Related Works. There is a vast number of reviews available on
the topics of IoT and EC, particularly related to sensor networks and data
gathering for monitoring purposes. However, this section specifically
focuses on the most relevant works pertaining to RTRM on EC, which
examines system reliability monitoring at an abstract level. The objective is
to identify reviews that emphasize reliability as a core concept.

Additionally, the monitoring schema should prioritize the degree to
which a system achieves functional specifications under defined conditions
within a specific time interval. This means that the system can monitor various
entities such as vehicles, trains, roads, outpatients, etc., but the crucial aspect
lies in ensuring that the primary monitoring system operates as intended.

In a review by [23], the authors delve into edge computing
applications in smart grids and compare their efficiency to traditional systems.
They discuss the advantages of employing edge devices in smart meters,
which results in improved accuracy, reduced latency, and optimized
bandwidth consumption. The article explores various EC-based applications,
including the monitoring of transmission lines using Unmanned Aerial
Vehicles, video surveillance systems, microgrid systems, and power supply
management in charging points. It also discusses RTRM of edge frameworks,
the interplay between IoT, EC, and cloud computing, as well as the
correlation between productivity and security in smart grids based on EC.

While this review shares similarities in addressing the impact of EC
devices on latency, bandwidth, and accuracy, it differs in its primary focus
on RTRM as a core concern, regardless of the specific application domain.

In [24], the authors introduce a review of mobile and wearable sensors
for data-driven health monitoring systems. They discuss strengths and
weaknesses associated with wearable sensors, available alternatives, and
monitoring systems. Also, the work addresses data types and issues related to
disease diagnosis domains, critical challenges inhibiting sensor-based health
monitoring systems, and proposed solutions. As a similarity, it addresses a
systematic mapping study on Sensor-based applications and solutions. As a
difference, this systematic mapping study focuses on the reliability of EC-based
systems and how different works try to achieve defined system requirements.
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It discusses the articulation between cloud and EC for cooperating on
meteorological radar applications and data interoperability [25]. The authors
discuss the main problems of weather radar data quality control and
different scenarios where edge and cloud computing are complimented for
data quality control. The article introduces and contrasts various techniques
for data quality control jointly with the challenges and association with
edge-cloud cooperation. As a similarity, the review focuses on real-time
alternatives to deal with data quality control and the associated
implementation (and not the data gathering itself). As a difference, this
SMS addresses the system reliability considering different data collection
strategies (e.g., push-based, pull-based, hierarchical variations, etc.) jointly
with the decision-making process and how to implement actions to keep
aligned reliability requirements.

In [26], the authors discuss the impact of information and
communication technologies on Digital Twins as a Service (DTaaS). They
substantiate the increasing interest in the industrial field due to technologies
related to EC, network function virtualization, and 5G. As a similarity, it
analyses the latency, data rate, reliability, and scalability requirements in
different functionalities related to digital twins (i.e., monitoring, simulation,
and operation). However, it limits the level of scalability outlined based on
use cases. As a difference, this work discusses the SMS of the RTRM on
EC as a central concept, analyzing research volume, types of applications,
data  collection  strategies, and  decision-making  approaches
(e.g., centralized, distributed, etc.).

3. Methodology. SMS proposes a set of directives to specify an
action protocol to analyze the shell of a topic. It is beneficial in those areas
where a topic is extensive and needs to be reduced based on determined
criteria [20 — 22]. This way, after the topic’s shell is known and described, it
is feasible to explain it before focusing on further detailed analysis.

Figure 1 outlines a Business Process Model and Notation (BPMN)
diagram depicting the crucial steps and activities related to the SMS. First,
the aim that guided the study was defined jointly with the Research
Questions (RQ). An essential aspect was to cover the purpose through RQs
before advancing; In other words, the research questions should add
different approaches to explore the topic based on the objective. After that,
it chooses the databases where the inquiries will be executed. In this sense,
every RQ is translated as a part of the search string and suited to the
particularities of each chosen database, incorporating the filtering criteria.

This way, the final search strings (suited to each chosen database,
including the filtering criteria) were run on each database. Then, the results
were processed and reduced through established criteria.
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It is worth mentioning that database results were unified in a single
list. Then, a quick analysis removed the duplicate records from the list while
the selection criteria were defined. The retention criteria focused on the
wished properties in articles to sustain the analysis based on coverage and the
study's objective. At the same time, those that did not meet the requirements
were separated, which helped debug the results and obtain a debugged list.

The next step was to read each article from the debugged list.
Records were kept depending upon whether the contents were related to the
study objective and the associated points of view (e.g., perhaps an article
figured in the list because keywords were present, but the content could
mention them as a related example —or potential application — without
specific details on the topic). After analyzing every article, a unique list of
articles aligned with the objective and proposed questions was produced.

The next step aimed to define dimensions and categories for
analyzing those articles from the list. On the one hand, dimensions describe
a broad perspective from research questions, while the categories focus on
specific content in the dimension. For instance, a dimension could analyze
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the approaches used for monitoring the system’s reliability; however,
categories could indicate different typologies for implementing the
monitoring, such as “Push-based, Pull-based, distributed, or centralized.”
Once the dimensions and categories were specified, they helped to classify
the articles in the list. Then, articles were summarized, organized, and
communicated through the conclusion in alignment with the study aim.

This section is organized into four sections. The first section
specifies the study aim and research questions. The second focuses on the
search strategy, target databases, and how to suit the search string in each
case. The third one discusses the selection process. The last part of this
section makes explicit the limitations and potential biases of this study.

3.1. Research Questions. RQ emerged naturally from the defined
aim to define the analysis perspectives and describe the broadness of the
search strategy. As it was introduced, the objective of this SMS resided in
identifying and characterizing the IoT-based RTRM strategies, which have
implemented a measurement process to study the effects of the particulate
matter on human health.

The first one was What is the volume of research on Artificial
Intelligence (A1) applied to RTRM on edge devices? (i.e., RQ1). It is focused
on exploring the main concentration of Al-related techniques on current
reliability concerns and challenges. It is interesting to review and characterize
the current trends. Also, it is worth analyzing the reasons behind the topics
with the closest attention in contrast to those with the lowest popularity.

The second question was What kind of Al approaches are used for
reliability monitoring on edge devices? (i.e., RQ2) The inquiry aims to dive
into the different approaches used for reliability monitoring. It could be
associated with a holistic approach or dive into some reliability sub-
attributes such as maturity, availability, fault-tolerance, or recoverability.
Thus, methods could refer to the data processing mode (i.e., online or
offline), how metrics are collected (i.e., push or pull), etc.

The third question analyzed the relationship between Al approaches
and Data-driven decision-making. It was “Are the Al approaches related to
some real-time decision-making strategy?” (i.e., RQ3). In this perspective,
the underlying assumption implies there is an Al approach guided by data
and applied to some situations. Thus, the research question focused on the
articulation between the Al model and the Decision-making strategy.

The fourth question advocated for the data collection methods and the
articulation with Real-time Reliability Monitoring. This question was What data
collection methods are used for implementing RTRM on eEC?” (i.e., RQ4).
These aspects are worth considering due to the edge challenges such as device
heterogeneity, device distribution, data ownership, data sovereignty, etc.
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The last research question was What are the main applications of Al-
based RTRM on EC? (i.e., RQ5). In other words, the idea is to dive into
kinds of applications, fields, areas, or subjects where RTRM gets required,
and the Al models represent a positive plus. Thus, the characterization of
such applications would allow extracting features under interest.

From the research questions, the idea was to identify the concepts
involved in each question to delineate the query strings. Thus, once the
query strings were identified, they were adapted following the syntaxis of
each queried database [21].

Table 1 describes the keywords surged from each research question,
defining the alternative terms for known concepts such as Reliability. While
the research questions indicate each complementary perspective under
analysis based on the aim of the view, keywords allowed for addressing
such views converting them into conceptual search strings to locate articles
satisfying each view (acting as decision criteria) [22]. Keywords related to
Al, RTRM, Strategy, Reliability, and EC emerged from RQ1 to analyze the
articulations between the devices, collecting systems, and those Al
approaches to monitor them [27 — 29]. Keywords associated with the types
and uses emerged from RQ?2, intending to analyze the alternative approach
for reliability monitoring [30 — 31]. Keywords about Al, Decision-Making,
and Relationship get derived from RQ3 to explore the articulation between
knowledge (or previous experiences) and decision [32 —34]. Keywords
related to the data collection use and reliability used from RQ4 to analyze
the common collection methods and the reliability monitoring [35 —37].
Keywords associated with the applications surged from RQ5 [38 —40].

Table 1. Keywords related to Research Questions
RQ Keywords
Al (alternatively “Atrtificial Intelligence,” “Machine Learning,” “Expert Systems,”
“Agents,” “Case-based Reasoning,” “Linked Systems,” “Optimization,” “Automated
Planning and Scheduling,” or “Computer Vision”), Real-time, Reliability (alternatively
“Maturity,” “Availability,” “Fault-Tolerance,” or “Recoverability”), Monitoring
(alternatively “Observation” or “Monitor” or “Observability”), Strategy (alternatively,
“Approach,” “Method,” “Procedure,” “Scheme”), and “Edge Computing”.
5 Kind (alternatively, “Class,” or “Category,” or “Type”), AI', Approach’, “Used for”
(alternatively “Applied t0), Reliability’, Monitoring', and “Edge Computing”.
3 | Al Approach’, Relationship (alternatively “Association”), Real-time, Decision-making.
4
5

“Data collection” (alternatively “data gathering”), Strategy', “used for””', Real-
time, Reliability', Monitor, “Edge Computing”.

Applications (alternatively “Use Case”), AI', Real-time, Reliability’, “Edge Computing”.
" As defined in previous research questions

Table 2 describes the conceptual search string derived from
keywords in Table 1.
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Table 2. Conceptual Search String
Terms Structure
(“Artificial Intelligence” or “Al” or “Machine Learning” or “Expert
Systems” or “Agents” or “Case-based Reasoning” or “Linked Systems”
or “Optimization” or “Automated Planning and Scheduling” or
“Computer Vision”) and “Real-time” and (“Reliability” or “Maturity” or
“Availability” or “Fault-Tolerance” or “Recoverability”) and
(“Monitoring” or “Monitor” or “Observation” or Observability) and
(“Strategy” or “Approach” or “Method” or “Procedure” or “Schema”)
and (“Edge Computing” or “Edge” or “IoT” or “Internet-of-Thing”)
(“Kind” or “Class” or “Category” or “Type”) or (“Used for” or “Applied
to”) or (“Relationship” or “Association”) or (“Decision-making”) or
(“Data collection” or “data gathering”) or (“Applications” or “Use
Case”)

Common

Alternative

Table 2 discriminates between common and alternative restrictions
for logical expression. On the one hand, the common terms must be
simultaneously present in the abstract, title, or keywords. On the other hand,
the alternative terms represent different concepts eventually associated.
However, at least one of them must be present in the abstract, title, or
keywords jointly with the familiar words.

Thus, an article was retained in the initial result if it contained all the
common terms plus at least one alternative term. It is essential to mention
that Table 2 describes the conceptual search string, which was fitted to each
database’s syntaxis before applying it.

3.2. Search Strategy. The conceptual search string was fitted to each
database where the query would be performed. For this study, the digital
libraries of IEEE and Scopus were considered. The idea was to provide broad
coverage around the published articles related to the subject.

Tables 3 and 4 describe the adaptation of the conceptual search
string to the Scopus and IEEE database syntaxes. As it is possible to
appreciate, even when the meaning is similar, some syntactic aspects were
fitted before running the query.

Table 3. Search String fitted to Scopus Database

Search String

TITLE-ABS-KEY ("Attificial Intelligence" OR "AI" OR "Machine Leamning" OR "Expert
Systems" OR "Agents" OR "Case-based Reasoning" OR "Linked Systems" OR "Optimization"
OR "Automated Planning and Scheduling" OR "Computer Vision") AND TITLE-ABS-KEY
("Real-time") AND TITLE-ABS-KEY ("Reliability" OR "Maturity" OR "Availability" OR
"Fault-Tolerance" OR "Recoverability") AND TITLE-ABS-KEY ( "Monitoring" OR
"Monitor" OR "Observation” OR "Observability") AND TITLE-ABS-KEY ( "Strategy” OR
"Approach" OR "Method" OR "Procedure" OR "Schema") AND TITLE-ABS-KEY ("Edge
Computing" OR “Edge” OR “IoT” OR “Internet of Thing”) AND TITLE-ABS-KEY ("Kind"
OR "Class" OR "Category" OR "Type" OR "Used for" OR "Applied to" OR "Relationship"
OR "Association" OR "Decision-making" OR "Data collection" OR "data gathering" OR
"Applications" OR "Use Case")
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Table 4. Search String Fitted To IEEE Database
Search String

("All Metadata": "Machine Learning" OR "All Metadata": "Artificial Intelligence" OR "All
Metadata": "AI" OR "All Metadata": "Expert Systems" OR "All Metadata": "Agents" OR "All
Metadata": "Case-based reasoning" OR "All Metadata": "Linked Systems" OR "All Metadata":
"Optimization" OR "All Metadata": "Automated Planning and Scheduling" OR "All
Metadata": "Computer Vision") AND ("All Metadata": Reliability OR "All Metadata":
Maturity OR "All Metadata": Availability OR "All Metadata": "Fault-Tolerance" OR "All
Metadata": Recoverability) AND ("All Metadata": Monitoring OR "All Metadata": Monitor
OR "All Metadata": Observation OR "All Metadata": Observability) AND ("All Metadata":
Real-time) AND ("All Metadata": "Edge Computing" OR "All Metadata": "Edge" OR "All
Metadata": "[oT" OR "All Metadata": "Internet of Thing") AND ("All Metadata": Strategy OR
"All Metadata": Approach OR "All Metadata": Method OR "All Metadata": Procedure OR "All
Metadata": Schema) AND ("All Metadata™: Kind OR "All Metadata": Class OR "All
Metadata": Category OR "All Metadata": Type OR "All Metadata": "Used for" OR "All
Metadata": "Applied to" OR "All Metadata": Relationship OR "All Metadata": Association OR
"All Metadata": "Decision-making" OR "All Metadata": "Data collection" OR "All Metadata":
"Data gathering" OR "All Metadata": "Applications" OR "All Metadata": "Use case")

3.3. The Selection Process. This SMS focused on consolidated
research written in English and published in journals. It did not consider those
articles related to conferences (except extended versions), abstracts, posters,
general surveys, reviews, or similar. Thus, it assumes the consolidated
research is published in journals and written in English, pursuing international
visibility. In this sense, the idea focused on getting an updated perspective
about consolidated research strongly associated with Edge-aware systems for
RTRM. For sure, this decision implies a bias around the review.

Thus, the initial result list was filtered, retaining articles written in
English and coming from journals. Also, surveys and reviews were kept out,
fostering access to the source.

Once results from each database were obtained and filtered, a unique list
was generated from the fusion of the previous ones. Over this new list merging
results from each database, only one copy of duplicate records was kept.

After that, each article’s abstract was read in the list to confirm
whether it was retained or not according to the search string. That is to say,
the searched terms (i.e., keywords) could be present in the abstract just as a
mention but not as a core subject. Just articles addressing as a core subject
those aspects indicated in the keywords introduced by research questions
(Table 1) were retained. In this way, a debugged list for its analysis was
reached. This aspect incorporated subjectivity derived from the author’s
criteria in this work, which was understood as a potential bias.

3.4. Biases and Limitations. The primary underlying assumption
throughout this work was that consolidated results from research lines were
published in journals. For this reason, no conference papers and other kinds
of publishing were considered. Also, previous reviews were supposed to
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only partially analyze the core aspect of real-time system reliability,
avoiding intermediaries.

English is assumed to be the common language to internationalize
the research results.

The limitation of the systematic review is associated with biases. The
inclusion/exclusion criteria and the selection of databases compound a set of
elements that could be naturally subjective due to the authors’ perception.
This work was limited to articles published in journals and available on
IEEE and Scopus databases. Even when the work tried to get a broad scope,
it is not a warranty that the universe of articles is considered.

4. Description of the Approaches. This section is broken down into
three sections to describe the implementation of SMS, jointly with the
analysis of topics and the proposed order to introduce each obtained work
from the queries.

4.1. Implementing the SMS. The queries ran in their respective
databases on December 14, 2022. After the initial results, the indicated
filters were applied (i.e., limiting to journal articles written in English, etc.),
obtaining a partial list of a) IEEE: 22 records and b) Scopus: 42 records.
In this way, 64 records initially satisfied the search requirements.

Each query’s result was stored in an Excel file organized by the
origin database, and each item was individually inspected to verify that it
was associated with a journal article. If a record was not associated with a
research article from a journal, it was removed from the list.

Table 5 shows the reasons and quantities for each record’s retention
jointly with the removal. On the one hand, those records referred to RTRM
based on EC were retained. On the other hand, documents associated with
the following types were removed 1) Duplicated: The same article was
available in the IEEE and Scopus results. Only one copy was retained;
2) Not related content: The article specifically did not refer to RTRM based
on EC. Keywords were only mentioned in the narrative; 3) Proceedings: It
was not an article but a conference proceeding; 4) Review: The article was
not a research article. It contained a survey or review of the subject but not
how to monitor the system reliability through EC in real-time.

Table 5. Results

Scopus IEEE
Retained 34 16
Duplicated 0 6
Not Related 8 0
Proceedings 0 0
Review 0 0
Total 42 22
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Thus, 58 records were retained from the different databases,
removing eight duplicates and obtaining 50 unique articles (See the first line
under the caption in Table 5).

4.2. Dimensions and Characteristics. From the research questions,
it was possible to define the dimensions associated with each one jointly
with the categories to classify each record from the 50. Table 6 describes
the dimensions and categories established by each research question to
address the synthesis process indicated in Figure 1.

Table 6. Dimensions and Categories

Research . . :

Question Dimension Categories

RQI Rescarch Artificial ¥ntelllgence, Real-time, Reliability, Monitoring,
Edge Devices

RQ2 Approach Push-based, Pull-based, Distributed, Centralized

RQ3 D601§10n— Centralized, Federated, Collaborative

Making

RQ4 Methods Direct Push, Direct Pull, Hierarchical Push, Hierarchical Pull,
Query-based local

RQ5 Applications Area, Subject

About RQ1, the approaches were 1) “A” when models are applied to
monitor, analyze, or forecast some properties associated with the system
reliability, 2) “Real-time”” when data are processed and analyzed when they
arrive, 3) “Reliability” when the monitoring strategy monitors the system
reliability itself in addition to the application aim, 4) “Monitoring”
indicates a formalized strategy to observe (continuously and actively) the
system's reliability, 5) “Edge Computing” when edge devices are articulated
with the monitoring strategy focused on the system reliability. RQ2 refers to
the approach used for monitoring the system’s reliability. It could be “Push-
based” when the edge devices push data to a reliability monitoring
component; “Pull-based” when a reliability monitoring component
scratches data from the edge devices to ensure the system's reliability;
“Distributed” when the reliability monitoring is associated with some
swarm intelligence where data are kept on the origin; “Centralized”: It
indicates an approach where system reliability monitoring is associated with
a central component, and edge devices play the role of obedience. RQ3 was
associated with the decision-making strategy, indicating “Centralized” for
those strategies where a significant piece makes decisions based on
collected data, “Federated” when the decision-making strategy implies a set
of autonomous and distributed features which decide based on some
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consensus and feedback mechanism between them, and “Collaborative” is
when two or more components exchange data and knowledge optionally
before choosing between them. In this approach, collaboration is optional.
A system component could act unilaterally or with a few other devices.
RQ4 was focused on the data collection strategy and decision-making
process. “Direct Push” indicates data are pushed to a central reliability
monitoring component without intermediaries or data aggregation. “Direct
Pull” is associated with a centralized reliability monitoring component
scratching data directly from the data sources. “Hierarchical Push” is when
data walks through a data processing hierarchy from the data source until
reaching the wished reliability control level. “Hierarchical Pull” focuses on
data traveling in a data processing hierarchy, but a certain reliability control
level pulls data from the source in stages. “Query-based local” indicates
that data resides locally (never moved), and the data source only answers
queries using the local data. Finally, RQ5 was related to the applications.
Thus, “Area” represents the field in which the system reliability monitoring
is applied, while “Subject” refers to the specific application.

Using the ISSN (International Standard Serial Number) associated
with the journal of each selected article, the quarter to which the journal
belongs was obtained from Scimago Journal and Country Rank (SJCR) [41]
and incorporated for the analysis. SICR is a publicly available portal that
includes the journals and country scientific indicators created using
information from the Scopus database (Elsevier B.V.). The platform uses
the Scimago Journal Rank indicator [42] to show the visibility of journals in
the Scopus database from 1996. The indicator considers the journal prestige,
the number of associated documents in the database, and the citation
prestige given by “importance” and “closeness” according to the received
citations. Thus, journals could fall into four categories a) Quarter 1 (QI)
indicates the Top-25% percent most visible journals for an area or
discipline, 2) Quarter 2 (Q2) represents journals located in the region of
(25; 50] %, 3) Quarter 3 (Q3) indicates those journals integrating the zone
of (50; 75] %, and 4) Quarter 4 (Q4) composed of journals falling into the
interval (75; 100] %. Eventually, it is possible that a journal is not registered
or present in the Scopus database (e.g., because it is a new journal); in such
a case, missing space is indicated.

Figure 2 describes the distribution by year of the retained articles
from the queries, indicating the quarter to which the associated journal
belongs. Since 2013 this field has taken sustained growth. As mentioned,
the basic Scimago’s journal categories go from Q1 to Q4. However, some
journals contain a mix of types (e.g., Q1/Q2), indicating that some journal
subjects are assessed and fall under a specific category (e.g., Q1). Still,
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other ones fall under a different category (e.g., Q2). Some journals do not
have a Scimago category because they are new. The previous figure
indicates this situation under the “Missing” category.

Research Volume per Year and Scimago Rank

2013 2017 2018 2019 2020 2021 2022

# Articles

o N b O

EQl mQl/Q2 mQ2 Q2/Q3 mQ3 mQ4 mMissing
Fig. 2. Articles organized by year and Scimago's quarter to which the journal
belongs

Through the individual reading of each article, they were classified
according to the categories specified for each dimension. Regarding the
research dimension, 74% of analyzed works incorporated some Al model,
94% focused on the real-time aspects, 90% analyzed specific reliability
properties, 70% described a formalized monitoring strategy, and 98%
explained the articulation between edge devices to IoT and Cloud computing.

The dimension related to the reliability monitoring approach shows
that 75.86% of works follow a Push-based strategy. It is logical because there
is no control over exogen factors affecting the deployment field (or decisions
from third parties) in a distributed and heterogeneous environment. 12.07% of
works incorporate a central component for system reliability monitoring.
10.34% of analyzed documents describe a Pull-based associated with the
system reliability monitoring component. Lastly, 1.72% of works outline a
distributed strategy for dealing with system reliability monitoring.

About the Decision-making dimension, 71.43% of works are
associated with a centralized schema to make decisions on system
reliability, 17.86% describe a distributed approach, and 10.71% introduced
a federated strategy.

From the point of view of data collection methods, 44.23% address the
data collection using direct-push strategies, and 42.31% describe a
hierarchical-push approach (e.g., using gateways or variations of aggregation
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schemas). It represents 86.54% of works using push strategies to provide data
for system reliability monitoring. 7.69% of results deal with pull-based
collection schemas, and 3.85% use a hierarchical-pull approach (i.e., 11.54%
of works address the data collection using pull-based methods). 1.92% of
results incorporate local data management articulated with the system
reliability monitoring component through a Query-based schema.

Figure 3 describes the proportion of application areas based on the
general area concept characterized by the fifth dimension.

Social Networks _ Parking
S

Sport 2% 2%

Security 2%
4%

Vehicle Networking
8% 32%

Industrial
12%

Health
24%

Fig. 3. Main Application Areas

5. A comparative perspective of the main approaches. Each of the
obtained articles was synthetically described and analyzed from the
dimensions introduced in Table 5. For better organizing, they will be
presented according to the generated groups in the previous section and
following the order criteria.

5.1. Articles between 2013 and 2019. Table 7 describes articles
between 2013 and 2019, ordered by year, quarter, and the number of
citations, indicating the decision-making approach.
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Table 7. Prioritizing for Articles between 2013 and 2019

Article Decns.lon- Area Scimago Citation
making

[OT system environmental System
imonitoring using IPSO weight factor | 2013 Centralized environmental Q3
lestimation [43] monitoring
Self-regulating supply—demand . Energy supply—
systems [44] 2017 Collaborative demand Matching Ql
[Real-Time Signal Quality-Aware
[ECG Telemetry System for IoT- 2017 Centralized ECGST:tI:YTetry Ql
Based Health Care Monitoring [45] Y
IPsCPS: A distributed platform for Cyber-physical
cloud and fog integrated smart cyber- | 2018 Centralized yber-phy Ql

K Systems

hysical systems [46]

IContextaide: End-to-End Centralized Pernetrator
|Architecture for Mobile Crowd- 2019 & T?;ckin Q1
sensing Applications [47] Collaborative &
[Fault-Tolerant mHealth Framewqu in Federated & mHealth.
the Context of IoT-Based Real-Time 2019 Collaborative Reliabilit Ql
|Wearable Health Data Sensors [48] Y
oS e A K
IAware IoT Lifetime Optimization 2019 Centralized base('i on QoS 1 QI/Q2
(49] requirements.
IDeep Learning for Hybrid 5G Network. Energy
Services in Mobile Edge Computing 2019 Centralized consumption Ql
[50] optimization

Study [43] describes an improvement in particle swarm optimization
(PSO). The authors claim that Improved PSO increased the measurement
preciseness via weight factors estimated via experimental simulations. It
allows the integration of weight factors, information source fusion
reliability, information redundancy, and hierarchical structure integration in
uncertain fusion cases.

In [44], the authors describe a generic decentralized self-regulatory
framework shaped around standardized control system concepts and IoT. It
involves a decentralized combinatorial optimization mechanism that
matches supply—demand under different regulatory scenarios. Also, they
describe an evaluation methodology jointly with the proposal that allows the
systematic assessment of constraints.

In [45], it is described the signal quality-aware IoT-enabled
electrocardiogram (ECG) telemetry system for continuous cardiac health
monitoring applications. It comprises modules such as ECG signal sensing,
automated Signal Quality Assessment (SQA), and signal-quality aware (SQAw)
ECG analysis and transmission. It aims to design and develop a lightweight
ECG SQA method for Real-time classifying based on ECG signals.
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It proposes a distributed platform for cloud and fog-integrated smart
Cyber-Physical Systems (sCPS), named PsCPS [46]. It can provide services
to address integration challenges among multiple clouds, multiple fog nodes,
and sCPS subsystems. It comprises agents providing services for cloud and
fog-integrated sCPS in the participating nodes. Agents can be developed,
implemented, controlled, and managed in different ways (i.e., a set of single
agents, multi-agent systems, or hierarchical multi-agent systems).

In [47], the authors introduce a design approach for tracking using
Mobile-Crowd Sensing (MCS) for complex processing in real-time named
ContextAiDe. It comprises 1) An API for detailing contexts jointly with the
MCS applications, 2) A middleware for enabling context-optimized and
fault-tolerant distributed executions, and 3) An optimization engine for
providing the action paths. The authors claim that the strategy is context-
optimized recruitment for the execution of computation- and
communication-heavy MCS applications in an edge environment. It
analyzes two contexts: a) Exact: which has a set of constraints that must be
satisfied, and b) Preferred: which has constraints that may be satisfied to a
certain level. Thus, ContextAiDe can optimize the operational overheads to
enable real-time operation by adjusting the preferred contexts.

In [48], the authors describe a framework to deal with different
concerns associated with mHealth applications. They explain a risk local
triage algorithm (Risk-Level Localization Triage — RLLT). It can exclude the
control process of patient triage and warn about failures related to wearable
sensors. RLLT carries out the initial step towards detecting a patient's
emergency case and then identifying the healthcare service package of the
risk level. Thus, decision-makers are assisted with hospital selection based on
the risk-level package, considering the time to arrive at every hospital related
to the patient. Also, a mobile app can connect with the hospital's servers to
verify the availability of healthcare services given a risk-level package to
guide the feasible options.

In [49], the authors address the mobility-aware network lifetime
maximization for battery-powered IoT applications. They focus on
estimating real-time computation subject to quality-of-service constraints.
They discuss a two-fold strategy. An offline step where a task schedule
based on mixed-integer linear programming tries to optimize the network
lifetime. An online step deals with a heuristic approach for adapting the task
execution based on QoS requirements.

In [50], the authors introduce a strategy to minimize normalized
energy consumption. In this context, energy consumption refers to the
consumption per bit. The optimization is pursued through optimizing user
association, resource allocation, and offloading probabilities subject to the

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1259
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBIA MHTEJIJIEKT, UHKEHEPUS JJAHHBIX U 3HAHUI

quality-of-service requirements. On the one hand, the mobility management
entity manages the user association. On the other hand, every access point
determines the resource allocation and offloading likelihoods. A deep neural
network is trained offline in a central server based on a digital twin
approach representing the current state of the network. Thus, the Mobility
management entity uses a DNN model to obtain the user association scheme
in real time. Next, an optimization algorithm analyzes the best resource
allocation and offloading likelihoods at each access point.

5.2. Articles in 2020. Table 8 describes articles in 2020 ordered by
quarter and the number of citations, indicating the decision-making approach.

Table 8. Prioritizing for Articles in 2020

Article DCCIS}OH- Area Scimago | Citation
making

{?tirllft}? s;gn}iif\?aocr}l/ %i?ggg:dmg Centralized & | Network. Resource Q1 102
Computing Enabled IoT [51] Collaborative Optimization
Towards collaborative intelligent Centralized & ECG-based
IoT eHealth: From device to fog, Collaborative arrhythmia Q2/Q3 47
and cloud [52] detection
A Joint Deep Learning and Internet .
of Medical Things Driven Centralized Eliz(r)lnyi tF(’) e;ﬁlents Q1 46
Framework for Elderly Patients [53] g
Al-Enabled Reliable Channel Vehicular
Modeling Architecture for Fog Centralized Monitorin Q1 26
Computing Vehicular Networks [54] &
Quantum computing-inspired Sensor Networks >
network optimization for IoT Centralized Improve the RT Ql 23
applications [55] Data accuracy
Research on environmental
monitoring trend analysis based on . Environmental
internet of things visualization Centralized Monitoring Q4 !
technology [56]

In [51], it gets described as a two-phase offloading optimization
strategy. It aims for joint optimization of offloading utility and privacy in
the Edge. The Resource utilization maximization is reached through a
Utility-Aware Task Offloading (UTO) method. On the other hand, a balance
between privacy preservation and execution performance is achieved using
a mutual optimization method.

In [52], it describes a holistic Al-driven IoT eHealth architecture based
on the concept of the Collaborative Machine Learning approach. Intelligence
is distributed across different layers: Devices, Edge/Fog, and Cloud. The
proposed approach enables healthcare professionals to continuously monitor
the health-related data of subjects anywhere at any time, providing real-time
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actionable insights for improving decision-making. The proposal is applied to
the ECG-based arrhythmia detection case study.

In [53], the authors describe a sustainable, reliable, and optimized
strategy for cardiac activity monitoring based on wearable sensors and
image processing in elderly patients. A self-adaptive power control-based
Enhanced Efficient-Aware (EEA) approach improves energy consumption
and battery lifetime. In this context, it introduces a framework and
architecture for cardiac image processing based on deep learning and the
Internet of Medical Things. Sustainability and reliability are described
around a model for optimizing battery usage and network optimization.

In [54], the authors propose an Al-based, Reliable Interference-free
Mobility Management Algorithm (RIMMA) for fog computing intra-
vehicular networks. Contributions are organized around four main axes. The
first one they claim is that RIMMA, jointly with fog computing, improves
computation, communication, cooperation, and storage space. The second
one, it gets proposed a reliable and delay-tolerant wireless channel model
with better QoS for passengers. The third one is a reliable and efficient
multi-layer fog-driven inter-vehicular framework. The fourth one works on
the QoS optimization based on mobility, reliability, and packet loss ratio.

In [55], a Quantum Computing-inspired Optimization (IoT-QCiO)
technique is introduced. It focuses on maximizing Data Accuracy (DA) in a
real-time environment of IoT applications. The proposed model adds quantum
formalization of sensor-specific parameters to quantify IoT devices in terms of
Sensors in the Vicinity (SIV) and Optimal Sensor Space (OSS). The algorithm
optimization is based on data cost, accuracy, and temporal efficiency.

In [56], it introduces an environmental monitoring trend analysis
algorithm based on the Internet of Things visualization technology. The
proposed algorithm first divides the environmental monitoring area into
several different clusters. Different types of sensors provide environmental
data that are associated with a group. A mobile agent node is responsible for
a monitoring area. It aims to build a two-dimensional positioning table
based on the network energy consumption. Thus, it applies the Rosen
gradient projection method for choosing the optimal path. With such
information, it builds the mobile plan for data collection and forwarding to
the control center. Finally, data are centrally analyzed by the control center.

5.3. Articles in 2021. Table 9 describes articles in 2021 ordered by
quarter and the number of citations, indicating the decision-making
approach and application area. Works with at least one mention are
incorporated into the table, and the other ones are outlined in this section
after those related to the table are presented.
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Table 9. Prioritizing for Articles in 2021

Article DCCISPOH- Area Scimago Citationl
making
Digital electronics in fibers enable Digital
fabric-based machine-learning inference | Centralized Electronics in Ql 27
[57] fibers
A Smart, Efficient, and Reliable Parking Parkin
Surveillance System with Edge Artificial | Centralized Surveilla%l ce Ql 26
Intelligence on IoT Devices [58]
Enabllr?g Secure. Authentication in Federated & Secure
Industrial IoT with Transfer Learning Collaborative | Authentication Ql 20
Empowered Blockchain [59]
Deve}opment of a speed i_nva_riant deep Machinery
learning model with application to .
. o . Centralized Clever Ql 15

condition monitoring of rotating Monitoring
machinery [60] )
IHSF: An Intelligent Solution for
Improved Performance of Reliable and Congestion
Time-Sensitive Flows in Hybrid SDN- Federated Control Ql 1
Based FC IoT Systems [61]
An IoT-based deep learning approach Indoor
to analyze indoor thermal comfort of Centralized Monitorin Q1 10
disabled people [62] g
Fog-centric IoT based smart healthcare
support service for monitoring and Centralized Monitoring of oY) 3
controlling an epidemic of Swine Flu Swine Flu Virus
virus [63]
Intelligent system of game-theory- Athlete
based decision making in smart sports Centralized Performance Q1 5
industry [64] Monitoring
Learning Spatiotemporal Latent
Factors of Traffic via Regularized . Road Status
Tensor Factorization: Imputing Centralized Forecast Ql 3
Missing Values and Forecasting [65]
Hybrid Auto-Scaled Service-Cloud-Based Scalability.
Predictive Workload Modeling and Centralized Workload Q1 5
Analysis for Smart Campus System [66] Management
Real-tupe energy consumptl.on. detection Network.
simulation of network node in internet of .

. [P . Centralized Resource Ql 4
things based on artificial intelligence -
[67] Monitoring
Monitoring Cyber SentiHate Social Online Social
Behavior During COVID-19 Pandemic | Centralized Network Ql 3
in North America [68] Monitoring
Random Forest for Data Aggregation COVID-19
to Monitor and Predict COVID-19 Centralized Monitor and  |Missing 3
Using Edge Networks [69] Prediction
Scheduling Observers over a Shared Sensor Network
Channel with Hard Delivery Deadlines Centralized Monitoring & Q1 2
[70] Optimizing
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Continuation of Table 9

Article Decns.lon- Area Scimago (Citatio
making

Energy—Awarg D{strlbutﬁtd Edg_e ML for Federated & Ep}leptlc
mHealth Applications with Strict Collaborative seizures Ql 2
Latency Requirements [71] orabo prediction
Information Security Monitoring and Environmental
Management Method Based on Big Data Centralized Monitorin Ql 2
in the Internet of Things Environment [72] &
Task Allocation Mechanism for Cable Cable Real-time
Real-Time Online Monitoring Business Centralized (Online Monitoring| Q1 1
Based on Edge Computing [73] Business

In [57], the authors discuss the fabrication approach of digital fibers
and its impact on Data Sensor-based decision-making using machine
learning. Measures are collected from devices in the thread and stored
locally in the same yarn. It allows reaching intra-fiber communications
between devices via digital signals. A pre-trained CNN model gets
embedded in the fiber and articulated to local data for decision-making.

In [58], the authors discuss the feasibility of using edge computing
for intelligent parking occupancy detection using the real-time video feed. It
incorporates Al at the edge by implementing an enhanced Single-Shot
multi-box Detector (SSD).

The article introduces an authentication strategy supported by
Transfer Learning and Blockchain (ATLB) [59]. On the one hand,
blockchain technology is applied to privacy preservation and avoids central
control in industrial applications. On the other hand, it builds trustworthy
blockchains for privacy preservation in industrial applications. In terms of
privacy preservation, it introduces different blockchains (e.g., inner and
outer) for user authentication strategies to deal with collusion and Sybil
attacks. A user-per-region credit approach allows for improving
authentication accuracy. It uses transfer learning to minimize the training
times between regions.

In [60], the authors describe dealing with model invariance to
changing speed via a deep learning method. It can detect a mechanical
imbalance (i.e., targeted fault) under varying speed settings. They study
speed invariance by processing experimental data obtained from a motor
test bed. Also, time-series and time-frequency data are applied to long
short-term memory and convolutional neural network, respectively, to
evaluate their performance.

In [61], the authors introduce an approach named an Intelligent
Solution for Improved Performance of Reliable and Time-sensitive Flows
(IPRTF) in Hybrid SDN-based Fog (IHSF) computing IoT systems. The
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proposal is composed of three solutions. The first one is related to an
algorithm to deploy Software-defined Network (SDN) switches between
legacy switches to improve network observability. The second one is
associated with a {K}-nearest neighbor regression algorithm to Real-time
prediction of the legacy links reliability at the SDN controller based on
historical data. Thus, the SDN controller can make timely decisions,
improving system performance. The third focuses on a Reliable and Time-
Sensitive Deep Deterministic Policy Gradient (RT-DDPG) algorithm. It
optimally computes forwarding paths in hybrid SDN-F for time-critical
traffic flows generated by IoT applications.

In [62], a new learning model is proposed using a deep neural
network. The outlined model can predict the indoor thermal comfort of
people with different abilities in real time to facilitate remote monitoring.
The data collection approach can focus on targeted data before moving
them to cloud servers for further analysis.

In [63], the authors explain a fog-centric IoT-based intelligent
healthcare support service to monitor and control the Swine Flu virus
epidemic. They introduce a framework articulated with fog computing for
delay-sensitive applications. Also, they describe the feasibility of using a
hybrid classifier to classify the swine flu patient at an early stage and
generate alerts to the health officials and patients' guardians.

In [64], an IoT-inspired framework gets proposed for real-time
athlete performance analysis. Data from [oT devices represent the base for
quantifying the athlete's performance in terms of probability parameters of
Probabilistic Measure of Performance (PMP) and Level of Performance
Measure (LoPM). The authors introduce a two-player game-theory-based
mathematical framework for efficient decision modeling by monitoring
officials.

In [65], the authors address the challenge of missing data or noisy
information in the context of real-time monitoring. After addressing the
previous concerns, the underlying idea is to forecast a city’s road status
(e.g., congestion). A directed graph models the road network; the nodes are
intersections, while the edges represent road segments. The authors assume
a set of sensors deployed in the city aligned with the road network. They
propose a Temporal Regularized Tensor Factorization (TRTF) framework
to account for the spatial structure and temporal dependencies. Also, they
describe a data-driven graph-based autoregressive model where weights are
learned from data to account for positive and negative correlations.

In [66], it gets introduced a bursts-aware auto-scaling strategy for
detecting bursts on dynamic workloads based on resource estimation,
decision-making scaling, and workload prediction. The authors pursue
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keeping the Quality of Service (QoS) through a hybrid auto-scaled service
cloud model dealing with horizontal and vertical scaling concerns. It is
addressed through an ensemble algorithm for estimating defined workloads.
It allows anticipating the resource management associated with workloads
and load balancing for horizontal auto-scaling.

In [67], an artificial intelligence-based Internet of Things control
method is proposed. It is aware of the information transmission topology
structure to analyze the total energy consumption of the node during
transmission. Thus, it estimates the load in each communication cycle to
study the energy consumption control of multiple and single transmission
path nodes. It fosters the improvement of the resource schedule and energy
consumption in mobile network nodes.

In [68], the authors describe a framework for online social network
real-time monitoring. It allows for data acquisition, processing, interpreting,
and decision-making on the fly when data arrives. Bidirectional Encoder
Representations from Transformers (BERT) are applied for natural language
processing. BERT-based classifiers discriminate hate and sentiments
considering iconic emotions (e.g., emojis). Supervised and unsupervised
models are complementarily used for online analysis the social behavior.

In [69], the authors describe an e-healthcare framework based on
edge computing. It aims to monitor online health data to predict the risk
level of COVID-19 patients. A gateway is incorporated to synthesize data
based on the original ones, transmitting those meaningful based on the
statistical mean. It allows for minimizing data transmissions from every
patient (saving energy), optimizing bandwidth use, and avoiding
unnecessary redundancy. Geo-distributed edge servers are used to predict
the risk level of each patient with Random Forest (RF) using the
synthesized data.

In [70], the authors introduce a framework to formulate the Observer
Selection Problem (OSP) through which the controller schedules a sequence
of observations that maximize its knowledge about the system's current state.
The transmission among observers, controllers, and actuators gets carried out
through ultra-low-latency wireless communications. The proposed algorithm
systematically prunes the search space to improve the knowledge based on the
current situation. The authors claim that its work differs from others because
of the extent of the controller's knowledge about the state of the system it
controls. Alternative approaches work on real-time communications in that
communication reliability is monitored by packet loss or error rate.

In [71], the authors describe an approach for gathering latency
requirements of mHealth applications based on user equipment and edge
server computing under energy constraints. On the one hand, the authors
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address an optimization problem to locate the feature extraction and
classification process cleverly between the user equipment and edge
devices. It is a Power-aware optimization approach where the inferential
mechanism is as close to the user as possible.

Paper [72] describes a framework for real-time environmental
monitoring based on IoT. It addresses the basic principles of constructing
the evaluation index system while introducing and outlining a reference
architecture.

In [73], the authors describe a task allocation mechanism for cable
real-time online monitoring business based on edge computing. They define
a task allocation model based on the linear distribution characteristics of the
cable, the edge node's statuses, the task processing overhead, and the
scheduling strategy of delay-sensitive tasks. Next, they introduce a task
allocation strategy based on improved discrete particle swarm optimization.
The authors claim that the system focuses on the job queuing problem in
edge nodes and the optimized task allocation problem among edge nodes.

In [74], it gets presented a strategy for generating a Device-Specific
Identifier (i.e., [oT-ID). It captures the device's characteristics and can be
used for device identification. The underlying assumption is that IoT-ID is
based on Physically Unclonable Functions (PUFs). Thus, it is possible to
exploit variations in the manufacturing process to derive a unique
fingerprint for integrated circuits. The authors claim that the strategy is non-
invasive and can be invoked using simple software APIs running on
components of COTS (Commercially Off the Shelf). Among the mentioned
properties, they highlight the following: constructability, real-time,
uniqueness, and reproducibility.

5.4. Articles in 2022 and the beginning of 2023. Table 10 describes
articles in 2022 and the beginning of 2023 that have received at least one
citation. This section will initially describe those articles. Next, it is outlined
the remaining works (without received citations).

In [75], the authors refer to the impact of the Point of Presence (PoP)
in healthcare and how it gains importance as wearable devices and mobile
apps are entrusted with RTRM and diagnosis of patients. Novelty relies on
the utility value of sensors data improvement through the Laplacian
mechanism of preserved Personally Identifiable Information (PII) response
to each query from the Edge Open and Distance Learning (ODL).

In [76], the authors address a framework to optimize energy
efficiency, battery lifetime, and reliability for intelligent and connected
healthcare. It explains the Adaptive Transmission Data Rate (ATDR)
mechanism that works on the average constant energy consumption by
varying the active time of the sensor node. It allows for optimizing the
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energy over the dynamic wireless channel. It explains a Self-Adaptive
Routing Algorithm (SARA) to adopt a dynamic source routing mechanism
with an energy-efficient and shortest path.

Table 10. Prioritizing for Articles in 2022 — 2023

Decision-

Article . Area Scimago | Citation
making
[Emphasizing privacy and security of Patient
ledge intelligence with machine Federated Monitoring Q2 13
llearning for healthcare [75]
IAl-driven adaptive reliable and Body Sensor
sustainable approach for internet of Centralized Ngtwork Q2/Q3 8
things enabled healthcare system [76]
Smart [oT and Machine Learning-
based Framework for Water Qualit . Water Qualit
|Assessment and Device Componen}t, Centralized Assessmenty Q1 >
Monitoring [77]
|An innovative edge-based Internet of .
R . . Domestic Energy|
[Energy solution for promoting energy | Centralized . Ql 5
L= o Saving
saving in buildings [78]
[Data fusion-based machine learning . Intrusion
larchitecture for intrusion detection [79] Centralized Detection Q2 >
Real-Time Fault Detection and
ICondition Monitoring for Industrial Industrial
IAutonomous Transfer Vehicles Federated Autonomous Q1/Q2 3
Utilizing Edge Atrtificial Intelligence [Transfer Vehicles
[80]
Clinical Care of Hyperthyroidism -
Using Wearable Medical Devices ina | Centralized ISI: hmlcgll Ca.rde. of Q2 2
Medical IoT Scenario [81] yperthyrowdism
IMABASR - A Robust Wireless Selection Policy
[Interface Selection Policy for . for
. Centralized | Heterogeneous Ql 1
Heterogeneous Vehicular Networks :
(82] Vehicular
Networks
Online Partial Offloading and Task
Scheduling in SDN-Fog Networks with . Workload
Deep Recfrrent Reinfo%cement Collaborative Orchestration Ql !
ILearning [83]
[Hybrid multi-objective-optimization Congestion
lalgorithm for energy efficient priority- | Collaborative Control Q2 1
based QoS routing in IoT networks [84]
IA Novel CNN-TLSTM Approach for
IDengue Disease Identification and Centralized Dengue Disease Q2/Q3 I

Prevention using loT-Fog Cloud
|Architecture [85]

Monitoring

In [77], an IoT-based real-time framework is outlined to perform
water quality management, monitoring, and alerts for taking actions based
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on contamination and toxic parameter levels, and device and application
performance as the first part of the proposed work. Machine learning
models analyze water quality trends and device monitoring and
management architecture. It is supported by a data push strategy associated
with dashboards and rules working on a cloud platform.

In [78], it gets introduced the M2SP-EdgeloE system focused on
domestic energy saving and monitoring. It contemplates data collection, Data-
based non-intrusive load monitoring, anomaly detection (using Autoencoders),
and a data-guided recommender system for improving energy consumption.

In [79], the authors discuss the methodology of Real-Time Sequential
Deep Extreme Learning Machine (RTS-DELM) implemented in wireless IoT
enabled sensor networks for the detection of any intrusion activity. They
claim to reach an approach that not only makes the casting of parallel data
fusion networks but also renders their computations more effective.

In [80], it gets explained as a generic real-time fault diagnosis and
condition monitoring system. It uses edge Al complementarily to the
monitoring and proposes a data distributor open-source middleware
platform called FIWARE. The application field is related to those
autonomous transfer vehicle (ATV) types of equipment targeting a smart
factory use case. Anomaly detection in ATVs is analyzed through a deep
learning-based fault diagnosis method performed in the Edge Al unit. At the
same time, results are sent to the storage through a data pipeline.

In [81], the authors describe a monitoring strategy monitor for patients
with hyperthyroidism based on wearable medical devices. An architecture
based on gateways articulates different levels of devices that communicate
fused data streams (enriched by a metadata-based data model). It is supported
by MQTT and RTMP protocols for messaging and video transmissions.

In [82], the authors describe a Multi-Armed Bandit Adaptive
Similarity-based Regressor (MABASR) for interface selection. The
interface selection policy is analyzed and learned through the relationship
between channel quality parameters and uplink data rate.

Study [83] proposes a computational offloading and CPU resource
scheduling method for minimizing energy consumption. It considers off-
loadable and non-off-loadable tasks to characterize and optimize the
allocation. On the one hand, a node will contribute to a common goal based
on cooperation without any assumption about previous knowledge of
statistics or global observations. On the other hand, it applies a deep
recurrent Q-network (DRQN) to address partial observability, improving
the computational complexity.

In [84], it gets explained the Energy-Efficient Priority-based Multi-
Objective QoS routing (PMQoSR) mechanism. It aims to ensure energy and
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QoS in IoT networks. The proposed system regulates the routing
performance based on the QoS parameters, using an optimization technique
for three hybrid algorithms (WLFA-Whale Lion Fireworks optimization
algorithm with Fitness Function Routing mechanisms). The WLFA focuses
on preventing congestion and minimizing localization errors by using and
selecting the shortest path through the network.

In [85], an IoT-based proposal is outlined for monitoring Dengue
disease. Data-based diagnosis is based on a Hybrid CNN with Tanh Long
and Short-Term Memory (TLSTM) using the Adaptative Teaching Learning
based Optimization algorithm.

In [86], the authors propose a routing protocol for IoT networks with
low power consumption. A secure RPL (Routing Protocol for Low power
Lossy network) protocol is introduced to work on congestion control in IoT
environments. Authors describe 5 phases a) All nodes register in the sink
node, which computes a hash based on the provided data (ID, IP, MAC,
Rank, and PUF); b) It gets presented a Multi-context aware parent selection
using fuzzy logic; c) The congestion detection is based on agents;
d) A lightweight CNN is applied for deep packets analysis; e) An adaptative
trickle timer works based on different parameters such as traffic intensity, etc.

In [87], the authors introduce a routing schedule method based on Time-
sensitive networking (TSN) for IIOT applications in underground mining. It
discusses two alternatives to face the challenge associated with delays, walls,
and sensor data collections a) a greedy algorithm based on the shortest distance,
and b) a heuristic algorithm based on ant colony optimization.

In [88], the authors introduce a resource-efficient reliability model
for MAS (Multi-Agent System) IoT systems for monitoring purposes. The
proposed model starts with SLA requirements and characterizes it under the
assumption of linear time complexity. It provides simplicity of
computations and input metrics for aligning values in each range. Thus, it
evaluates the time complexity, producing a measurement associated with
the reliability of the model application.

In [89], the authors describe an identification method for rail vehicle
running state using Tiny Machine Learning (TinyML). An IoT system is
proposed focused on sizing and low energy consumption for data collection
through Micro-Electro-Mechanical System (MEMS) sensors. The authors
introduce a neural network (NN) model based on acceleration data for
classifying the running states of rail vehicles. It represents a two-step
approach where the model (i.e., NN) is trained after that is deployed on
edge devices. An offset time window strategy addresses sensor results from
edge devices and is uploaded to the cloud for visualization and analysis.
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In [90], it presents a unique IoT-based sensor node framework (aka,
iThing). It aims to predict the onboard battery State of Health (SOH) and
Remaining Useful Life (RUL) with the least computational and memory
load. The SOH and RUL prediction are implemented through a random
learning-based method using the voltage and health metrics of the device.

In [91], and in [5], it gets described as an edge analytics-assisted
monitoring solution to monitor several physical activities of the patient. It
focuses on determining physical inactivity from their daily routine. It wears
wearable sensors to monitor physical movements and GPU for efficient data
processing. The study pursues to calculate the scale of the physical
inactivity of the patient to make real-time health suggestions.

In [92], it gets proposed how well-established data management
techniques from the fields of computer science can be applied to data
management for hydrological modeling. It is not a real-time approach but takes
advantage of metadata modeling to enrich primary data from sensors. Data are
complemented with spatial and temporal information that supports different
decision-making models (e.g., upstream drainage area determination).

In [93], shown how the Gulf of Mexico Avian Monitoring Network
members used structured decision-making to identify bird monitoring
priorities by using multiple tools and techniques to clearly define the problem
and stakeholder objectives and to identify bird monitoring priorities at the
scale of the entire northern Gulf of Mexico region to coordinate the process of
broad-scale monitoring programs to address management, restoration, and
scientific questions in other ecosystems and for other taxa.

Study [94] focused on the use of big data in the decision-making
processes of healthcare management, the abovementioned three aspects
significantly affect the identification of management models, the
distribution of responsibilities among professionals (therefore the evaluation
of the partial results of each area responsibility) and the processes of
allocating resources within the health-care organization.

6. Results and discussions. Independently of the year, citations, and
decision-making strategy, this section focuses on answering every research
question introduced in Section III and breaks down accordingly.

6.1. RQ1: Research Volume. The research volume in RTRM on EC
is associated with fields like Networking (32%), Health (24%), Industrial
(12%), Environment (10%), and Vehicle (8%), among others, as shown in
Figure 3. Only those five fields represent 86% of the research volume and
catch the scientific community’s interest.

Figure 4 indicates a surface diagram contrasting the publishing year
jointly with the citation volume and Scimago’s quarter. As it is possible to
appreciate, on the one hand, the intense research on the specific subject
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started to take an interest in 2013, with many citations focusing on Q1
journals. Even more, the volume of citations for recent years (e.g., 2021 and
2022) is close to the oldest works, which indicates an active development in
the area. On the other hand, the citation over time shows an interesting
growing perspective and opportunities in a context where the software and
products reach (or propose) different As-a-Service strategies. Reliability is
essential for achieving availability and scalability together [95].

2022
2021
2020

# Citations

2019

Q2/a3

Scimago
= 0-50 = 50-100 = 100-150 150-200 = 200-250
Fig. 4. Main Application Areas

Figure 5 shows that those results related to the research subject are
published mainly in Q1 journals (70%), which are associated with a severe
and strict publishing process jointly with a high interest in them from the
scientific community and practitioners due to the quality of the content. It
implies that the subject is worthy of addressing, while challenges and
concerns are shared between stakeholders.

a3 04
4% 2%

Q2/03
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Fig. 5. Research Volume per Scimago Quarter
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6.2. RQ2: System Reliability Monitoring Approaches. Figure 6
describes the proportion of data strategies associated with the Al models in
reliability working on EC.

12%

2%
10%

76%

= Push-based «Pull-based . Distributed - Centralized
Fig. 6. Proportion of Data Strategy Related to AI Models in Reliability

The heterogeneous and distributed context in which EC is deployed
implies that data interoperability is mandatory. In this context, how data is
collected from heterogeneous data sources is essential to reach the aim and
make proper decisions based on the last known data. According to analyzed
works, 76% of the systems use push-based strategies for RTRM, while 12%
use a centralized approach. Only 10% address this challenge through a Pull-
based process because it requires specific entity data under monitoring and
specific communications requirements (not always available depending on
the use case or scenario in which a solution is deployed). 2% introduced a
distributed schema where data are local to the data source, and the
interaction with the reliability component was guided through queries.
Thus, the reliability component sends a query. At the same time, the answer
is replied to using local data (with its limitations of it because the data are
always partial to the data source).

Figure 7 describes the evolution of RTRM strategies over time. As it is
possible to appreciate, it was focused on Push-based strategies between 2013
and 2019. In 2020, a centralized approach indicated a possible necessity of
consolidation before making decisions around the system’s reliability.

However, it additionally emerges Pull-based and distributed
techniques between 2021 and 2022. In the end, there is no good or bad
alternative because it would depend on the use case and kind of application
that defines the specific monitoring requirements. It implies that a Pull-
based approach could be interesting to watch distributed data centers
because they could support Virtual Private Network (VPN) connections.
Still, it would not be the best approach in Low-cost, tiny, distributed devices
focusing on body sensor networks.
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6.3. RQ3: Decision-making strategies. Even when edge computing
is associated with a heterogeneous and distributed environment where data
interoperability and data quality play an essential role, the main proportion
of the system reliability decision-making approaches has been focused on
centralized models from 2013 until now (Figure 8). It is a complex scenario
because the ability to data analysis, make decisions, and act accordingly
depends on a central component or element. Even when the central element
could be redundant among other aspects, the figure of a central dependency
is contradictory with the reliability perspective and a potential limitation to
address the system scalability and high availability.
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However, Federated and Collaborative decision-making approaches
are taking interest from 2021 onwards. They propose a system in which the
decision-making articulates alternative heterogencous components
monitoring different points of view in a distributed context and the
possibility to collaborate, keeping a certain level of local autonomy.

The necessity of collaboration and avoiding central control has
influenced Blockchain-based technologies significantly [96]. The idea is
that the database content does not depend on a unique stakeholder; on the
contrary, any addition or modification (or deletion) requires consensus
among the participants. In the reliability context, it could be an exciting
approach that the relative importance of each element in the complete
system reliability could weigh.

6.4. RQ4: Data Collection Methods. Figure 9 describes the evolution
of data collection methods associated with real-time monitoring systems. It
was dominated by Direct and Hierarchical Push-based strategies between
2013 and 2020. Nevertheless, Direct-pull and Query-based approaches
emerged as an alternative in 2021. 2022 is a context dominated by the Push
approaches (be they hierarchical or not). It is consistent with the kind of areas
in which the research volume is focusing, i.e., Networking (32%),
Health (24%), Industrial (12%), Environment (10%), and Vehicles (8%).

20

w

# Articles
=

0
2013 2017 2018 2019 2020 2021 2022

® Direct Push ® Direct Pull ® Hierarchical Push
Hierarchical Pull H Local with Query
Fig. 9. Evolution of Data Collection Methods for Monitoring Reliability

An aspect worthy of mentioning is that independently of the
increment of the research volume in this area, the push-based data collection
approaches have become a central aspect to consider. On the other hand,
those aspects related to data confidentiality, data sovereignty, and data
ownership remain the main challenges and concerns.
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6.5. RQS5: Applications. Figure 10 shows a tree map focusing on the
main application areas dimensioned based on the citation volume, while
inside each room, the most cited subjects are drawn per area.

ECG-based arrhythmia
mHealth. Reliability detection

Patient
Monitoring

ECG Telemetry System Elderly Patients Monitoring

Underground Mine Monitoring

Energy consumption optimization

Selection Policy
for
Industrial Autonomous Transfer Heterogeneous
Reliability. Battery Vehicles Vehicular...
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Scalability.
Workload
Management Resource Monitoring i
u Networking = Industrial = Vehicle = Parking ® Environment
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Fig. 10. Main Subjects per Area based on the Citation Volume
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In the networking field, the highest cited works are related to
resource optimization, task scheduling, energy saving, and data accuracy.
On the other hand, the health field focused on ECG telemetry systems,
mHealth Reliability, arrhythmia detection, and patient monitoring.

An exciting work (worthy of reading and capitalizing) is introduced
in the industrial field related to digital electronics in fibers. It gathers
reliability, Al, and local data processing embedded in clothes fibers.
Security authentication, machinery monitoring, and energy supply-demand
matching are also addressed.

As it is logical, the vehicle field focused on vehicular monitoring,
road status monitoring, and parking surveillance. Analogously,
environmental areas focus on environmental and water monitoring due to its
importance to people’s health and relative impact.

Figure 11 outlines the evolution of application areas per year. It is
not strange that the beginning is associated with environmental monitoring
because it comes naturally from the IoT environment and the possibility to
implement real-time monitoring systems at a relatively low cost [18].

2022 . p Nl
2021 T
2020 PR

2019 2NN

2018 MW

2017 [

2013
u Networking ® Health Industrial Environment
H Vehicle ® Home W Security H Sports

B Social Networks M Parking

Fig. 11. Application Areas per Year

However, the interest in the application on networking and health
has been worthy of highlighting since 2018 onwards. The last three years
have provided the context to extend the applications and increase the
aspects to be analyzed under the reliability light.

6.6. General Considerations. After the analysis of the different
research questions and the involved articles, it emerges essential aspects
that are worth mentioning:

1. A few works mentioned using metadata to enrich sensor data to
improve the data and automatic interpretation [81], [92]. It is essential to
ensure semantic data interoperability because it directly knocks the heart of
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system reliability due to the Data-driven decision-making approaches.
Definitively, it is not a general approach; it constitutes an open subject, a
challenge due to its complexity, and an opportunity to improve decision-
making in qualitative terms.

2. The analyzed works need more measurement frameworks, or
some formalization focused on guiding the experimental design jointly with
the measurement process. It is critical because the strong assumption is that
data used for system reliability monitoring are trustworthy, consistent
(cohesive and coherent), accurate, precise, comparable, calibrated, and
opportune. It is a current challenge and an opportunity to improve the
current real-time system reliability monitoring systems.

3. Only [52] mentions the idea of calibration, but it is not
associated with the data sources but with input features. The calibration
process is essential in any device trying to quantify some property under
monitoring because it ensures that the device is aligned with a given
reference pattern. The system’s entropy could affect (directly or not) the
system components producing deviations due to the wear. Data-driven
decision-making assumes that the consumed information is adequate for
supporting the decision process. Calibration strategies in sensible areas like
health and networking are an opportunity.

4.  The process measurement assumptions are not reviewed. When
data is received from different data sources, the decision-maker assumes
that the data come from a repeatable measurement process (It is possible to
obtain new data with a compatible method), results are comparable (It is
possible to contrast numeric values over time), and extensible (It is possible
to add a new characteristic to quantify). It represents an opportunity to
integrate distributed and heterogeneous environments where reliability
needs to be monitored in real-time.

5.  Analyzed works discussed collecting and analyzing data for
making decisions based on the system's aim. However, they do not add
details about how to ensure the system's reliability and how to monitor it.
That is to say; they do not say anything about how to ensure that the system
requirements work as expected over time. It means that observability
focuses on the typical telemetry and derived actions rather than how to
ensure that the telemetry strategy and the system requirements are reached
consistently over time. The meta-system monitoring needs to be addressed.
For instance, observability is crucial for monitoring a certain level of
availability for a given service. Still, also it is essential to monitor the
process of producing the Service Level Agreement (SLA) that originated
the instantiation of the offered service. The first refers to a particular SLA
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with a customer, but the second is associated with the matrix producing the
offered SLA. Both must be monitored in terms of reliability.

6. In [69], the authors exposed the challenge of similar or redundant
readings and the impact on data transmission latency and energy
consumption. Semantic data interoperability is only sometimes considered,
affecting how to optimize data retention and transmission policies from data
sources (independent of the data collection methods). It is aggravated in data
fusion scenarios because the potential integrations become relative and vague.

7. In [65], the authors described the data sparsity, incompleteness,
and noise challenges due to the quick deployment of cheap sensors on the
field. It is a good point because the IoT environment increases device density
and coverage. Still, it needs to address the essential aspects of the data
meaning and how to use them to support a decision-making process. Data
quality aspects [17] could be analyzed more closely with system reliability.

As it is possible to appreciate, there are a lot of ongoing works on
RTRM jointly with current concerns and opportunities. There is no standard
approach around it, but there are multiple classes of proposals according to
use cases or application areas. The subject has grown in importance in the
last two years while leading international journals reported results that
substantiate such growth.

7. Conclusion. This review showed the broad proposals and
approaches of RTRM on EC. Most publications confirm the importance of
the subject in areas such as Networking, Health, Industrial, Environment,
and Vehicle. Nevertheless, there needs to be more consensus around
monitoring reliability, ensuring syntactic and semantic data interoperability,
formalizing the decision-making strategies in edge computing, and
capitalizing on previous experiences and knowledge.

In terms of research volume, on the one hand, the intense research on
the specific subject started to take an interest in 2013, where many citations
focus on Q1 journals. On the other hand, the volume of citations for recent
years (e.g., 2021, 2022 and 2023) is close to the oldest works, which
indicates an active development in the area.

From the perspective of System Reliability Monitoring Approaches
(SRMA): a) 76% of the systems use push-based strategies for reliability
monitoring; b) 12% use a centralized approach; c) 10% address this
challenge through a Pull-based approach; d) 2% introduced a distributed
schema where data are local to the data source, and the interaction with the
reliability component was guided through queries. The current dominant
monitoring approach has been based on the Push strategy since 2013.

A centralized approach has dominated the decision-making strategies
for reliability monitoring. However, the federated and collaborative
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decision-making approaches are taking interest from 2021 onwards. They
propose a system in which the decision-making articulates different
heterogeneous components monitoring alternative points of view in a
distributed context and the possibility to collaborate, keeping a certain level
of local autonomy. The necessity of collaboration and avoiding central
control has influenced Blockchain-based technologies in this area.

In terms of data collection methods, it is a clear leadership of Push-
based data collection methods (hierarchical or not). The non-hierarchical
push-based methods represent 52.63%, while the hierarchical approach is
associated with 31.58. Thus, in general, the participation of Puh-based data
collection methods is 84.21%. The methods to use depend on the use cases
and fields, among others. The remaining 15.79% is related to Pull-based
data collection methods, composed of 5.26% for Direct Pull-based methods
and 10.53% for Hierarchical Pull-based practices.

From the perspective of the application, Networking and Health
areas represent 56% of published works. The percentage reaches 78% when
the Industrial and Environment sectors are incorporated.

Beyond the research questions, there are essential aspects that need
to be mentioned transversally as follows:

— A few works mentioned the use of metadata to enrich data
coming from data sources to improve the data and automatic interpretation.
Semantic data interoperability is an open opportunity in RTRM systems
considering the distributed and heterogeneous environment associated with
edge computing.

—  Lack of measurement frameworks for formalizing a consistent,
extensible, and repeatable measurement process. It represents a concern
because it impacts the heart of Data-driven decision-making, but also an
opportunity to improve reliability monitoring.

—  Calibration is a subject analyzed on the surface in the works.
However, it is essential to consider and maintain over time through different
recalibration strategies. It is necessary to establish a reference pattern before
obtaining measures. Also, this is a central resource when a metric is
contrasted to decision criteria through indicators. Any data source
(independently of the type) could fail or lose the calibration reference over
time due to entropy.

—  The underlying assumptions related to the measurement process
are not analyzed. Neither is their impact on Data-driven decision-making.
Thus, it represents an opportunity to improve reliability monitoring
strategies through the online analysis of interest, comparability, accuracy,
precision, trust, opportunity, coherence, cohesion, etc. It is a stage in which
the strategy could discriminate among data, information, and knowledge.
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—  The analyzed works focused on the aimed systems and how to
collect and analyze data (e.g., patient monitoring). However, they rarely
contemplated the meta-system monitoring to say whether (or not) system
reliability is working as expected. Thus, meta-system analysis for
monitoring different system properties (in addition to reliability) is open in
this environment.

—  Data ownership, Data sovereignty, Data Confidentiality, and
Data Interoperability (Syntactic and Semantic) are rarely analyzed in the
context of online reliability monitoring in EC. It represents a huge
opportunity to make a difference. The security around the RTRM strategy is
an open topic.

Thus, RTRM in EC is an ongoing work. It lacks standards but has
taken importance and interest in the last two years. Articles focused on
Push-based data collection methods for supporting centralized decision-
making strategies. It was concentrated and deployed mainly on networking,
health, industrial, and environmental monitoring. However, there are
multiple opportunities and paths to walk to improve it. E.g., data
interoperability, federated and collaborative decision-making models,
formalization of the experimental design for measurement process, data
sovereignty, organizational memory to capitalize previous knowledge (and
experiences), calibration and recalibration strategies for data sources.
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M.X. IuBAH, JI.A. IIIEMEJIMHUH, M. KAPPAHCA,

.. MAPTUHEC-CIIECCOT, M.B. BYHHEBHY
MOHHUTOPHUHI' HAAEXKHOCTH ITOJIb30OBATEJIBCKHUX
BBIYMCJUTEJBHBIX YCTPOMCTB B PEXKUME PEAJIBHOT'O
BPEMEHU: CUCTEMATHNYECKOE OTOBPAKEHHUE

Juean M.X., Ulemenunun /.A., Kappanca M., Mapmunec-Cneccom IL].H., Byineeuu M.B.
MOHUTOPHHI HAJEKHOCTH MOJIb30BATEJbCKUX BBIYHCINTEIbHBIX YCTPOICTB B peXHMe
pPeabHOr0 BpeMeHH: CHCTEMATHYeCKOe 0TOOpasKeHue.

AnHoTanus. JlaHHBIA HCCIENOBATENLCKUH 0030p COCPENOTOYCH HAa MOHHTOPHHIE
HaJEeKHOCTH BBIYHUCIHMTENBHEIX CHCTEM B PEXKHME pPEaJbHOr0 BPEMEHH Ha CTOpPOHE
1oJIb30BaTels. B yCIOBUAX IeTepOreHHOW M paclpe/eseHHOH BBIYMCIMTENILHOW Cpebl, Iie
OTCYTCTBYeT LIEHTPAIM30BAHHBIA KOHTPOIb, HCCIEAyeTCs HCIONB30BAHHE MOjenei
HCKYCCTBEHHOT'O MHTEIUIEKTA IS MOANEP KK IIPOLECCOB IPUHATHS PeLIeHHII B MOHHUTOPUHTS
HaJeKHOCTH CHCTEMBI. MeTOJOJIOTUsl HCCIEOBaHMS OCHOBaHa HAa CHCTEMAaTHYECKOM
OTOOpaKEHUH MNPEIbIIYIIHX MHCCIEIOBAHUN, OIyOIMKOBAaHHBIX B HAyYHBIX 0a3aX MaHHBIX
IEEE u Scopus. AHanu3 npoBezieH Ha ocHoBe 50 Hay4HBIX crarel, omyOunkoBaHHBIX ¢ 2013
mo 2022 roxbl, MOKa3aJd pacTyIIMi HaydHBI WHTEpec K JaHHOIH obmactu. OcCHOBHOE
NPUMEHEHHE  HCCIEAYyeMOro  METOAa  CBS3aHO C  CETEeBBIMH  TEXHONOTMSIMH U
31paBooXpaHeHreM. JJaHHBIH MeToJ| HaIlelIeH Ha HHTETPAlliio CETH MEJUIIMHCKUAX CEHCOPOB U
YIPaBISIOINX AAHHBIX C IOJIB30BATEIBCKMMH BBIYHUCIHMTENBHBIME ycTpoiicTBamu. OHAKO
9TOT METO[, TaKKe IPHMEHSETCS B IPOMBIIIIEHHOM H KOJIOTHUECKOM MOHUTOPHHTE. BBHIBOIBI
HCCIICIOBAaHMS  MOKAa3bIBAIOT, 4TO  MOHUTOPHMHI  HAJSKHOCTH  IIOJB30BATENILCKUX
BBIYUCIIUTENBHBIX YCTPOHCTB B PEXKUME PEATBHOIO BPEMEHH HAaXOIUTCS Ha HAYaIbHOW CTaguu
pasButus. OH He MMeeT CTaHAapTOB, HO 3a IOCIEJHHE JBa roja MpHOOpeN 3HaYMTENIbHOE
3Ha4YeHHe U MHTepec. bONBIIMHCTBO HCCleyeMbIX CTaTeil cocpel0TOYeHbI Ha MeTofax coopa
JaHHBIX C MCIIOJb30BAaHUEM YBEIOMJICHHMH IS MOJJEPIKKH LEHTPAIN30BAHHBIX CTpaTerHid
NpUHATUS perieHui. OnHaKo, CyIIECTBYeT MHOMKECTBO BO3MOXKHOCTEH Ul JajlbHEHIIero
Pa3BUTHS JaHHOTO METOJa, TAKMX KaK COBMECTHMOCTh JaHHBIX, (peilepaTHBHEIE H COBMECTHEIE
MOJENIH HPHHSITHS DPeIIeHHH, (OpMalM3alysi SKCIEePHUMEHTAIBHOIO [H3aiiHa, CyBEepEHHTET
JaHHBIX, CHCTeMaTH3alus 0a3bl JaHHBIX AJI MCIOJIb30BAaHUS NPEIbIIYIIHX 3HAHUI U OIBITA,
CTpaTeruy KaIMOpPOBKU U MOBTOPHON KOPPEKTHPOBKHU UL HCTOYHUKOB JTaHHBIX.

KiioueBble cjioBa: peajbHOE BPEMs, HAJIEKHOCTh CHCTEMbI, MOHUTOPHUHT, BBIYHCIICHUS
Ha CTOPOHE IOJIb30BaTeIsl, CHCTeMaTHIECKOe UCCIIeJOBAHHE.
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Abstract. Wireless Sensor Networks (WSNs) were exposed to several distinct safety
issues and attacks regarding gathering and sending data. In this scenario, one of the most
prevalent WSN assaults that may target any tier of the protocol stack is the Denial of Service
(DoS) attack. The current research suggested various strategies to find the attack in the
network. However, it has classification challenges. An effective ensemble deep learning-based
intrusion detection system to identify the assault in the WSN network was, therefore, suggested
in this research to address this issue. The data pre-processing involves converting qualitative
data into numeric data using the One-Hot Encoding technique. Following that, Normalization
Process was carried out. Then Manta-Ray Foraging Optimization is suggested to choose the
best subset of features. Then Synthetic Minority Oversampling Technique (SMOTE)
oversampling creates a new minority sample to balance the processed dataset. Finally, CNN—
SVM classifier is proposed to classify the attack kinds. The Accuracy, F-Measure, Precision,
and Recall metrics were used to assess the outcomes of 99.75%, 99.21%, 100%, and 99.6%,
respectively. Compared to existing approaches, the proposed method has shown to be
extremely effective in detecting DoS attacks in WSNs.

Keywords: WSN, DoS attacks, artificial intelligence, deep learning, Convolutional Neural
Networks (CNN), Support Vector Machine (SVM).

1. Introduction. Networking systems are used by people worldwide to
solve problems, find fresh perspectives, and fulfil fundamental needs. One of
the most recent and well-liked technical developments is the creation of
sensors, which permit users to accept data from a long distance. Devices of
the Internet of Things (IoT) are using sensors more frequently these days [1].
Wireless Sensor Networks are regarded as an important research topic. Many
uses, including telecommunications, the military, healthcare, research, and
agriculture, can benefit from the technology [2] and see natural catastrophes
like earthquakes, floods, and volcanoes [3]. All of the nodes involved in the
design of these applications are presumed to be reliable and cooperative.
However, in actual deployments, nodes are subject to various intrusions and
assaults that can substantially impact the system's performance and the
network's capacity to function. Sadly, protecting this form of network from
numerous harmful assaults is a challenging issue [4]. A DoS assault is the
most frequent danger that WSNs encounter [5]. DoS attacks may harm a
network service by blocking real traffic from connecting to the network by
saturating it with many fraudulent requests. DoS assaults may occur at any
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tier of the TCP/IP protocol stack [6, 7]. The WSN's security must be verified
using the Intrusion Detection System (IDS).

IDSs keep an eye on system activity to spot and stop malicious
traffic. Attacks may be immediately detected by choosing the usual network
traffic design and size. IDS monitors and examines network-generated
events to spot anything unusual and notify sensor nodes of an intrusion [8].
Data received from sensors may be used in real time by intrusion
detection/prevention systems and cyber threat analysts to identify useful
information. With the aid of this data, security solutions can be created to
identify weaknesses and assaults.

One of the most popular ways to help IDSs better identify and
distinguish intruders is to combine them with artificial intelligence (AI)
approaches [9]. To detect DoS in WSN, the Al-based classification algorithm
has been applied. This study used deep learning techniques to assess the
defences against DoS attacks in WSN. To verify the efficiency of these
defence methods in identifying and categorizing the many types of DoS
assaults, they were assessed on a unique Wireless Sensor Network DataSet
called WSN-DS, which included several normal and attack circumstances.
The primary goal of attack detection, classified as a classification challenge, is
determining if an assault is Flooding, Black Hole, Normal, Time Division
Multiple Access (TDMA), or Gray Hole. Thus, this study suggested a unique
deep-learning architecture to address the issues of attack detection. This
study's primary contribution is as follows.

Pre-processing the data represents the initial stage of the suggested
method. Here, the One-Hot Encoding approach changed the categorical data
into numeral information. Following that, the normalization process is
carried out to determine the normalized value using average and standard
deviation values.

—  Then, to select the best subset of aspects, this research proposed
a Manta Ray Foraging Optimization, which makes every possible feature
combination and returns the set of attributes that performs the best.
Moreover, to balance the dataset, SMOTE oversampling approach is
employed, which increases the classification performance.

—  Finally, this research proposed a CNN-SVM-based deep learning
approach to classify the attacks. Therefore, the suggested multi-class intrusion
detection technique can properly categorize particular class assaults.

—  This article is organized as follows: Section 2 reviews the
existing artificial intelligence-based malicious threat detection approaches in
WSN. Section 3 describes the proposed deep learning-based attack detection
framework. Next, model implementation and their consecutive outcomes
were discussed in Section 4. Finally, Section 5 concludes this research paper.
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2. Literature survey. Articles on wireless sensor networks has been
published more often in recent years WSN. Some efficient anomaly detection
techniques, such as those based on the composition and properties of WSNs,
classification methods, clustering algorithms, machine learning algorithms, and
statistical learning models, are suggested in the literature. Despite the benefits of
WSN, several security flaws make it vulnerable to DoS assaults. Many
technological developments have made identifying and defending against DoS
attacks simpler. However, the most efficient strategies for averting such safety
problems and DoS attacks were supplied via deep learning.

Using edge and cloud data analysis, the authors in [10] presented a
new method for automatic anomaly detection for heterogeneous sensor
networks. The latter employs an artificial neural network method that is
completely unsupervised, whilst the former uses a multi-parameterized edit
distance algorithm created inside a residential structure and subsequently
altered with various fictitious impairments. The findings demonstrate that
the suggested technique can appropriately recognize abnormalities and self-
adapt to environmental fluctuations.

In [11] the authors developed a highly scalable architecture for a
hybrid intrusion detection warning system to create an adaptable and
efficient IDS that can categorize unexpected and surprising cyberattacks.
This system learns how to represent abstract and high-dimensional features
by passing the IDS data through several hidden layers. However, the
suggested system does not provide comprehensive details on the makeup
and traits of the malware.

A new model, the genetic algorithm and an extreme gradient
boosting (GXGBoost) model, was suggested by the authors in [12], using a
XGBoost classifier to identify intrusion assaults. In the extremely
inconsistent data flow of WSNs, this model seeks to develop the capability
of conventional approaches to identifying certain threats. To lessen the
number of aspects and increase the efficacy of incursion detection in WSN,
this model does not concentrate on feature selection approaches.

To maintain the dataset's balance and develop the intrusion detection
classifier, in study [13] developed a way using the SMOTE. However, this
technique must further enhance its ability to recognize wireless sensor
network intrusion data.

In paper [14] presented the backward sequence selection with Light
Gradient Boosting Machine (SLGBM) approach to detect intrusions in
wireless sensor networks. The Sequence Backward Selection (SBS)
technique was initially used to minimize the feature space's data dimension
to lower the real traffic data's computing cost. To identify various network
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assaults, a LightGBM algorithm is then used. But this approach does not
employ a distributed mechanism to further cut down on time.

For intrusion detection, in [15] SVM had the maximum accuracy
compared to other algorithms, whereas Gradient Boosting Classifier had the
minimum accuracy rating. It was discovered after examining the efficacy of
several machine-learning techniques. However, this study is still not
focused on multi-class classification and considering features to choose the
most crucial aspects and improve accuracy.

In paper [16] the LightGBM method and autoencoders were
suggested for constructing a network intrusion detection system, with the
latter being used for feature selection and the former for training and
detection. A foundation for intrusion detection is provided when data
collection, including network intrusion behaviours, is fed into an
autoencoder because there is a significant difference in restructural error
between the input data and the output data produced by the autoencoder. An
adequate threshold is determined based on the reconstruction error to
discriminate between defensive and offensive actions symmetrically.
However, this strategy was limited to binary class classification.

A unique feature selection technique called dynamic recursive
feature selection algorithm (DRFSA), which determines how many
characteristics are appropriate for categorization, was suggested by the
authors in their paper published in Science [17]. Employing fuzzy temporal
constraints as a smart addition to the decision tree algorithm is also
suggested to categorize network users and traffic better accurately.
Convolution neural networks are also used for data classification in huge
volumes. No distributed environment was used to implement this work.

In paper [18] the authors suggested a network intrusion detection
system based on LightGBM and adaptive synthetic (ADASYN)
oversampling technology. The authors initially used information pre-
processing to normalize and one-hot encode the original data to lessen the
impact of the top or lowest ranking for all requirements. Next, the
ADASYN oversampling method was used to deal with the poor rate of
minority assault detection brought on by an imbalance in the training data.
Finally, the system's temporal complexity is reduced while preserving
detection accuracy by using the LightGBM ensemble learning model. A big
data environment is not considered, though.

In study [19] the authors suggested a classification-based network
attack detection method for massive amounts of data. The SMOTE +
Tomek-Link — Hybrid Deep Learning (STL-HDL) method combines a
hybrid deep learning network here with data balancing. The STL ensemble
method was employed in the research for data balancing. The Convolutional
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Neural Network-Long Short Term Memory (CNN-LSTM) is utilized for
classification. However, a WSN-DS real-time dataset has not been utilized
to evaluate how well the proposed strategy worked.

In study [20] the authors suggested a passive-aggressive online
classifier and an information gain ratio-based model. First, the important
parts of the sensor data are chosen using the information gain ratio. Second,
several forms of Denial of Service assaults have been identified and
categorized using the online Passive Aggressive algorithm. However, the
data balance has not been taken into account.

Study [21] suggested a light-weight Intelligent Intrusion Detection
Model for WSN. Utilizing the k-nearest neighbour algorithm (kNN) and the
sine-cosine algorithm (SCA) allows for the intelligent identification of
various threats, including unknown assaults, while significantly improving
classification accuracy and reducing false alarm rates. The polymorphic
mutation (PM) technique is employed to compensate for the decrease in
optimization precision, and compact machine SCA (CSCA) is employed to
reduce computation time and space. On the other hand, the big data
environment is not considered.

In [22] the authors developed a memory-efficient, light-weight anomaly
detection system that maintains high accuracy while reducing computing
complexity. Concepts of dimension reduction and one-class learning were used
in the study. The One-Class Support Vector Machine (OCSVM) was employed
for one-class learning and size reduction, and the Candid Covariance-Free
Incremental Principal Component Analysis (CCIPCA) approach was employed.
The normal reference model must be adaptively learned over time to guarantee
that sensor data is accurate because it gets rigid.

In a WSN, in study [23] the authors suggested a technique used for
monitoring and thwarting DoS and distributed DoS assaults. The suggested
approach uses an RNN as a classifier. However, the dispersed environment
is not taken into account in this work.

Paper [24] provided a unique perspective on the malicious security
threats in WSNs using an ensemble learning-based quick intrusion detection
system that can handle continuous and dynamic data streaming. Although it
generates superior results, the pre-processing with data reduction and
parameter adjustment is not carried out, which might increase the classifier's
effectiveness.

In [25] the authors developed a CNN-LSTM network to identify and
categorize DoS intrusion threats. To enhance the accuracy of the
classification findings, this strategy does not balance the dataset and yields
worse performance outcomes.

1300 HUnudopmaruka n aBromarusanus. 2023. Tom 22 Ne 6. ISSN 2713-3192 (mieu.)
ISSN 2713-3206 (onsaiin) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

To identify DoS assaults targeted specifically at WSNs, the authors in
[26] suggested a special DoS Intrusion Detection System (DDS). STLGBM-
DDS, the proposed system, integrates the LightGBM machine learning
algorithm, data balance and feature selection techniques to create an ensemble
intrusion detection system. It was created using the big data platform Apache
Spark. The data imbalance's impact on system performance was reduced by
treating the data imbalance utilizing the SMOTE and the STL sampling
methods. Information Gain Ratio is also employed as a feature selection
strategy during the data preparation. However, using incorrect neural network
parameters has impacted classification accuracy.

Considering the literature review cited earlier, almost all studies that
advocate for deploying intrusion detection systems acknowledge that the
data imbalance problem is still unresolved. Furthermore, most research has
overlooked feature selection. To illustrate the need for large data
environments as the amount of WSNs data increases daily, not all required
work is completed in one.

3. Proposed Method. WSN deployments have increased
dramatically during the past several years. WSNs are being used in various
applications across numerous sectors because of their tiny size and low cost.
WSNs are exposed to several distinct security concerns and attacks
regarding data collection and transmission. The DoS attack is among the
most widespread WSN assaults that can target any protocol stack layer.
Attack detection is a crucial responsibility in this case for protecting the
network and the data. To provide security, this research proposed a deep
learning framework. This framework consists of the following steps: data
pre-processing, data normalization, feature selection, data balancing, and
attack classification shown in Figure 1.

‘WSN-DS Data Pre-procesfmg Exhaustive Feature |
1. Label Encoding '
Dataset - Selection '
2. Normalization
. I
'
'

Test Data Train data

,
i Normal N
| - D‘-{ e ||
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Fig. 1. Architecture of the proposed approach
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The initial data pre-processing stage involves preparing the raw dataset
for categorization algorithms — the One-Hot Encoding technique, which
transforms the categorical data into numeric data. Then the Normalization
Process was carried out to determine the normalized value using mean and
standard deviation values. After normalization, removing unnecessary and
redundant features and choosing the best subset of features is crucial using a
feature selection approach that uses a process called Manta-Ray Foraging
based Feature Selection that assesses each feature set using a fitness function.
It implies that this method attempts to make every possible feature
combination and returns the set of attributes that performs the best. After that,
we must balance the imbalanced dataset to increase classification
performance. The assault detection dataset contains imbalanced classes,
which hurts classification performance. Oversampling with under-sampling
approaches was used in our research. Noise and unwanted data size growth
are caused when oversampling techniques are used alone. The imbalanced
class problem is addressed in this research using the SMOTE approach.
Following that, the dataset must be divided for testing and training purposes.

Attacks are finally identified using the CNN-SVM-based Deep
Learning approach, in which the Convolution layer, Maxpooling layer,
Batch Normalization, Dropout layer, and Dense layer are employed.
Finally, the SVM classifier is utilized to classify the attack kinds. The
ADAM optimizer will tune the deep learning model's hyper-parameter to
detect intrusions with a high detection accuracy by minimizing the error
rate. As a result, the proposed multi-class intrusion detection approach can
accurately classify the specific classes such as Flooding, Blackhole,
Normal, scheduling, or Grayhole. The following sections are arranged to
explain the proposed method process in detail.

3.1. Dataset Description. A WSN-DS dataset was constructed in [27]
to detect and classify the attacks on WSNs specifically. The Low-energy
adaptive clustering hierarchy (LEACH) protocol was selected to create the
dataset since it is one of the most popular and regularly utilized routing
protocols in WSNs. The data were gathered in the NS-2 simulation
environment. The dataset includes 23 characteristics that were obtained using
the LEACH routing technique. The LEACH protocol is a routing protocol
that employs 23 characteristics to indicate the status of each sensor node in
the wireless network. There are 23 features, including Id, Time, Is CH,
Who CH, RSSI, Dist To CH, M D CH, and A D CH. Energy that is now
being used, consumed, ADV_S, ADV_R, JOIN_§S, JOIN R, ADV_SCH S,
ADV_SCH R, rank, DATA S, DATA R, Data Sent BS, Dist CH BS,
Send code, and attack type. However, as indicated in Table 1, there are only
19 features total in the dataset file, in addition to the class label.
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Table 1. A detailed description of the attributes of the WSN-DS dataset

No Attribute Name Attribute Description
1 1d (Identification) To recognize the sensgr'node in any round
and at any stage, it is a special ID
. The sensor node's current simulation time is
2 Time .
displayed
It acts as a flag to show whether the node is
3 Is CH a CH (cluster head). Value 0 denotes a
normal node, whereas value 1 denotes a CH
4 who CH It is a CH ID for the current round
. In the current round, it is the separation
> Dist_To_CH between the node and its CH
. The number was used to promote CH's
6 ADV_S (Advertise_Send) broadcast messages delivered to nodes
7 ADV_R The number was used to promote CH
(Advertise_Receive) communications obtained from CHs
3 JOIN_S The amount of join request messages
(Join_Send ) delivered to the CH by the nodes
It represents the number of join request
JOIN_R .
9 X = messages the CH has received from the
(Join_Receive)
nodes
SCH S It depends on how many advertised TDMA
10 - (Time Division Multiple Access) scheduled
(Schedule_Send)
broadcast messages are sent to the nodes
It is the quantity of advertised TDMA
SCH_R .
11 - . scheduling messages that the CH has
(Schedule Receive) .
received
12 Rank It is this node's position in the TDMA
schedule
13 DATA S It refers to how many data packets a sensor
(Data packets _Send) delivers to its CH
14 DATA R It measures how many data packets were
(Data packets_Receive) received from CH
Data_Sent_BS It refers to how many data packets were
15| (Data packets Send Base
.~ - transferred to the BS
station)
. Dist CH_BS It measures the separation between the CH
16 | (Distance _Cluster Head .
— - and the BS (base station).
Base station)
17 Send Code It is the cluster-sending node
18 Consumed_Energy It represents thg: energy tha.t the sensor node
used during the previous round
19 Attack_Type Type of Attack (A black hole, Grayhole,

Flooding, TDMA/Scheduling, Normal)
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The WSN-DS dataset has 374.661 samples. The samples in the
dataset are separated into five groups, four of which correspond to different
forms of DoS attacks: Black hole, grey hole, flooding, TDMA/Scheduling,
and normal. Table 2 displays the precise data distribution of each class.

Table 2. The number of samples in each class of WSN-DS Attack

Class Number of Samples | Proportion (%)
Normal 340066 90.77
Gray hole 10049 2.68
Black hole 14596 3.90
TDMA/Scheduling 3312 0.88
Flooding 6638 1.77
Total 374661 100

This WSN-DS dataset served as the basis for all evaluations in the
fundamental research. The dataset was selected as that includes DoS
assaults specific to WSNs.

3.2. Data Normalization and Encoding. Constructing the raw
dataset suitable for classification algorithms is the first phase in data pre-
processing. Due to this, the One-Hot Encoding technique was employed in
this work to first convert the dataset's category values to quantitative data,
after which the normalization step was carried out by Equation (1).

x'z:xz—,u|/0', (1)
where, x, is the original value, x;, are the normalized value, y and o are the
mean and standard deviation values, respectively. As a result, each
numerical value in the data set was changed to a number between 0 and 1.

For instance, the Attack Type attribute in the WSN-DS dataset
contains textual descriptors like Normal, Grayhole, Blackhole, TDMA, and
Flooding. Al-systems are prevented from using these textual descriptions to
continue their calculations. Consequently, employing our suggested One-
Hot Encoding in conjunction with the normalizing method is required to
transform these descriptors into numeric values.

The process of One-Hot encoding can be applied in the WSN-DS
dataset:

1. Identify the categorical variables: The attack type is described
in textual format in this data set.

2. Create binary columns: Create a new binary column for each
categorical variable for each unique category. In the case of "Attack Type,"
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five binary columns will be created: "Normal," "Gray hole," "Black hole,"
"TDMA" and "Flooding".

3. Assign binary values: Assign a value of 1 to the appropriate
binary column for each data instance corresponding to the respective
category.

4. Remove the original categorical variable: Once the One-Hot
encoding is applied, the original categorical variable.

The classification labels were changed into numbers via the One-Hot
Encoding process, as shown in Table 3.

Table 3. Findings from Data Normalization and Encoding

Attribute Class | One-Hot Encoding Output
Normal 0
Gray hole 1
Black hole 2
TDMA 3
Flooding 4

Certain characteristics with large numerical values are prevented after
normalization and encoding from impairing the algorithm's performance and
having a negative impact. These data are then used in the feature selection
method; this is covered in greater detail in the section below.

3.3. Feature Selection. Feature selection is an approach that
determines the most effective feature subset by reducing noise and
eliminating unnecessary and redundant features in the WSN-DS dataset. It
can enhance computation performance by reducing the computational load.
This research proposed a Manta Ray Foraging (MRF) optimization to
choose the features, which examines each feature set that simulates manta
ray foraging behaviours. Three foraging operators are used in this strategy:
chain foraging, cyclone foraging, and somersault foraging.

3.3.1. Chain Foraging. The manta ray chain prefers to devour
plankton as its main diet. Hence the MRF optimization algorithm indicates
that a place with much plankton is the finest. According to the optimum
location and the manta ray in front of it, the MRF algorithm modifies the
manta ray's position by omitting the first one. The chain foraging update
process is shown in Equation (2):

sie + rand, (st — siter) + y (st — siter),m =1

. ; . . . ,
seT + rand, (s, — siter) + y(siter — site ), m =2,..,M
m 2\°m-1 m b m

)

siter+1 = {
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y =2 xrand, x |10§:{2(rami4 )| , (3)

where, sit¢"denotes where the m®" the manta ray is at iteration; rand; ;34
are randomly produced integers in the range [0, 1] that are distinct from one
another; y is the weight coefficient; sif¢T%°" js the maximum level of
plankton concentration. The optimum plankton site, therefore, dictates the
position update.

3.3.2. Cyclone Foraging. In addition to moving in the path of the
plankton, each manta ray follows the manta ray in front of it as it swims.
Equation (4) provides a mathematical representation of the cyclone foraging
updating strategy.

iter iter iter iter iter —
siter+1 _ { ST + rands(sireT — siter)+oc (i — sifer),m =1 @)
L =1 i ; ) . ) B ,
ST + rand(site; — siter)+oc (siter — siter),m = 2, .., M
y Max.iter —iter +1) .
oe= 2 x M x(,— s1n(2><7r><rand8), 5)
iter

where, & represent the weight coefficient; Max. iter determines the most
iterations possible; and rands ¢ represent the different randomly produced
numbers between [0, 1].

The MRF algorithm's exploration and exploitation are mostly driven
by this step, which uses the best plankton as a benchmark (forcing the
manta rays to move to a random place in the explore regions that is both
distant from their current location and the best site for prey). Equations (6)
and (7) show this hypothesized process.

sf,’;r = Lw+rand, (UP—Lw), (6)

it it it it it _
syp’ +rand;, (s;p” - S,ln‘”)+o< (S;p” - s;n”),m =1

it it it it it _
srp + rand, (sie7; — siter) o (S;p” —siker)m=2,..,M

. (D

S_rl'ger+1 — {

where, sri;er is the fabricated random place within the permitted range; UP

and Lw are the maximum and minimum values that can be found at a
integers between 0 and 1.

3.3.3. Somersault Foraging. Equation § provides a mathematical
description of this scenario where each manta ray circles this spot and drifts
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to a different position. The reference point is the location with the greatest
plankton concentration thus far.

T . ,
sherh = " 4 smsf x (mnd12 x5, = (rand13 x5 )) , (3)

m m

where smsf is the somersault factor; and rand,, ;3 are various randomly
generated integers between 0 and 1.

Algorithm 1. MRF optimization algorithm
Input: Normalized data

Output: Extracted features
While criteria! Satisfied do
for m=1,..., M do

if rand, <0.5 then

if (iter/Max.iter) <rand, then // Cyclone Foraging

Evaluate using equations (5 and 6)

else

Determine Equation (3)
end if
else // Chain Foraging

Calculate using Equation (1)

end if
// Calculate fitness for n*"* manta ray f(site™+1
if f(sitem+1) < f(sife™) then
Sli)ter — Sririer+1
end if
end for

/I Somersault Foraging
for m=1,..., M do
Evaluate using Equation (7)

// Calculate fitness for m‘" manta ray f(sifev+1)

if f(site™1) < f(sjt°") then

Sli,ter — Sri'ger+1
end if
end for
end while
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The Id and ADV R features in the WSN-DS dataset show substantial
correlations among themselves, even though many other characteristics in
the dataset do not.

The correlation between these two features can be calculated using
Pearson's correlation coefficient to measure the linear relationship
between 2 variables. The corr ( ) function computes the pairwise
correlations between the dataset's selected features (Id and ADV R). The 1d
property was thus dropped from the dataset due to this action. Id, ADV R,
and SCH_R, respectively, have the attributes that have the least effect on
the class, as shown in Table 4. As a result, the dataset did not include these
attributes.

Table 4. Feature selection results of the proposed approach

Feature No Attribute Name
2 Time
3 Is CH
4 who CH
5 Dist To CH
6 ADV S
8 JOIN S
9 JOIN R
10 SCH_S
12 Rank
13 DATA S
14 DATA R
15 Data Sent BS
16 dist CH To BS
17 Send Code
18 Consumed Energy

The number of features has decreased due to the feature selection
procedure, leaving the WSN-DS dataset with only 16 features.

3.4. Data Balancing. The WSN-DS contains unevenly distributed
classes, which has a detrimental effect on the precise classification. In study
[28] the authors suggested the heuristic oversampling approach known as
SMOTE to address the class imbalance in datasets. By oversampling the
data from the minority class, this strategy creates fake data. By creating
synthetic data, SMOTE also solves the overfitting issue brought on by
random oversampling techniques. As a result, this study suggested using a
SMOTE to modify the sparse spreading of the minority class samples and
usually avoid overfitting.
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SMOTE selects samples that are near the feature space. From the
minority class, a random sample is taken, and the sample's nearest k
neighbours are then identified. Following the random selection among the
closest neighbours, the distinction between the two sample features is
multiplied by a value between 0 and 1 and added to the selected sample
value. A line then connects the two sample features, and synthetically
samples are produced this way. The kNN algorithm are randomly picked
the neighbours depending on the oversampling needed.

The following definition applies to SMOTE samples, which are
linear combinations of the minority class's two comparable samples

(rs—r):
n=r+v><(rS —r), 0<d<1, )

where v is the variation between the two samples; and r5is the randomly
chosen model of r based on the closest neighbour digit. In order to address
the class imbalance issue, SMOTE introduces new samples at random
between neighbourhood samples from minority classes, greatly boosting the
percentage of samples from minority classes. Figure 2 shows the raw
dataset, and Figure 3 illustrates the after-data balancing.

400000
350000
= 300000
£ 250000
© 200000
£ 150000
2100000
50000

0 _— -— — —

D & &
< & && &Q\ S @?' &‘&
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Fig. 2. Dataset before data balancing

340200

Fig. 3. Dataset after data balancing
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Following that, the dataset is split into sections for testing and
training. Finally, to classify the attacks, this research proposed a deep
learning-based framework described in the following section.

3.5 CNN-SVM-based classification. Attacks are finally identified
using the CNN-SVM based Deep Learning approach, in which the
Convolution layer, max-pooling layer, batch normalization, Dropout layer,
and dense layer are employed. Finally, the SVM classifier is utilized to
provide the classification of the attack kinds.

CNN: The most analytical information can be gathered from raw
data by CNN. In the proposed framework, the most recognizable features
are taken from the raw data using a 5x5 kernel/filter. The input layer's nxn
input neurons are convolved with an mxm filter in the convolutional layer,
producing an output with the dimensions (n-m+1) x (n-m+1). Each layer's
output serves as the following layer's input.

SVM: SVM attempts to denote a multi-dimensional dataset in a
space where a hyperplane separates the data into different classes. The
SVM classifier can minimize the generalization error.

CNN-SVM: The hybrid CNN-SVM model, SVM functions as a
binary classifier and takes the place of CNN's softmax layer in this scenario,
is introduced in the current work. Although CNN is a feature extractor,
SVM is a binary classifier. Figure 4 describes a suggested hybrid CNN-
SVM model's design.

Different Types
of attacks

Fig. 4. Hybrid CNN-SVM approach

A 28x28 normalized data matrix is provided to the CNN layer as an
input. The convolutional layers have a stride of size two and a 5x5
convolutional filtering. The feature map layer's convolution layers 1, 2, and
3 extract values that are also considered distinguishing properties of the
input data. Here, dropout is a powerful regularization technique that can
significantly reduce overfitting in Deep Neural Network (DNNs). By
randomly dropping out neurons during training, the network learns to
generalize better to new data. The CNN is trained after going through
multiple epochs and until the training process converges. Here, the SVM
classifier takes the place of CNN's last layer. The SVM classifier considers
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the input features from the convolution layer 3 data as input. These new
automatically generated training data features are initially used to train the
SVM classifier. To identify the assaults utilized for testing, the trained SVM
classifier is employed.

Table 5. Model Hyperparameter

Hyperparameter Value
Iterations 100
Activation Function ReLU
Loss Function Categorical cross-entropy
Optimization algorithm Adam
Learning rate 0.01

By reducing the error rate, as shown in Table 5, the hyper-parameter
of the deep learning model will be tuned by the ADAM optimizer to
identify intrusions with high detection accuracy. Consequently, the
proposed CNN-SVM method can accurately categorize certain categories
like Flooding, Blackhole, Normal, TDMA, or Grayhole.

4. Expriments and Evaluations. This segment details the
performance and comparative findings of the suggested strategy and the
implementation outcomes. The proposed method is implemented on the

balanced WSN-DS dataset. For the evaluation purpose, we have split the
dataset into testing and training in the ratio of 50:50. The simulation was
carried out using the MATLAB 2021a tool operated in Windows 7
operating systems with 8§GB RAM size of Intel premium processor.

4.1. Evaluation Parameters. This section describes the various
performance indicators of the recommended deep learning system for
classifying attacks in WSN.

Figure 5 demonstrates that after 32 iterations, the MRF optimization
technique decreases the fitness function and converges on the value. To
achieve the best characteristics, the optimization was done 100 times. As a
result, the MRF technique has a good performance in terms of feature
selection.

Figure 6 shows the multi-intrusion detection system outcomes of the

suggested CNN-SVM-based method. Figure 6 classifies the assaults in the

WSN-DS dataset. A confusion matrix displays the assaults properly
detected on the main diagonal (top left to bottom right). The erroneous
labels are visible in the remaining cells, referred to as true negatives or false
negatives. The suggested hybrid model, therefore, produces superior
outcomes. From that confusion matrix, we obtain the following
performance values.
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Fig. 5. Results of Manta Ray Foraging Optimization
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The efficiency of the unique strategy for attack categorization is
assessed using the performance of our suggested method and several
measures, including accuracy, F1 Score, precision, and recall. The
following formulas were used to assess the Accuracy, Precision, Recall, and
F1 Score performance metrics.
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True Positive + True Negative
Accuracy =

(10)

True Positive + True Negative + False Positive + False Negative |

.. True Positive
Precision = — —, (11)
True Positive + False Positive

True Positive
Recall = — —> (12)
True Positive + False Negative

2* Precision™* R !
F1 Score— recision* Recal . (13)
Precision + Recall

The suggested method's performance evaluation measures are shown
in Figure 7.

Performance Parameters (%)

100

99.98
99.96
99.94
99.92 '

99.9
Accuracy Precision Recall F-Score

Fig. 7. Performance parameters of the proposed approach

The resulting values of accuracy, F1 Score, recall and F-score are
99.75%, 99.60%, 99.21% and 100.0%, tabulated in Table 6.

Table 6. Performance Evaluation

Performance Parameters | Value (%)
Accuracy 99.96
Precision 99.94

Recall 100
F-Score 99.97

By applying data normalization and encoding, the performance of
our suggested method achieves greater accuracy, F1 score, precision, recall,
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feature selection using the MRF approach, and data balancing and
classification of attacks using the CNN-SVM approach.

4.2. Comparison Analysis. This segment contrasts the suggested
method with accepted practices to evaluate it against current practices. The
following algorithms have been reported: Decision Tree (DT) [26], Random
Forest (RF) [26], Naive Bayes (NB) [26], Logistic Regression (LR) [26],
Multi-Layer Perceptron (MLP) [26], CNN [26], LSTM [26], and CNN-
LSTM [26].

Figure 8 displays a comparison of all accuracy levels. Using CNN-
SVM enhances the accuracy of the suggested method. As related to the
baseline, our suggested technique achieves greater accuracy than DT, RF,
NB, LR, MLP, CNN, LSTM, and CNN-LSTM such as 97.53%, 97.67%,
92.53%, 97.16%, 96.24%, 98.03%, 99.31%, and 98.04%.

100

98

96

Accuracy(%)

94

92

Models
Fig. 8. Comparison of Accuracy

Consequently, our original distinguishing technique has a 99.96%
accuracy rate, outperforming conventional techniques.

Figure 9 shows the comparison of complete precision. Using CNN-
SVM enhances the suggested method's accuracy. As compared to the
baseline, our suggested strategy achieves greater precision than DT, RF,
NB, LR, MLP, CNN, LSTM, and CNN-LSTM such as 0.97%, 0.98%,
0.88%, 0.97%, 0.96%, 0.98%, 0.99%, and 0.98%. Our innovative
distinguishing method has a 0.9994% precision, outperforming
conventional techniques.

Figure 10 shows the entire recall comparison. Using CNN-SVM
increases the recall of the suggested method. We are comparing the recall of
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our suggested method to the baseline DT, RF, NB, LR, MLP, CNN, LSTM,
and CNN-LSTM such as 0.98%, 0.98%, 0.93%, 0.97%, 0.96%, 0.98%,

0.99%, and 0.98%. Consequently, our original, distinctive technique has a
100.0% recall compared to standard methods.
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Figure 11 displays the comparison of the total F-Score. Using CNN-
SVM raises the F-Score of the suggested method. As compared to the
baseline, our suggested method outperforms DT, RF, NB, LR, MLP, CNN,
LSTM, and CNN-LSTM such as 0.97%, 0.97%, 0.90%, 0.97%, 0.96%,
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0.98%, 0.98%, and 0.98%. Because of this, our innovative, distinctive
method has a 0.9997% F-Score, which is better than baseline methods. The
overall comparison of the performance parameters is tabulated in Table 7.
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Fig. 11. Comparison of F-Score

Table 7. Comparison of Performance Parameters

Methods Accuracy (%) | Precision (%) | Recall (%) | F-Score (%)

DT 97.53 97 98 97
Random Forest 97.67 98 98 97
Naive Bayes 92.53 88 93 90
Rgg’ﬁztslico N 97.16 97 97 97
%;gé;:‘ryof 96.24 96 96 96
CNN 98.03 98 98 98
LSTM 99.31 99 99 98
CNN-LSTM 98.04 98 98 98

Proposed 99.75 99.21 100 99.6

4.3. Discussion. The striking aspect of the results is that, on the
WSN-DS dataset, the CNN and LSTM deep learning algorithms outperform
the CNN-SVM hybrid strategy separately. Data balancing enhances the
performance of the DoS intrusion detection system greatly. In research
published in the literature, hybrid approaches frequently outperformed
individual deep learning techniques, whereas individual methods
outperformed hybrid methods on the WSN-DS dataset with the feature
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selection algorithm. The peculiar feature structure of the WSN-DS dataset is
thought to be the root cause of this circumstance. The NB algorithm had the
worst results. Since it could not recognize data from the TDMA and
Flooding classes with a high rate, the Naive Bayes method performed the
worst. Figures 8-11 and Table 7 compare classification algorithms based on
accuracy, precision, recall, and FI1-Score characteristics. When the
outcomes of these parameters are analyzed, the suggested technique yields
the best results for each parameter.

5. Conclusion. This work proposes a novel classification-based DoS
intrusion detection method to identify DoS assaults targeted at WSNs. The
suggested CNN-SVM technique combines data balance and feature
selection operations in the deep learning-based approach. The SMOTE
ensemble technique was utilized in this work to balance the data. For the
attack categorization procedure, CNN-SVM was used. Also, the impact of
each feature was evaluated, and using the Manta Ray Optimization feature
selection approach, the number of features was lessened from 19 to 16. It
was observed that the feature selection process led to an improvement in the
algorithm's performance. The WSN-DS dataset was used for experimental
experiments. The metrics Accuracy, Precision, Recall, and F-Score were
used to assess the performance of the suggested technique. According to the
test findings, the proposed approach performed better than the alternatives,
with an accuracy, F-Measure, Precision, and Recall of 99.75%, 99.21%,
100%, and 99.6%. In the future, it is intended to integrate the machine
learning algorithm with various deep learning techniques, such as Gated
Recurrent Unit (GRU) and Auto Encoder (AE), to increase performance and
analyze the outcomes. Furthermore, several oversampling and
undersampling approaches will be explored for data balance. Furthermore,
the suggested method's performance on various datasets will be evaluated.
Finally, research is being conducted to improve the dependability and
transparency of intrusion detection systems using Explainable Artificial
Intelligence approaches.
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K. KPUIIIHA, P. TUPYMYPY
CBAJTAHCUPOBAHHASA CUCTEMA OBHAPY /X KEHUS
BTOPKEHHUM JI/Is1 BECIIPOBOJHBIX CEHCOPHBIX CETEM B
CPEJE BOJIBIIINX JAHHBIX C UCITOJB30OBAHUEM MOJIEJIN
CNN-SVM

Kpuwna K., Tupymypy P. CéallaHCHPOBAHHAsi CHCTeMa OOHApY:KeHUsl BTOP:KEHMH 115
0ecnpoBOIHBIX CEHCOPHBIX ceTeil B cpeje 00JILIIMX JaHHBIX C MCIOJb30BAHHEM MOJEIH
CNN-SVM.

AunHoraumusi. bBecrpoBonnsie cencopubie cetn (WSN) moaBepraguch HECKOJIBKHM
pa3nuuHBIM TpobiieMaM Oe30IIaCHOCTH U aTakaM, CBSI3aHHBIM CO COOpPOM H OTIIPaBKOH
JMaHHBIX. B oTOM crmeHapum ofHOU M3 Hambolee pacmpocTpaHeHHBIX aTak WSN, kotopas
MOKET OBITh HallelleHa Ha JI000i ypoBEHb CTEKa IPOTOKOJIOB, ABIIETCS aTaka TUIA «OTKa3 B
obocryxuBanum» (DoS). Texymee wuccnenoBanue mpeagaraeT paslIddHbIE CTPaTeTHU
oOHapyXeHHUs aTakd B ceTd. OJHAKO y HETO ecTh ImpodaeMsl ¢ knaccuduxammeir. [Tootomy B
3TOM HCCIICAOBAHHUU JUISl PEIECHUS 3TOM 1po0OieMsl ObUIa peIoxkeHa dGpdeKTuBHAs cucTeMa
00Hapy)XeHHsI BTOPXKEHHH Ha OCHOBE aHCaMOJEBOrO TIyOOKOTro OOy4eHWs /IS BbISBICHHS
atak B ceru WSN. IlpenBaputensHas o00paboTka [aHHBIX BKIIOYAET NpPeoOpa3oBaHUE
Ka4yeCTBEHHBIX JaHHBIX B YHCIIOBBIE C Mcnoib3oBaHueM Meroxa One-Hot Encoding. ITocne
9TOro OBbLI MNPOBENEH TNPOLECC HOpPMAaIM3alMU. 3aTeM IpeylaraeTcsi BbIOpaTh JIydinee
MOoJMHOXECTBO (yHKIMH c momomiplo Manta-Ray Foraging Optimization. 3atem Mmeron
nepeanucKpeTH3anny cuHtetHdeckoro MeHsmuHCTBA (SMOTE) co3maer HOBYIO BBEIOOPKY
MEHBIIIMHCTBA JUIs GanaHCHpOBKM 0OpaboTaHHOro Habopa maHHbIX. HakoHen, mpemmaraercs
knaccudukatop CNN-SVM s knaccudukaunu BunoB arak. Merpuku Touynocts, F-mepa,
IpeuusnonHocTs U OT3BIB UCTIONB30BAKMCH AT OLIEHKH pe3ysibTaToB 99,75%, 99,21%, 100%
n 99,6% coorBercTBEHHO. I10 CpaBHEHHIO C CYIIECTBYIOIIMMH HOAXOAAMM IPEIIOKEHHBII
METO]] OKa3aJics Ype3BbIYaiiHO 3G GeKTUBHBIM 1pu 0O0HapyxeHun DoS-atak B WSN.

KnrodeBbie cioBa: OecripoBofHas CEHCOpHas ceTh, DoS-aTaku, HCKYCCTBCHHBII
HHTEIIIEKT, TIy0oKoe 00ydeHue, CBepTOIHbIC HEHPOHHBIE CeTH, METO]] OIOPHBIX BEKTOPOB.
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A.IO. TIOJIETAEB, 1.B. I[TAPAMOHOB, E.l1. BOIMYYK
AJITOPUTM IIOCTPOEHU A NTEPEBA CUHTAKCUYECKHX
EJUHUIL PYCCKOA3BIYHOI'O ITPENJIOKEHMA 110 JIEPEBY
CHUHTAKCUYECKUX CBS3EN

Ionemaes A.FO., Ilapamonoé H.B., Boiiuyk E.J. AJroputM 1nocTpoeHHs1 JepeBa
CHHTAKCHYEeCKHX €JHHHUI] PYCCKOSI3bIYHOTO NpeJIOKeHNs M0 JepeBy CHHTAKCHYECKHX
cBs3eil.

AHHOTAmMsl. ABTOMAaTHYECKHI CHHTaKCHUIECKHI aHaN3 NPeJIOKEHNS] — OJHA U3 BasKHBIX
3a/1a4 KOMITbIOTEPHOMN JIMHIBUCTHKH. B HacTosiee Bpems /sl PYCCKOTO SI3bIKa OTCYTCTBYIOT
0011e JOCTYHbIE 1 MPUTOHbIE AJIs IPAKTUYECKOro NPUMEHEHHUs aHAJIN3aTOPbl CUHTAKCHYECKOi
cTpykTypbl. Co3qaHue TAKUX aHATM3ATOPOB «C HYJIsl» TPEOyeT COCTABJICHHUS KOPITYCa JePEBbEB,
Pa3MEYeHHOro B COOTBETCTBUM C 33laHHON (DOPMAJIbHOI I'PaMMAaTHKOM, 4TO IpPEACTaBIIsAET
co0oii KpaiiHe Tpylo€MKy0 3agady. OQHAKO, IOCKOIBKY JUISl PYCCKOTO SI3BIKAa CYIIECTBYET
HECKOJIBKO aHAJIM3aTOPOB CUHTAKCHYECKHX CBSI3€H, MPEICTABIISIETCS TOJIE3HBIM HCIIOJIB30BATh
pe3y/bTaThl UX paboOThI AJIsI aHATM3a CHHTAKCHIECKOi CTPYKTYPBI IpeulokeHuil. B HacTosimeit
paboTe mpejularaeTcsi arOpUTM™, MO3BOJISIONINIA OCTPOUTh JEPEBO CUHTAKCUYECKHX €AMHMIL
PYCCKOSI3BIYHOTO TIPEUIOKEHHsI 10 JAHHOMY JepeBy CHHTAKCHYECKHX CBsi3eil. AJITOpUTM
UCHOJIB3yeT IPAMMATHKY, C(OPMY/ITMPOBAHHYIO B COOTBETCTBUH C KJIACCUYECKHMM CIIPAaBOYHHKOM
I.3. Posenrans. IIpuBeneHBl pe3ysibTaThl SKCIEPHMEHTOB IO OLEHKE KadecTBa PadOThI
MPeJIOKEHHOTo airoputMa Ha kopryce u3 300 mpemyioxeHuii Ha pycckom s3bike. 200
NpeJIOKEeHNIT ObLIM BBIOpAHbI M3 BBILICYIOMSHYTOro crpaBo4Huka u 100 M3 OTKpPHITOro
Kopmyca nyomuctiudeckux tekctoB OpenCorpora. B Xxofe KCIepuMEeHTOB IpeUIoKeHHs
NOJaBAJIICH HA BXOJI aHAJIM3AaTOPOB U3 cocTaBa Oubimotek Stanza, SpaCy u Natasha, noce yero
TIOJIyYeHHbIE JIepeBbsl CHHTAKCHUECKHUX CBs3ell 00pabaThIBAINCh NPEAIOKEHHBIM aITOPUTMOM.
TonyueHHble B pe3yibTaTe OOpaOOTKM [epeBbs CHHTAKCHYECKHX E€IMHHULl CPaBHUBAINChH C
pa3MedYeHHBIMU BPY4HYI0 dKcnepramu-unonoramu. Hamtydiee KauyecTBO ObUIO MOJTydYEHO
[PM MCTIOJIb30BaHUH aHAJIN3aTOPa CMHTAKCHMYECKUX CBsizell n3 Oubimoreku Stanza: Fj-mepa
MOCTPOCHUsI CHHTaKCHMYECKUX eJuHuI cocTaBwia (.85, a TOYHOCTh ONpENEeNICHHs WIEHOB
npensoxenust — 0.93, yero KOJHKHO OBITH JOCTATOYHO JUIsl PELeHNsI MHOTUX NPAKTUYECKUX 3a1ad
B TAKUX 00JIACTSIX, KAK M3BJICUCHHE COOBITHIT, MH(POPMALIMOHHBII TOMCK, aHAIN3 TOHAJIBHOCTH.

KuroueBble €JIOBa: KOMIIBIOTEpPHAsl JIMHIBHCTHKA, OOpabOTKAa €CTECTBEHHOTO SI3bIKa,
CHHTaKCHYECKUIi aHAJIM3, JePeBO CUHTAKCUYECKHX CVHUIL, IE€PEBO CHHTAKCHYECKUX CBSI3CH,

(opmanbHast rpaMMaTHKa.

1. Beegenme. [Ins1  penieHus HEKOTOPHIX — 3aaady  0OpabOTKH
€CTEeCTBEHHOT'O sI3bIKa, HAIIPUMEP, U3BJICUeHHs] COOBITHIA, NH(POPMAIIMOHHOTO
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MOMCKA, aHajIW3a TOHAJIBHOCTH, TpPeOYyIOTCS METOObl aBTOMAaTHYECKOro
aHayM3a npeoxkenuii. OqHa U3 BaXXHEHIINX 3a/1a4 aHAJIM3a MPeIoKEeHU —
CHHTAKCUYECKHil aHaJIM3, BKJIIOYAIOIIHNIA B ce0sl KaK aHaJIM3 CUHTAKCHYECKUX
cBsizeil (dependency parsing), Tak U aHAJIU3 CUHTAKCUYECKOW CTPYKTYpbI
(constituency parsing) [1].

CHHTaKCHYECKHe CBS3HM MEXAy CJIOBAaMHU IPEIOKEHUS MOTYT ObITh
MIpe/ICTaBJIeHbl B BU/IE JIepeBa CUHTAKCUUYECKUX CBA3el (JiepeBa 3aBUCUMOCTEN,
JepeBa noguuHeHus, dependency tree) [2]. [Ipumep gepeBa CHHTaKCHUECKUX
CBsI3ell 115 TIPEVIOKEHHUS HA PYCCKOM sI3bIKE TIPUBE/IEH Ha PUCYHKe 1.

cTrajua

zcm/ \4(10 oenamsv?

CTy4YaThes
rca% % umo?
CHUION ABEPL
/ / W’“’"’?

HKeJIe3HYI0
Puc. 1. JlepeBo CUHTaKCUYECKHUX CBs3el NpeaoKeHUs
A cman ¢ cunoii cmyuamucs 8 Jicene3nyio 0gepo

CuHTaKcH4YecKasi CTPYKTypa MPeJIOKESHUST MOKET ObITh MpeICTaBIeHa
B BUJI€ JepeBa CUHTAKCUYECKUX €IUHMUIL (CUCTEMbl CUHTAKCUYECKHUX TPYIIIL,
JepeBa HeTIOCPeICTBEHHO COCTABJISIONINX, constituency tree), KaxJIbIi y3el
KOTOpPOrO — CHHTaKcuueckas enuHuna [3, 4], a mOTOMKM 3TOro ysjia —
¢opmupylomye e€ MeHbIIMEe CUHTaKCHYecKne eauHurpl. KopHem nepesa
CUHTaKCHYECKUX €IUHUI] SBJISIETCs BCE MpeIOXKEHKE B 1IEJIOM Kak HauboJee
KpYIHasi CHHTAKCUUYECKasl eJJMHUIIA, a JIMCThSIMU — OT/IeNIbHbIe ciioBa. [Ipumep
JepeBa CHUHTAKCUYECKUX CJIWHUIl IS TPEJIOKEHUS Ha PYCCKOM SI3BIKE
TIPUBEIEH HA PUCYHKE 2.

ITockonbKy AEpeBO CHMHTAKCHUYECKUX EIVHUI] OMICHIBAET HE TOJBKO
OTJeJIbHbIE CJIOBA, HO M TO, KaK OHU OOBEAMHSIOTCS B 00Jiee KPYITHbIC €AUHULIbI
CHUHTaKCHCa, a 3TO OObEeJMHEHHE B €CTECTBEHHOM SI3bIKE IMPOUCXOIUT B
COOTBETCTBHU C €r0 IPaMMATHUKOH, JIsI TOCTPOCHUS JIepeBa CHHTAKCUIECKUX
eHUI] HeoOxoanMa hopMau3anus 3Toi rpaMMatuki [1]. HykHO oTMeTHTb,
YTO JUIsi OJHOTO WM TOTO K€ TMpPeIIOKEHWSA MO pPa3sHBIM (POpMajIbHBIM
rpaMMaTuKam OyIyT IOCTPOEHBI Pa3Hble AE€PEBbs CHHTAKCHUYECKHX eIuHHMI] [2].
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npe/JIo’KeHne
rpaMMaTnJecKast
OCHOBa
nojJiexKaiee rpymmna
A CKa3yeMoro
rpynmna
HenpsAMoro
JIOTIOJTHEHUSI
rpynna
CKa3yemMoro
JI0TO/THEeHNe onpe/ejeHne
6 06epb JHCENE3HYIO
00CTOATENLCTBO cocTaBHOE
c cunou CcKazyemMoe
rJIarojabHast rjaaroJ-
4acThb CBsI3Ka
cmyuamocs cman

Puc. 2. JlepeBO CHHTaKCUYECKUX €IMHULL IPEAJIOKEHUS
A cman ¢ cunoii cmyuamucs 6 dicene3nyio 06epo

JIMHIBUCTBI M3Yy4YalOT €CTECTBEHHBI $3bIK C IMOMOILBIO aHalu3a
CHUHTaKcuueckux eauHul (immediate constituent analysis) Kak MUHUMYM C
cepenunbl XX Beka [5]. JJaHHBIA METO UCTIONB3YETCs KaK B UCCIIEJOBAHUSIX,
00BEKTOM KOTOPBIX SIBJISIETCSI €CTECTBEHHBIN S3bIK caM 1o cebe, Tak u
B HCCJICIOBAHMSX, HUCIMOJB3YIOIMMX TEKCTHl Ha €CTECTBEHHOM SI3BIKE Kak
WCTOYHMK MH(OPMALIMU O JPYTHX mporeccax u spiaeHusax [6 — 10]. Takxke
vHpopMalUsi O CHUHTAKCUYECKOH CTPYKType MpEeIJIOKEeHUsT MOXET He
AQHAIM3UPOBATHCSl UCCJAEAOBATENISIMU HAIpsIMylo, a HKCIIOJIb30BAaThCS Kak
WCTOYHUK JIaHHBIX IS AITOPUTMOB MalIMHHOTO 00ydernus [11].

BaxHO OTMETHTB, YTO IPUMEHUMOCTS JIepeBa CHHTAKCHUECKUX €IUHUIL
JUTSL pelIeHUsIX TPUKJIAAHBIX 3a4a4 CBsA3aHa ¢ (hOpMaIbHONM IPaMMAaTHKOM,
B COOTBETCTBUU C KOTOPOH OHO MOCTPOEHO: HAMpUMeEp, €CJIU rpaMMaThKa
HE pa3jesiseT CI0KHOCOUMHEHHBIE U CII0KHOMOJUMHEHHBIE TIPEIOKEHHUS], TO
WCCJIeJOBaHUE, JUIsl KOTOPOTO 9TO pa3felicHHe UMeeT 3HaueHHe, IPOBEeCTH
npocto He nonyuntcs. C Apyroi CTOPOHBI, YeM CIIOKHEe rpaMMaTHKa, TEM
CJIO)XKHEee Ha €€ OCHOBE MPOBOAWTH ABTOMATHUYECKUI aHAIN3 U IMOCTPOCHUE
JIepeBbEB CUHTAKCUYECKUX €MHUII.
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B HacTosmuMit MOMEHT JJIi PYCCKOTO sI3bIKa OTCYTCTBYIOT
06IJ_ICD,OCTyHHblC W IPUTOAHBIE NJIA IPAKTUYECKOTO IPUMEHEHU A aHAJIN3aTOPbL
CHUHTaKCHUecKoil cTpyKTypbl. Co3/laHe alIrOpuTMOB ISl TAKOTO aHAIN3a
TpeOyeT COCTaBJICHHS KOpIlyca JepeBbeB (treebank), pa3MedyeHHOro B
COOTBETCTBHH C (POPMATbHON I'paMMAaTHKOIA, UTO MpeJcTaBisieT co0oil KpaiiHe
TPYAOEMKYIO 3a1a4y — HanpuMmep, co3anue Penn Treebank morpedosaio 8 ner
padorts! [12]. OpHaKO, MOCKONBKY IS PYCCKOTO sI3bIKa JOCTYITHO HECKOJIBKO
MapcepoB CUHTAKCUUECKUX CBSA3EH, IPeCTaBIIAeTCs MOJe3HbIM UCTIOIb30BaTh
pe3ysIbTaThl aHaJIM3a CUHTAKCUYECKUX CBS3EH CJIOB B INPEIJIOKEHUU IS
aHaJIM3a ero CUHTAKCUYECKOM CTPYKTYPHI.

Ienp paHHOM PabOTHl — MPEJIOKUTH AITOPUTM, MO3BOJISIONIMIA
MOCTPOUTH ACPEBO CUHTAKCUYECCKUX €IUHUI] PYCCKOAZBIYHOT'O MPEJIOKECHU A,
COOTBETCTBYIOILlEE  3aJaHHOH TrpamMMaTHKe, IO JaHHOMY JI€peBy
CHHTaKCHUYECKHX CBSA3EH, a TaKKe OLEHUTh 3((PEKTUBHOCTH IPEJITIOKEHHOTO
anroputMa. PopmanbHas rpaMMaTHKa A7 padoThl Obuta chOpMYITMpOBaHa
B COOTBETCTBHU C Kjaccuueckoi padoroit [1.3. Posenrans, U.B. Tony6 u
M.A. TenenkoBoii [13] ¢ HEKOTOPHIMH YHPOIIEHUAMH. DTa MOJEIb S3bIKA
C OJHOI CTOPOHBI JOCTATOYHO TOYHA, C APYrofl — MpOCTa, HO MOXET IMpHU
HEOOXOAMMOCTH ObITh YTOYHEHA M JOMOJIHEHA ISl pelleHHs] pa3IMIHBbIX
NPUKJIQHBIX 3a/ad.

OcraBiascss yacTb paOOTHl OpraHU30BaHA CJECAYIOIIUM OOpa3OM.
B paszpene 2 mpuBen€H 0030p cBsizaHHBIX pador. Pazzmen 3 mocBsmEH
UCHONb3yeMoil B pabote hopMaibHO#l rpammaTHke. B pasgene 4 omucan
NpeJlaraeMblii aJITOPUTM TIOCTPOEHHS IEPEBEB CUHTAKCUYECKUX €IMHMILI.
Pazpmen 5 comepXur pe3yabTaThl SKCIEPHMEHTOB IO OIEHKE KadecTBa
NOCTPOCHUS JePEBbEB CHHTAKCHYECKUX SIMHUII Ha pa3MEUeHHBIX Habopax
NpeJI0KEHNH TP MCTIONB30BAHUM PA3INYHBIX AHAIM3aTOPOB CHHTAKCUIECKHX
CBsi3eil. B 3ak/m0ueHnu MoABeIcHbI UTOTH PadOTHI.

2. CaszaHHble padoThl. Vcrionb30BaHue NepeBbeB CUHTAKCHYECKUX
€/IMHULL /7S IPEJICTABJICHHS] CHHTAKCHMIECKOM CTPYKTYpHI NPEJIOKEHNsT ObUIO
npeanoxeHo H. Xomckum [14, 15]. Im Takxe OpU1a 000CHOBaHA 3HAYNMOCTh
UCTIONB3YEeMOI1 JITs1 CHHTAaKCHYECKOrO aHaJIM3a IPaMMAaTHKN ECTECTBEHHOTO
sI3bIKa ¥ c(pOPMYIMPOBAHBI OCHOBHBIE IPUHLIUITBI TOCTPOEHUSI CHHTAaKCUYECKHX
JIepEeBbEB.

Bosnbiasi yacTh HMCClEIOBaHUIl I€pEBbEB CHUHTAKCUYECKUX €IMHHMI
BBITTOJIHEHBI J1J151 aHIJIMHCKOTO SI3bIKA, B YaCTHOCTH CYIIECTBYIOT JOCTATOUHO
noipoOHo npopadoTaHHble rpamMaTuku, Hanpumep, HPSG (Head-Driven
Phrase Structure Grammar), KoTopas YYHTHIBaeT, KpOME CHHTAaKCHcCa,
HEKOTOpbIE JIEMEHThl CEMAaHTHUKU TipeioxkeHuii [16]. OnmHako u3-3a cBoeit
CJIO)KHOCTU TaKHe IpaMMAaTUKU JIOCTaTOYHO CJIOXKHBI JJIsI MCTIOIb30BaHMUS,
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MO3TOMY, Harpumep, KpyrnHeHmii Habop AepeBbeB CUHTAKCUYECKUX €JMHHUIT
Penn Treebank pazmeueH B COOTBETCTBUU C AOCTATOUYHO CHJILHO YIPOIIEHHOMN
rpammatukoi [17, 18].

B pa6orax [19 —21] Ha npumepe aHIJIMHACKOTO 3bIKA PACCMATPUBAIOTCS
OCHOBHbIE COBpEMEHHBIE TIOIXO/bI K ABTOMATHUYECKOMY TIOCTPOCHHUIO IEPEBHEB
CHUHTAKCUYECKUX eMHUL. IIpu ncroab30BaHuM pa3aMyHbIX HEHPOHHBIX ceTei
Ha HEKOTOPBIX Kopitycax, Hanpumep, Penn Treebank, BO3MOXHO JOCTHXEHUE
KpaliHe BBICOKOTO KaueCTBa MOCTPOECHUs JePEBbEB CUHTAKCUUECKUX €IUHUILL —
F-mepa Bommre 0.95. OnHako B TaHHBIX pab0TaX Takke MOKa3aHo, YTO KAYeCTBO
CHHTAaKCHUYECKOrO aHAJIM3a JOCTATOYHO CHJIBHO 3aBHCHUT OT UCIOIB3YeMOTO
KopIyca, i, HanpumMep, moaeb BERT, ¢ momomipio kotopoit Ha Penn Treebank
6buta qocturayTa Fi-mepa 0.96, npu HOCTpOESHUM AEPEBbEB CHHTAKCUYECKUX
€JIMHUI] Ha KOpIyce MpeJIOKEHUI U3 XyI0KECTBEHHbIX TEKCTOB IMOKa3asa
ropasyo 6ojee HU3KOe KauecTBo, ¢ F|-mepoii Bcero 0.86 [21]. B pabote [20]
TaKKe OTMEYaeTCsl, YTO KaUeCTBO MMOCTPOCHUsS ePEeBbeB CUHTAKCHUIECKUX
€IMHUI] MOXET JIOCTATOYHO CHJIBHO OTJIMYATHCS B 3aBUCUMOCTH OT SI3bIKA: AJIS
KHUTaHCKOTO si3pIKa Fj-Mepa B CXOXMX YCJIOBHSAX OKasblBaeTcs Ha 5—7 %%
HMKE, YeM JIJIS1 aHTJIMICKOrO.

[MepBble MOMBITKY MPUMEHUATH HAPAOOTKU XOMCKOTO ISl HCCJIeIOBAHHUS
pycckoro s3bpKa oTHocaTcs emé k 60-m rogam XX Beka [22], HamOomee
pasBuTas TpaMMaTWKa CHHTAaKCHMYECKMX eIWHWII, ONHpAIIascs Ha
HAKOIUICHHbIE JINHTBUCTaMK 3HaHUsI, Oblia pa3padoTaHa U onucaHa B paboTax
A.B. T'magkoro [23, 24]. OnHako, U3-32 HECOBEPIIIEHCTBA BBIYUCIUTEIHHON
TEXHUKH TOrO TepUOofa W OTCYTCTBUS JOCTATOYHBIX JIMHIBUCTUYECKUX
PECYpCOB, a TaKkKe CJIOKHOCTH CaMOM TpaMMAaTHUKH, He ObLJIO pa3paboTaHO
ABTOMATHUYECKUX CHHTAKCUYECKMX aHAIM3aTOPOB, CTPOSIIIAX JIEPEBbS
CHUHTaKCHYECKHUX €IMHUI] B COOTBETCTBHUH C STON IrPaMMATHUKOM.

B paGotax [25, 26] omuchiBaetcst co3manHbii M.A. KarupoBbiM u
A.bB. JIeoHTbeBOI aHAIN3ATOD, CTPOSIINIA JEPEBbS CHHTAKCUUECKUX €AUHUI] HA
OCHOBE YaCTepeYHOI pa3MeTKH, MOP(OJIOrHUecKOil MH(pOpMAIIVY 1 aHATI3a
CHUHTaKCHUYeCKUX cBsizeil. K JocTOMHCTBaM 3TUX paboOT cliefyeT OTHECTU
MpeIJIOKeHHYI0 (hOpPMaJbHYI0 TPaMMATHKy COCTABJISAIONINX, JOCTATOYHO
XOPOIIIO COOTBETCTBYIOIIYIO TEOPHH CHHTAKCHCA PyCCKOTO s3bIKa, HO, BMECTE
C TeM, JNOCTaTOYHO MPOCTYIO Jjis aBTOMAaTHYECKOro aHanm3a. [J1aBHbIM
HEJIOCTATKOM SIBJISIETCS TO, YTO IKCIEPUMEHTHI MPOBOAUINCH TOJBKO IS
MPOCTHIX MPEIJIOKCHUI.

Takxe HeOOXOAUMO OTMETUTD MPOEKT «{MaMHT» U CBA3AHHBIE C HUM
uccienoBanus [27]. HecmoTps Ha To, 4TO IpeiaraeMasi ero aBTopaMu CUCTeMa
KJ1ay3 OTHOCUTCSI CKOpee K aHaJIM3y CEMaHTHKH, OIIBIT MOCTPOEHUSI CUCTEM
ABTOMATHUYECKOr0 aHAJIN3a Ha €€ OCHOBE MMOKA3bIBAET, UTO B HACTOSIIINI MOMEHT
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KaueCcTBO JOCTYITHBIX HHCTPYMEHTOB aBTOMATUYECKOT0 aHAIN3a OTIEIbHBIX
CJIOB U CBsI3eil MEXy HUMH yXKe JOCTATOYHO BBHICOKO, YTOOBI Pe3YJIbTAThI
UX paboOTH MOXHO OBLIO HCIOJIb30BaTh B KAYeCTBE BXOIHBIX JAHHBIX IS
ABTOMATUYECKOI0 aHaJIM3a CJIOXKHBIX Npeasioxkenuii [28, 29].

3. Ucnoas3yemas rpammaruka. Kpaiie BaxkeH BbIOOp (hopMaibHOM
rpaMMAaTHKH, ONFCHIBAIONIEH CHHTAKCUYECKYIO CTPYKTYpy npeaioxernid. C
OIIHOW CTOPOHBI, OHA TOJDKHA OBITh JOCTATOYHO MOAPOOHOM, YTOOBI IEPEBO
CHHTAKCUYECKUX €JIMHUIL MPEIOCTABIISIIO KaK MOXHO Oobliie nHpopmaryu. C
JPYroil CTOPOHBI, YeM CJIO)KHEe IPaMMAaTHKa, TeM CIIOKHEee TOYHO MOCTPOUTh
JepeBo Ha e€ OCHOBE, BO3PACTACT YKCJIO OMMOOK ¥ CHIKACTCS HaEKHOCTh
MPeJOCTABIIIEMON IepeBOM MH(POPMALIUIL.

Jlst esteit JaHHOTO UCCIeA0BaHus Oblia (popMaTi30BaHa rpaMMaTHKa
PYCCKOSI3BIUHBIX TIpeIJIOKeHUA M3 KJiaccudeckoir pabotwl [13]. [danee
MIPUBOJIUTCSI OMFICAHUE TOIYYEHHOTO pe3yibTara, a Takke YIPOIICHUM,
JOMYIIEHHBIX IS JIy4Inei (popMaTu3aim.

It Toro, yToObl MPUBECTH B PAaMKax [aHHOW CTAThbM MOJHOE
OMMCaHKe TOJy4eHHOH (pOpPMaBbHOM IpaMMaTHKH, UCTIONB3YeTCsI HECKOIBKUX
MPUHIUIOB. BO-TEPBBIX, IMOCKOJIBKY B PYCCKOM SI3bIKE HET CTPOroro
TOpsIJIKa CJIOB, W, HANIPUMED, OIpe/ie/icHre MOXET HaXOJUThCS Kak Tepe
ompezeisieMbIM CJIOBOM, TaK M TOCJie, OOJbINasi YacTh IPAaBWJI JIOJKHA
colepXaTh MOCIEeIOBATEIHHOCTH KaK ISl MPSIMOTO, TaK M JUIsl OOpaTHOTO
nopsiaka cJioB. YToObl COKPATHUTD 3AMUCh, YCIOBUMCS, YTO NOPSIOK CUMBOJIOB
B IOCJIEJOBATEIBHOCTSX MOXET OBITh MPOU3BOJILHBIM, €CJM B OMUCAHUU
COOTBETCTBYIOIIETO MpaBKjIa He YKa3aHO MHOe. BO-BTOPHIX, YTOOBI HE BBOIUTH
JIOTIOJTHUTE IbHBIE (DUKTHBHBIC THITBI CHMBOJIOB [IJISI OOECTICUeHHSI MOPSAKa
MPUMEHEHH s TIPOAYKIHIA, HEOOXOAUMOrO [Isl O0ecTieYeHHs OJJHO3HAYHOCTH
pa3bopa, yCJIOBUMCSI, YTO MPOAYKIIUH MPUBOIATCS B MOPSI/IKE MPHOPUTETA
MX TPUMEHEHUs MPU HUCXOMASIIEM CUHTAKCHYECKOM aHaJIu3e, OT Haubosee
MPUOPUTETHOTO K HaMEHee IPUOPUTETHOMY.

YT0OB 00ECreYnTh OJHO3HAYHOCTh pa30opa CHUHTAKCHUYECKOM
CTPYKTYpHl BHE 3aBHCHUMOCTH OT TMOpsIKa CJIOB, OBUIO TPUHSATO, UTO
CHUHTAKCHYECKHE eJMHMIIB, 0003HAvAlIe CBOWCTBA SIBJICHUIl, B JiepeBe
JOJDKHBl HAXOAMThCS OJIMDKE K EJUHUIIAM, Ha3bIBAIOIIUM 3TU SBJICHHUS,
YEeM C€IMHUIIbI, Ha3bIBAIOIIUE NPYIUC ABJICHUA. Hanpylmep, BHa4aJi€ B OJJHY
CUHTAKCHYECKYI0 eTUHUITY JTOJKHBI OOBEeTUHSITHCS MOJIeKAIee U CBI3aHHOE
C HUM OIpefieficHHe, U TOJBKO 3aTeM OyIeT BhIeNicHa CHHTaKCHUYecKas
€IMHIIIA TOTIOTHEHHU S, CBSI3aHHOTO C TOJICKAIIIIM:

(((JIyummit ctyneHT) rpymsl) (can 9K3aMeH)).
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3.1. Oomas cTpykTrypa npepjioxenus. [IpejyoxeHue B 1eJ0M
COCTOMT M3 rPaMMAaTHYECKOI OCHOBHI M 3HAaKa MPEMIHAHMS, CTOSIIEro MOCe
He€. 3HaK MpenuHaHus He 00s13aTelieH, MOCKOIbKY OH YacTo OIMYyCKAaeTcs B
ceteBbIX TekcTax [30]:

MIPEUIOKEHHE ::= rPaMMaTUYECKasA-OCHOBA [3HAK-NIPENMHAHUA]

I'pamMaTyecKass OCHOBAa NPEMJIOKEHUA COCTOMT M3 TPYIIIBI
MOJUIEKAIIETO U TPYIIIBI CKAa3yeMOro, €CJIM NPEeIJIOKEHUE IBYCOCTABHOE,
TOJILKO U3 IPYIIIbI IOQJIEKALIETO MM IPYIIIILI CKa3yeMOro, €CJIM NPEJJIOKEHNE
OIHOCOCTaBHOE. I paMMaTHdecKas OCHOBa CJIOKHOCOUMHEHHOTO NpeIOKEHUS
BBIpAXKACTCS] CIENUATBHON CHHTAKCHUECKON equHHMIeH, 0oO0beIuHSIOmei
IBe u Oojee TIpaMMAaTHYECKHX OCHOBBI C MOMOIIBI0 COYMHHUTEIHHOTO
co103a. B pacwieHEHHOM CJI0KHONIOJYMHEHHOM IIPEIJIOKEHUN IPUJATOUYHOE
NPEAJIOKEHNE OTHOCUTCA KO BCEMY INIABHOMY IPEJIJIOKEHHUIO B LIEJIOM, TIOITOMY
rpaMMaTHyeckas OCHOBa TaKOro IpeJIOKEeHUs Takke OyIeT COCTOATb U3
JBYX OTHEJIbHBIX TPAMMaTHYECKHX OCHOB, CBA3aHHBIX IOTYMHWUTEJILHBIM
coto3oM. JIiobast rpaMMaTHdecKas OCHOBA MOXKET NpPEABapATHCS BBOIHOM
KOHCTPYKIIMEH, BBIPAXKEHHON OTAEIbHONM CHHTAKCUYECKOW €IMHUALIEH.

i ynpoleHusA TIpaMMAaTUKW HE BBIIEIAETCA OTHENBHBIA THII
0ecCOI03HBIX CJIOKHBIX MpPEUIOKEHUH, Tak Kak, comnlacHo [13], Bce
6ecCOI03HbIE CJIOKHBIE IIPEUIOKEHUSI MOTYT OBITb COOTHECEHBI JIMOO CO
CJIOKHOCOYMHEHHBIMU, MO0 CO CIIOXHONOAYMHEHHBIMU TIPE/ITIOKCHHSIMIL,
a 3HaKW MpPENUVHAHUSA B HUX, COOTBETCTBEHHO, C COYHHHTEbHBIMU JIMOO
MOAYMHUTEIBHBIMUA COI03aMH.

OnvcaHHOE BHIIIE BBIPAXKAOTCA CIAETYOIMUMUA  (POpMaIbHBIMU
NPaBUJIAMH:

rpaMMaTHYecKasi-OCHOBA ::= BBOJHASA-KOHCTPYKIHS TPaMMaTHYECKasi-OCHOBA
| CIIOKHOCOUMHEHHOE-TIPEIIOKEHIE
| pacusIeHEHHOE-CIIOKHOIIOIYMHEHHOE-TIPE IOKEHIEe
| rpynna-noiexarero rpymnma-cka3yeMoro
| rpynma-ckasyemoro
| rpynma-nozyieskarmero
CJIOKHOCOUMHEHHOE-NPEJIOKEHHUE (1= rPAMMATHYECKasi-OCHOBA
rpaMMaTHYecKasi-OCHOBA {rpaMMaTHIeCKas-OCHOBA } COUMHUTEBHBINA-COI03

paC‘{J’IeHéHHOC-CJIO)KHOHOH‘{I/IHéHHoe-Hpe,HJ'IO)KCHI/Ie (i= IrpaMMaTHU4€eCKasa-0CHOBa
TOAYUHUTEJIbHBINA-COI03 rpaMMaTu4eCcKasa-oCHOBa

3.2. I'pynna noase:xamero. ['pyrnmna rnojexaniero MoxeT BKJIIOYaTh
B ce0s1, KpOME CaMOT0 MOJIEKAIIETO, OTPE/IE/ICHUE, MOSICHSAIIee HA3bIBACMBIi
HOZJIEKAIMM MPEAMET, HAPUMED, XOPOUUI YyueHuUK; HETIPSIMOe JIOTIONHEHNE,
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Ha3blBaloIlee IMpeIMET, CBSA3AHHBIA C MOMJICKALINM, HANPUMED, YUEHUK
WKObL; A TAKKE TPSIMOE JIOTIOJTHEHUE U 0OCTOSATENILCTBO, €CJIH MOJIeKaIee

YTOUYHATBCS NMPUCOEAVHEHHBIM K HEMY NMPUIATOYHBIM NpeaioxkeHneM. Kak
W CHHTaKCHYECKHE TPYMITBl JIIOOBIX IPYTMX WICHOB MpPEIJIOKEHUs, IpyIma
MOJIEKAIIEro MOXET BKJIIOYaTh B ceOsl 4acTHILy, MpPeABapsAThCs BBOAHOM
KOHCTPYKIIME, a TaKke ObITh 3aKTIOUYEHHON B KaBIYKHM. CTPYKTypa IpyIIibl
noiexanero (hopMaabHO ONMMCHIBAETCS CJIEAYIOIINM IPaBUJIOM:

rpyMIa-TMojIEKAIIEro ::= BBOAHAA-KOHCTPYKIIKSI TPYIIIA-MO/JIEKAIIETO
| oHOpOIHBIE-TIOMIEKAIIKE
| rpynna-noiesKamero noA4uHATEbHBIA-COI03 FPAMMATHIECKas-OCHOBA
| rpymma-noJiexamniero rpymnma-HernpsiMoro-A0MoIHEHH ST
| rpymnma-noiekaniero rpynmna-o6cToATe bCTBa
| rpynna-noiesKaIero rpyia-onpe eeHust
| rpynna-nojiexariero rpynmna-rnpsiMoro-a0MoIHeHH s
| rpymma-noiekarero yacTuia
| KaBBIYKA rPyIIIa-TIO/JIEKAIIETO KABBIUKA
| momexaree

OpHOpOnIHBIE TMOJIeXKAIe, KaK W Jpyrue OJHOPOIHbBIC YJICHBI
npe1JIoxKeHns, (GOPMUPYIOT CUHTAKCHUECKYIO I'PYIIITy, BKJIIOYAIOLIYIO B ce0s1
HECKOJIBKO I'PYHIT MOJJIEKAINNX U COeTUHSIOMMNI UX COYMHUTEIbHBIN COI03.
Kak u B citydae co c/10:KHOCOUMHEHHBIMU TIPEAJIOKEHUAMM, JJIs1 yTIPOIIECHUS
rpaMMaTHKM 3HAKW MpPENVHAHUs, 3aMeIlalolie COYMHHUTENIbHBIE COIO3bI,
MPUPABHUBAIOTCS K COUYMHUTEIBHBIM COI03aM: CIOA, CIYA U KPOBAMb = CIMOA,
u cmya, u kpogama. [lanee B TEKCTE OIMYCKAIOTCS MPaBUIIa AJIs1 CHHTAaKCHYECKUX
IPYIIT OJHOPOJHBIX WIEHOB, CTPOSIIMECS aHAJIOTUYHO I'PyIITe OAHOPOAHBIX
noiexkamux. CTpyKTypa CHHTaKCHIECKO I'PYIITBl OZHOPOAHBIX ITOAJIEKAIIIX
¢popManbHO ONMUCHIBAETCS CJIETYIOIUM MTPABUIIOM:

OZIHOPOJIHbIE-MIOJIeKAIIHE ::= IPyNIIa-NOIEKAIIEro rPyIa-noJJIexKaliero
{rpynma-noaiexariero} COUMHUTEIbHBIA-COI03

3.3. I'pynna cka3zyemoro. CkazyeMoe MOXKET ObITh KaK MPOCTBIM, TaK
M COCTaBHBIM, COCTOSIIMM U3 TJIABHOW YaCTH — IJ1arOJIbHOM MJIM UIMEHHOU — 1
[J1aroja-cBs3Ku. B ciyuae riarosibHO# r1aBHOW YacTU TOBOPAT O COCTAaBHOM
[J1aroJIbHOM CKa3yeMOM: Hauambv PUCO8AaMb; B Cllyyae UMEHHON — O COCTAaBHOM
MMEHHO CKa3yeMoM: Obimb cmydenmom. Kak riaroipHasi, Tak M1 UMeHHAs
YacTH MOTYT COCTOSITh U3 HECKOJIBKIX OTHOPOTHBIX YICHOB: HAUAAU NeMmb U
manuesamo, Obla sadxcer u ymecmer. [arojbHasi rJ1aBHast 4aCTh MOXKET OBITh

COCTaBHOM: MO2Y CO2NACUNBCA gﬁmu
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J71s1 6ostee popMabHOTO OT/AEIEHUS] COCTABHBIX CKa3yeMBIX OT APYIHX
CUHTAKCHUYECKUX eIMHUI] ObUT OFPAHUYEH CITMCOK [JIarojioB, KOTOPhIE MOTYT
OBITh CBS3KAMHU.

— MopanbHple IIArojbl:  Oblmb, CMAMb, OKA3AMbCA, HAYAMD,
nPoOONIUCUMb, MOUL, NO3BOAUNDb, CMEMb, YCIMANb, NePecmams, s18ASMbCs,
NbLIMAMbCSL.

— I'marosibl YyBCTBEHHOTO BOCTIPUATHSI M OJIM3KKE K HUM I10 CEMaHTHKE:
A00UMb, UMb, CMOMPENb, CALIUANMD, UYECMBEOEANb, HIOXANMb, MPO2aANb,
cuumamv, npeocmasnsino.

®paspl ¢ r1arojiaMy, He BXOJSAIIMMH B JaHHbINA CIIMCOK, B paMKax
JAHHOW T'paMMATHKH HE SIBJISIOTCS COCTABHBIMU CKasyeMbiMu. Hampumep,
CXOsKast IO CTPOEHUIO C COCTABHBIM CKa3yeMbIM hpasza noxicumans naeuamu
CUUTAETCSI CKAa3yeMBbIM NOXNCUMAMb Y TOTIOTHEHUEM nieuamu. CBA3Ka MOKET
ObITh HYJIEBOIA, KOrJa Ha €€ MecTe MOAPa3yMeBAeTCs COOTBETCTBYIOIIMIA
MoJanbHeI raroi: A (ecmv) cmydenm. I'maron-cBs3Ka Takxke MOXET OBITh
COCTABHOI: XouYy Oblinb 2eHEPANOM.

I'pymma ckazyeMoro MoxeT, KpOMe CKa3yeMoro, BKJIIOYATh MpPsIMbIe
JIOTIOJTHEHM S, KaK MPABUJIO, Ha3bIBAIOIIME OOBEKT JCHCTBUS, TAKKME KaK coaém
9K3aMeH; 00CTOATENIbCTBA, XapaKTepU3yIolIie CBOMCTBA JeHCTBYA, HAaIIpUMep,
cdaém fezKo ; HenpsiMble OTIOJHEHUSI, HA3BIBAIOIIME OOBEKThI, CBI3aHHBIE C
IeficTBHEM, HANIPIMED, gbluten U3 Ooma. Takke B COCTaB IPYMITHI CKA3yeMOT0
MOXET BXOIUTb OMpejiesieHre, coolIailee 0 CBONCTBE UMEHHOW 4acTu
COCTABHOTO CKa3yeMOr0, TaKOe KaK ObLl Y YUMUM YUEHUKOM.

CTpyKTypa IpyIbl CKa3yeMOro OMKCHIBAETCS CIICTYOIM HaDOPOM
(popmMasbHBIX TIpaBUIT:

rpyIa-CKa3yeMoro ::= BBOJHASI-KOHCTPYKIIUS IPyIIa-CKa3yeMoro
| ONHOpPOJIHBIE-CKA3yeMbIE
| rpymmna-cka3yemMoro MoAYMHUTEIbHBIA-COI03 IPAMMATHIECKas-0CHOBA
| rpymnma-cka3yemoro rpyria-HenpsiMOro-10MoTHEHUS
| rpymma-cka3yemMoro rpyriia-omnpe/eieHust
| rpymnmna-cka3yemoro rpymmia-o0CcTosATeIbCTBa
| rpymmna-cka3yemMoro rpyrmia-mnpsmMoro-I0HoJHeHUs
| rpymnna-ckasyemoro yacTtuiia
| cocTaBHOE-CKazyeMoe
| ckazyemoe
COCTaBHOE-CKa3zyemoe ::= ( JIarojibHasi-4acTh | UMEHHAs-4acTh ) | [J1aroyi-cBs3Ka |
[JIaroJIbHASI-YACTh ::= OJIHOPO/IHbIE-TJIArOJIbHBIE-YACTH
| cocTaBHOE-CKazyeMoe
| raros-HavanbHOR-(HOPMBI
UMEHHAA-YaCTh ::= OJIHOPOJHbIE-UMEHHBIE-YACTH
| mpeuIor UMeHHaA-9acTh
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| IMEHHasA-YacTh YacTHUIIA

| KaBbIYKA MMEHHASA-YACTh KABBIUKA

| IMEHHAasA-YaCTh-peun
[JIAroJI-CBA3KA ::= COCTaBHOE-CKa3yeMoe

| MOIAJTBHBII-TIAr O

BaxxHOe OT/IMUME CMHTAKCUYECKOH TPyIIbl OMHOPOJHBIX CKa3yeMBbIX
OT CUHTaKCUYECKUX IPYII JPYTUX OJHOPOIHBIX WIECHOB — K OJHOPOAHBIM
CKa3yeMbIM MOXET OTHOCHTBHCSI OOlIlee HenpsiMoe JOMOJHEHHe, Kak

OIMMCBIBACTCA MMPABUIOM!

OIHOPOJIHBIE-CKa3yeMble ::= I'pyIIa-HEeNpsAMOro-I0NOoIHEHUs OJHOPOHbIE-CKa3yeMble
| rpynmna-cka3yemoro rpynmna-cKka3yemMoro
{rpyrmma-cka3yemMoro} COUYMHUTEIbHBIN-COI03

34. I'pynna pononHeHus1. CHHTaKCUYECKUE TPYIbl NPSMBIX U
HENPAMBIX AONOJHEHUI IPaMMaTUKON ONKCHIBAIOTCS OAMHAKOBO. IT0CKOJIBKY
JIOTIOJTHEHHUE, KaK U Mojijieskalliee, Ha3bBaeT sIBIEHUEe, TO U CUHTaKCUYecKas
TpyIIa JJONOJHEHHS OMMCHIBAETCS IOYTH TaK ke, KaK M TPyIIia HOJIeKaIlero.
OTJMumii BCero [Ba: BO-TIEPBbIX, B COCTaBe I'PYIIIbl JOMOTHEHHUS MOXET ObITh
MPEJIOT, BO-BTOPBIX, JOMOJTHEHNE MOXKET OBITh BBIP2XKEHO CUHTAKCUYECKON
rpynmoii mpsiMoit peun. PopMarbHO 3TO BBIpAXAETCS  CJETYOMNMA
MpaBUJIaMHU:

IpynIa-npsAMOro-J0NoJIHEHU ::= IPyIIa-JA0NO0JHEHUSA
IpyIIa-HenpsMOro-10NOJIHEeHHUs ;:= IPyNIia-I0NOTHEHUS
rpyImna-0HOJHEHHUS ::= BBOJHASI-KOHCTPYKIMS IPYIIIia-JOMOTHEHUS

| npsimasi-peun

| onHOpOAHBIE-KONOIHEHU

| rpynma-qononHeH st MOAYMHUTEBHBIN-COI03 IPAMMATHYECKas-OCHOBA

| rpynma-gomnonHeHus rpynna-HenpsiMoro-J0oJIHeH U

| npeasor rpynma-aononHeHus

| rpynma-gononHeHus rpynna-o0CTOATEIbCTBA

| rpynma-gononHenus rpynmna-onpeaeaeHus

| rpynmna-gononHeHus rpynmna-npsMoro-10noJHEeHU s

| rpynna-gononHeHus yacTuna

| KaBbIUKa rpyMIa-I0NOIHEHHS KaBbIYKa

| nononHeHue

BaxHasti OCOOEHHOCTh CHHTAKCHYECKOW TPYIMIIBl  OJHOPOIHBIX
JIOTIOJTHEHUI: K OIHOPOJHBIM JIOTIONTHEHUSIM MOXKET OTHOCHUTBCS OOIIHiA
TIPEAIJIOT, HATIPUMED, PblOy 1085m 8 03épax u npydax. PopMabHO 3TO MOKHO

1332 Undopmaruka u asromaruszanms. 2023. Tom 22 Ne 6. ISSN 2713-3192 (neu.)
ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

OIUCaTh NMPaBUJIOM!

OJHOPOJHBIE-IOMOJHEHUS (1= MPEJJIOT OHOPOAHbIE-JOMOTHEHH S
| rpymnna-gonoMHeH!s TPYIIa-10NOJIHEHUsT
{rpyrma-JonoJIHEeHNs } COUMHUTEIIBHBINA-COI03

ITpsimas peus Bcerga HAXOQUTCS B IpyIIe AOMNOTHEHUS, HOCKOJIbKY OHA
MOXKET OBITh 3aMEHEHa Ha COOTBETCTBYIOLIEE N3bSICHUTEIILHOE IPUAATOYHOE.
E€ cunTakcuueckas rpymmna COCTOMT U3 OTIEIBHOIO NPEIJIOKEHUS IPAMOiL
peYd U OTIENAIIIMX €ro OT ITIABHOTO MpeJIOKEHUS 3HAKOB MPENUHAHUS.
PopMaIbHO €€ CTPYKTypa OIUCHIBAETCS CJIEAYIOINAM IIPABUAJIOM:

npsAMas-pedb (= NpeIoKeHNe 3HaKU-TIPeNMHAHUS

3.5. I'pynna onpeneJienus1. B coctas rpynmsl orpeieieHus, KpoMme
€aMoro OMpe/IeNIeHNs], MOTYT BXOUTh JPYTUE ONpeIeIeHU: camblii Ay YUl
HpsIMble M HETpsAMBIE NTONONHEHMA: yumagwuti Ilywikuna, cOedcasuiuii us

Odoma; obcrositenbcTBa: cdarouue cetiyac. CTPyKTypa CHUHTAKCHYECKOU

T'PYIIibl OIIPEACICHUA OITUCHIBACTCA CIIEAYIOIIUM CbOpMaJ'II)HbIM IIpaBUJIOM:

rpyIIa-onpeaeeHus ::= BBOAHAS-KOHCTPYKIIHS IPyIIIa-OIpee/eHHs]
| omHOpOAHBIE-OTIpeIeICHI ST
| rpyrima-onpeesieHrs MOYNHUTETbHBIA-COI03 TPaMMaTHYECKas-OCHOBA
| rpyTIa-onpe ieieHrs rPyIa-HepsMOro-JOTIOJTHEHHST
| mpeuIor rpyma-onpeaeieH s
| rpyrima-onpeesieH s rpyna-00CTOsTebCTBA
| rpyTia-omnpeiesieHrst rpya-ompe e e HusI
| rpymnna-onpeeieHus rpynmna-npsiMoro-J0noiTHEeHUs
| rpynia-onpeeeH st YacTHIa
| onpenenexue

B pamkax gaHHOM TIpaMMaTHK{ HPUIOKEHHS He BBIAEIAIOTCA B
OTJEJbHBIN BHJ WICHOB NPEAJIOKEHHUS, a OTHOCATCA K omnpejesieHusM. B
CJIOBOCOYETAHHAX, B KOTOPHIX IPAHb MEXK Y ITTABHBIM M 3aBHCHMBIM CJIOBOM
Pa3MbITa, HAIIPUMED, UHIICEHeP-KOHCMPYKMOp, peka Boaza, TaBHBIM CJIOBOM
pexa Boaza, Boaea-peka.

JIna orzmeneHus onpejeNeHUi OT ONpeIEeIUTENbHBIX JONOTHEHUI
HUCTIONB3yeTCs YNPOMEHHBIA KPUTEPHIA: CJTOBO CUMTAETCH ONpeIeIEHAEM, €CITH
OHO MOXKET OBITh 3aMEHEHO Ha IpuIaratesbHoe 6e3 notepu cmeicia. Hampumep,
060p UKOAbL = WKONLHLLI 080D, KONECO 8eA0CUNe0a = 6eA0CUNEOHOe KOAeCo,
HO 1uUn 00PONCKU # OOPOJICHbLIL UWUT.

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1333
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBII MHTEJJIEKT, MTHXKEHEPUS JIAHHBIX U 3HAHUI

3.6. 'pynna  o6crosiTeIbcTBAa. B cOCTaB  CHHTaKCHYECKOM
TPYIIBl  OOCTOSITENIbCTBA, KpPOME HENOCPEJCTBEHHO OOCTOSITE/ILCTRA,
MOTYT BXOOUTH TpPsSIMBIE W HENpPsIMble HOTOJMHEHUS: CAyulds My3viKy,

00CTOSITENILCTBA:  cayuias — Heguumamenvho. DOpMaIbHO CTPYKTypa

CUHTAKCUYECKOU I'pyIIIbL 00CTOATEHCTBA OIMUCHIBAETCS IpaBUJIOM:

rpyIa-o0CTOSITENIbCTBA ::= BBOJAHAS-KOHCTPYKIHSI TPYINAa-00CTOSATENbCTBA
| omHOPOIHBIC-00CTOSATEIBCTBA
| rpynna-o6CcTOATEbCTBA MOJYMHUTEIbHBIN-COI03 TPaMMaTHYeCKasI-OCHOBA
| rpynma-o6cTosATebCTBA IPYIIIa-HEMPMOro-/10MOIHEHUS
| mpeIor rpyma-06CTOATENBCTBA
| rpynma-o6CTosTebCTBA IPYIIIA-00CTOSTEHCTBA
| rpynmna-o6cTosATeNbCTBA IPYIIIA-TPSMOro-10MOIHEHUS
| rpynma-o6cTosATebCTBA YACTUIIA
| rpynmna-o6CTOATELCTBA TPYIIIa-ONpe e/ IeHUsI
| 06CTOATENBLCTBO

Iis oTAeNeHns 00CTOATEBCTB OT OOCTOSATENLCTBEHHBIX TOTOHEHUI
WCTIONB3YeTCs1 HECKOJIBLKO YIPOIIEHHBIX TPABUIT:
— OOCTOATENILCTBOM CUMTAETCS JI0OOe YTOUHEHHE, OTHOCSIIeeCs K

— OOCTOATETLCTBOM CUMTACTCS JII0OAS TPy C OOHUM XapaKTepHbIX
17151 0OCTOSITEIBCTB IPEAJIOTOB: 80NPeKU, BNAONTL 00, 8 CAYHUde, 8 KAuecmee, 8
CBS3U C, 30 CUEM, U3-3A, HA3N0, HECMOMPSL HA, NOCAE, BCAEOCHBUE, C NOMOWDBIO,
npu.

— OO6CTOATENBCTBOM CUMTACTCS JTI0OOE YTOUHEHHE, OTHOCSIIEECs K
aOCTpaKTHBIM MOHATHAM, OTBEYAIOIINM Ha BOIIPOC «KaK 7»: Xx00ums 6OKOM,
HCUMb OMULEOHUKOM. .

— Bo Bcex OCTaJbHBIX CllyyasX YTOYHSIOLIEE CJIOBO CUHTAETCS
JIOTIOJTHEHUEM.

4. Aaropurm. [Ipeanaraemblii aropuT™ O3BOJISIET IIOCTPOUTH AEPEBO
CHHTAaKCHUUECKHX €IMHUI] PYCCKOSI3BIYHOTO MPEIOKEHNsI, COOTBETCTBYIOIIEE
OITMICAHHOH BBILIIE IPaMMaTHKe, Ha OCHOBE €ro JIepeBa CHHTAaKCUUECKUX CBA3EH.

Ha Bxop anroputMa nogaércs JepeBo CUHTAKCUIECKHX CBSI3eH, y3aamu
KOTOPOTO SIBJISIOTCS OTJEJIbHBIE CIOBA U 3HAKHU MPENUHAHUS MPEAJIOKEHUS
(TOKEeHBI), a JyraMM — CUHTAKCUYeCKHe CBS3M Mexay HUMH. [l kaxnoin
JYT U3BECTEH €€ THUIl CBs3M, pa3MedeHHbIl B cooTBeTcTBUU ¢ Universal
Dependencies [31,32]. PesympraTrom paboTH anropuTMa SIBISETCS IEPEBO
CHHTAKCHUUECKHUX EANHUII, KOPEHb KOTOPOTO UMEET THUII NPeOA0JICEHIe.

4.1. Oomas cxema. [lyctre D = (Vp,Ep) o003HavaeT aepeBo
CHUHTaKCHYECKHUX CBsi3eil; vp — ero y3en; C(vp) — He BKIIIOYEHHBIE B IEPEBO
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CHHTAKCUYECKUX €IUHHMII MIPsIMble TIOTOMKH Yy371a vV, OTCOPTUPOBAHHBIE OT
HauOoJiee OJM3KHUX B TEKCTE MPEJIOKEHUSA K vp K Hauboliee YIaaCHHBIM,
e(v;,Vv;j) — MeTKa IyTH MexXIy y3namu v; u v;. Takxe R; = (ry1, ..., Iin) —
Ha0Op MPOIYKIINIA IS CHHTAKCUYECKUX €IVHHUI] TUIIA ¢ B IIOPSIAKE IIPUOPUTETA
ux npumenenus (pasgen 3); N = (Vy,EN) — J1epeBO CUHTAKCHYECKUX
€JIUHMUII.

OO6mmasi cxeMa IMOCTPOCHHUs AepeBa CUHTAKCHUYECKUX EAMHUI] 10
JTAHHOMY JIepeBY CUHTAKCUYECKUX CBsI3eil onuchiBaeTcst airopurmom 1. [{ns
MOCTPOEHHUS IepeBa CHHTAKCUIECKUX €IMHUI] PYCCKOSI3BIYHOTO TPEIIOKESHIUS
TIO €r0 IepeBy CHHTaKCHUecKux cBsaselt D = (Vp,, Ep, ) UCTIONB3YeTCs BHI3OB
CreateConstituencyTree( Dy, npednodicenue).

Auaropurm 1. CreateConstituencyTree — co30aéT 1epeBo
CHUHTAKCUYECKUX eJVHUI] C KOPHEM 3aJJaHHOTO THIIA 110 TAHHOMY JepeBY
CUHTAKCUYECKHX CBA3EH

Input: D = (Vp, Ep) — AepeBO CUHTAKCUYECKUX CBSI3eid, V, — ero KOpeHb; ¢
— THUIl CUHTAKCUYECKOM €IMHULIBL.
Output: nepeso cunrakcuueckux equnui] N = (Vy, En ), KOpeHb KOTOPOTO
UMEET THUII {.
if t sBsiercs repmunanom then
/* co3aaTh CHHTAKCUYECKYIO eAMHUILY TUIA ! U3 TOKeHa v, */
return ({v,}, @)
end if
/* BBIOOP POIYKIMH [Isl IPUMEHEHus1 */
for r € R; do
/* NOMBITKA IPUMEHUTD ¥ K D */
(success, N) := ApplyProduction(r, D)
if success then
/* ecyiv TIOTIBITKA ObLIA YCHEIIHA, TO e€ pe3yabTaT — UCKOMbIN N */
return N
end if
end for

Jist BBIOOpA MPOAYKIUK JJIsI IOCTPOSHUSI CHHTAKCUYECKUX €/IMHHMIT
WCTIONB3YeTCsl BCIIOMOTaTE IbHBIN alrOPUTM 2, KOTOPBIA, B CBOIO OYepe.b,
PEKYPCUBHO BHI3bIBAET OCHOBHOM aNroputM. Pekypcusi KoHeuHa, Tak Kak Ha
KaXJIOM e€ Iare yMeHbIIaeTcst MOIIHOCTh MHOXecTBa C (V).
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Aaroputm 2. ApplyProduction — IbITaeTCS IOCTPOUTH IEPEBO CUHTAKCHIECKUX
€IVHUIIL 110 JaHHBIM NPOAYKIHU U A€PEBY CUHTAKCUYECKUX CBsI3el

Input: D = (Vp, Ep) — 1epeBO CUHTAKCUYECKUX CBSI3eH, v, — €ro KOPEHb;
r=(t]...t,) — IPOAYKLMsI, KaXblil €€ JIEMEHT — THIT CHHTAKCHYECKO
C€IVHUIIBI.

QOutput: success — ycrnenmHocTh noctpoenus (true i false);

N = (Vn,EN) — [epeBO CHHTAKCUYECKUX EJMHMII, MOCTPOEHHOE B
COOTBETCTBHH C MPOIYKIHEH 7.
W=()

/* IOUCK TOKEHa, MOAXOASALIEr0 KaXA0MY JI€MEHTY IPOLyKLIUH */
fort € r do
for w € v, UC(v,) do
/* KakJOMY JIEMEeHTY IPOAYKIMH J0JKEH COOTBETCTBOBATh CBOW TOKEH */
if w € W then
continue
else if w coorBeTcTBYeT KpHTepmio as ¢ then
/* TOKEeH 14 t HaigeH */
W:i=W+w
break
end if
end for
end for
if |W| # |r| then
/* 17151 KAaKOTO-TO U3 JIEMEHTOB MPOIYKIMH HE yAal0Ch HAiiTH TOKeH */
return (false, (@, @))
end if
/* HalileHbl TOKEHBI 151 BCEX JIEMEHTOB MPOLYKIUH */
/* BKJIIOUMM BCe Hali/IeHHbIE TOKEHBI B JePEBO CUHTAaKCUUECKUX CBsI3eil */
/* cchopMHpyeM UCKOMOE AePEeBO CUHTAKCUUYECKHX eAMHHIL */
N =(2,2)
fori:=1...|r|do
/* co3Aa/IM 1epEeBO CHHTAKCHYECKUX €UHUL] U1 KK JOH Maphl U3 JeMeHTa
U COOTBETCTBYIOILIETO €My TOKeHa */
D; := (V;, E;) —nonaepeBo D nns W;
N; := CreateConstituencyTree(Dj, r;)
no6asuth N; k N
end for
return (true, N)

Hy)KHO OTMETUTDb, YTO MNPOAYKUHA r, B COOTBETCTBUU C KOTOpOfI
MOJKHO IIOCTPOUTD VvV, CYIIECTBYET BCEra, IOCKOJIbKY B NIIPEAJIOKECHUN Ha
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PYCCKOM sI3bIKE€ BCET/Ia €CTh XOTs1 Obl OJIMH U3 IJIABHBIX WICHOB MPE/JIOKEHHUS,
cpeay HaOOpPOB NMPOANYKLME ISl CUHTAKCMYECKUX TPYMIT KakJIOro 4ieHa
MpeIJIOKEHUs €CTh MPOLYKIMSA, COCTOALIAsA U3 OJHOTO 3JEMEHTa — CaMOro
YieHa TPeJJIOKeHHs, a B Cly4yae MOCTPOSHHS CHHTAKCUYECKHUX TPYIIT
OTHOPOIHBIX WIECHOB TPEMJIOKEHUS W TPYIMIBl MpsAMOU pedd 3apaHee
MPOU3BOANTCS MPOBEPKA BO3ZMOXKHOCTH MTOCTPOCHUS TAKOH I'PYIIIIBL.

Janee onucaHbl KPUTEPUU AJISI PA3JIMYHBIX TUIIOB CUHTaKCHUYECKUX
€VHUL TIpaMMAaTUKM, MCIOJIb3yeMble  aJiroputMoM 2  (ycJioBHE
«W COOTBETCTBYET KPUTEPHIO JIJIS 1»).

4.2. Kpurepuua [Jisi 3JIeMEHTOB Ipe/IJI0’KeHHsI B IeJIOM H €ro
rpamMMaTH4ecKoil OCHOBBI. B 1aHHOI paboTe cunTaeTcs, UTo CHHTaKCUYecKas
eJIMHUIIA TIPEJIOKEHNUs] B IIeJIOM COCTOMT M3 IPaMMAaTHYECKOl OCHOBHI U,
BO3MOJKHO, 3HaKa MpenuHaHus. TOKeH, Ha OCHOBE KOTOpPOro CO3JaéTcs
CHUHTaKCHYECKasl eJMHUIIA 3HAKA MPEIIMHAHKS, JOJDKEH HAXOIUTHCS B KOHIIE
MpeJIoKeHns] W OBITh 3HAKOM TpenvHaHWs. CHHTaKCHYecKas eIUHHUIA
IrpaMMAaTHYECKON OCHOBBI MPEIOKEHUS] MOXET ObITh CO3/1aHA HA OCHOBE
JOOOro TOKEHa.

CuHTakcuyeckas eJWHMLA BBOAHON KOHCTPYKLMH, TpeBapsIoIien
rpaMMaTHUYECKYyI0 OCHOBY, MOXET OBITh MOCTPOEHA HA OCHOBE TOKEHA V M3
C(v,), HaxoAsIIerocst OJIMKe BCEro K Hadaly MpejIoKeHHs, TAKOro, 4TO
BBITOJIHSETCSI XOT$I Obl OJIHO M3 YCJIOBUIA:

— MeTKa CHHTAaKCUYECKO# CBsA3M e (V,-, V) = parataxis. BOJbITMHCTBO
BBOAHBIX KOHCTPYKLMI MMEET UMEHHO TAaKOH THUIl CUHTAKCUYECKOW CBS3M:
Besycaosno, npoepammucm 3naem mamemamuxy. Kpome mozo, peka
3amép3saa.

— Mertka cuHTakcuueckou cBsizu e(v,,v) = advcl, cpemu C(v)
€CTh COI03 «KaK» W MEeXIy V W V, B NPEMJOKEHUH €CTh 3amsATas. DTO
yCJIOBHE HEOOXOIUMO, YTOObI OOHAPYKUTh BBOJHbIE KOHCTPYKIIMH, CXOKUE C
00CTOATENLCTBAMHY, HANIpUMep: Kak 8bipajicaiomest MOpsiki, gemep Kpenuaen.

Ipu 3TOM v He TOKHO OBITh 32KJTIOUCHO B CKOOKHU MJIA KaBBIYKH. DTOT
e KPUTEpHii B JaHHOI padoTe UCIONMb3YeTCs U IS TIOCTPOSHUST BBOIHBIX
KOHCTPYKIIHH, BXOASIINX BO BCE OCTATbHbIE CHHTAKCUIECKHE €IUHUIIL.

CuHHTaKCcHYeCKasl eIMHUIIA CTIOKHOCOUMHEHHOTO TIPEIJIOKEHUS MOXKET
OBITh MOCTPOCHA HA OCHOBE TOKEHA V-, eciiu cpean C (V) eCTb XOTs1 Obl OUH
TOKEH V, JIJIs1 KOTOPOT'O BHIMOJHSAIOTCS CEAYIOLINE YCIOBUSA:

— MeTKa CUHTAKCHYeCKO# cBsa3u e (v, v) = conyj;

— cpeau C(v) ecTb XOTst Obl OIMH TOKEH, COOTBETCTBYIOIINI KPUTEPHIO
JUTSI TPYTIITB TTOJJIEKAIIIETO.
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[MepBasi rpaMMaTHYECKast OCHOBA CJIO)KHOCOYMHEHHOTO MPEJIOKESHUS
CTPOUTCSI HA OCHOBE CaMOro V,, BTopast U MOCJIeAYIOIHe — HA OCHOBE BCEX
v € C(v;), VISl KOTOPBIX BHIIONHSIOTCS IPUBEIEHHBIC BHIIIIE YCIOBHUSL.

CHHTaKCHYECKasl €IMHUIA PACUWICHEHHOTO CJIOKHOMOMIMHEHHOTO
MPEeJIOKEHUsT MOKET ObITh MOCTPOEHA HA OCHOBE TOKEHA V., €CJIU Cpen
C(v,) ecTb TOKEH V, JJisl KOTOPOrO BBIMIOJNHSETCS JIIOOOH M3 KpUTEpUEB
rpaMMAaTHYECKON OCHOBBI IOAYMHEHHOTO TIPEIJIOKEHUS:

— V TPHUCOCAUHSETCS K V, TOIYMHHUTEIBHBIM COIO30M, a MeTKa
CHUHTAKCUYECKOI CBs3U e(V,, V) — parataxis, advcl wiu conyj,

— MeTKa CHHTaKCU4ecKoul cBs3u e(v,,Vv) — parataxis mubo advcl,
a Takxe ymbo cpenu C(v) ecTb XOTs Obl OJIMH TOKEH, COOTBETCTBYIOIINI
KPUTEPUIO JIs1 TPYIIIIBI MTOIJIEKAIIET0, JIMOO V U v, HE SIBJISIIOTCS [71arojaMu
OIHOTO BpEeMEHH.

I[Mpu 5TOM v He JOJKHO OBITh 3aKJII0YEHO B KABBIYKU MIJIM OTHOCHTHCS K
MPAMOU pEeYn.

CuHTaKCHYeCKasl eQUHUIIA TPYIMIbl MOIJIeKANIEr0 MOXET ObITh
MOCTPOEHA HAa OCHOBE TOKEHA V-, €CJIM BBHIIOJIHSETCS OJHO U3 YCJIOBHIA:

— Vv, — UMEHHasl 4acTh peud, u Juoo e(v,,v) € {nsubj, nsubj:pass},
MO0 v, — KOPEHb JiepeBa CHHTaKCUUECKUX CBsizeil D

— Vv, — rmiaron B HadanebHOW opme, u smbo e(v,,v) €
{csubj, csubj:pass}, mub0 v, — KOpeHb JiepeBa CHHTAKCUUECKUX CBsized D.

CuHTaKCHYeCKast eJMHUIIA TPYIIIbI CKa3yeMOTro MOKET ObITh IIOCTPOEHA
Ha OCHOBE TOKEHA V,, €CJIH OH SIBJISCTCSI KOPHEM JepeBa CUHTAKCUYECKUX
cBsi3eil D, U BBINOJHSIETCS JTI000E U3 CJICAYIOIIUX YCIOBHIA:

— vV, — DJIaror,

— V, YIOBJIETBOPSIET KPUTEPUSIM JUJIsl [JIABHOM YaCTH COCTABHOTO
MMEHHOTO CKa3yeMOoro: v, — 3TO UIMEeHHas 4acThb peud, a cpeju C (v,) ecTh XOTs
6])] OIIUH TOKEH, yI[OBJ'leTBOpHIOL[II/Iﬁ KPUTEPUIO IJIA IJ1arojaa-CBA3KU UJIN I'PYTIIILI
nojiieskamiero. Takke IIaBHBIMU YaCTsAMH COCTAaBHOTO UMEHHOTO CKa3yeMOro
BCEr/Ja CUMTAIOTCS CI0OBA-KATErOPUU COCTOSIHUS U KpATKUE MpUiaraTesbHbe.

4.3. Kpurepun 1,151 31eMeHTOB rPyNI MOJIeKaIlero, CKa3yemMoro,
omnpe/ieJieHusl, IONOJIHEHUs H 00CcTOATeNbCTBA. CHHTAKCHYECKas eTMHULIA
OIHOPOJIHBIX TIOJIEKAIMX MOXKET ObITh TIOCTPOEHA HA OCHOBE TOKEHA V-, €CJIN
cpenu C(v,) ecTb XOTsl Obl OMUH TOKEH v, UIsl KOToporo e(v,,v) = conj.
[MepBoe U3 OAHOPOAHBIX MOAJIEKAIINX CTPOUTCS HA OCHOBE CAMOT0 V-, BTOPOe
U MOCJIe Iy I0IIHE — HA OCHOBE Kax10ro u3 v € C (v, ) C METKON CUHTAKCHYECKOM
cBs3u e(v,,v) = conj. Takoil xe KpUTEpWil HCIONB3YyeTCs W JUIsl BCeX
OCTaJIbHBIX CHHTAKCUYECKUX €JMHHUII OTHOPOIHBIX WICHOB MPEJIOKEHHUsI, €CIIN
HE yKa3aHo WHOe.
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CuHTaKkcH4ecKas eIMHUIA TPAMMaTHYECKOi OCHOBBI HEPACUICHEHHOTO
MPUIATOYHOIO MPEIJIOKEHUST MOXKET ObITh TIOCTPOSHA Ha OCHOBE TOKEHA V-,
€CJIM BHITIOJTHSIETCS XOTSI OBl OTHO U3 YCIJIOBUIA:

— V, OTJIEJIEHO OT V4 — KOPHS JiepeBa CUHTAKCMYEeCKUX CBs3eir D —
3HAKOM IPENUHAHMSI, IPH ITOM JIMO0 CHHTAKCUYeCKast CBsA3b € (V,, V) IOIKHA
UMeTh METKY acl, acl:relcl unu ccomp}, MO0 v, NOIKHO MPUCOSAUHATHCS K
V4 TOTYMHUTENBHBIM COI030M;

— V, OTJEJEHO OT V4 JBOETOYMEM U METKa CMHTAKCUYECKOMH CBSI3U
e(vy,vq) = appos.

[Mpu 5TOM CUHTaKCUUYECKasi €JIMHHUIIA TOAYUHUTENIBHOTO COI03a CTPOUTCS
Ha ocHOBe TOKeHa v € C(V,), ABJISIOIIErOCs MOAYMHUTEIBHBIM COIO30M,
HaXOJSIIIErocs B PeIIOKEHUN MEXIY V- U V4 M TAKOro, uto e(v, v,) = mark.
DTOT Ke KPUTEPHil JJisi HepacwWICHEHHOTO TMPHUIATOYHOTO IPeIOKEHUS
UCIIOJIb3YETCS B IAHHOW paboTe U MPU MOCTPOEHUH CUHTAKCUYECKUX €IMHMUIT
JUTSL OCTAJIbHBIX WIEHOB MPE/JIOKEHHSI.

CuHHTaKCHYeCKasl eJMHUIIA TPYIIbl HEMPSIMOTO IOTOJIHEHHUS] MOXKET
OBITh OCTPOEHA HA OCHOBE TOKEHA V- TAKOTO, YTO BBIOJIHAETCS XOTS Obl OIHO
U3 YCJIOBUM:

— TUI CHHTaKCUYEeCKOH CBSA3U MEXIy V, W KOpPHEM JiepeBa
CHUHTAKCUYECKUX CBsi3el e (v, vg) — iobj, nmod, obl wiu xcomp,

— TpH v, €CTh Hpeyior, U e(v,, vg) = nummod:gov.

ITpu 3TOM v, He JOJKHO ObITh XapaKTEPHOro MJisi 0OCTOSITENIbCTB
npejora, a cpeau v, U C(v,) He TOKHO OBITh CJIOB, HA3BIBAIOIIUX BPEMs
CYTOK, JIeHb, BpeMsl rojJia Ui Mepy BpeMeHu (pazzaen 3.6).

CuHTaKCHYeCKasl eUHUIA TPYIbl 0OCTOSATENhCTBA MOXET ObITh
MOCTPOEHA HA OCHOBE TOKEHA V,, €CJM BBIIOJHSAETCS XOTS1 Obl OJHO W3
YCJIOBUI:

— TAN CHHTAaKCUYECKOH CBS3M MEKIYy V, M KOpPHEM JepeBa
CUHTAaKCUUYECKUX CBa3el e (v, vg) = advmod,

— Vv, — Hapevue WK NpuiaraTesbHoe, u e(v,, vq) — advel wm obl,

— TIpH vV, €CTh XapaKTePHBIi 1J1s1 00CTOATENBCTB Npe yior (paszen 3.6;

— cpeau v, U C(v,) ecTb XOTs1 Obl OJJHO CJIOBO, HA3bIBAIOIIINE BPEMSI
CYTOK, JIeHb HeJIe/IU, BpeMs OJla WM Mepy BpEeMeHH.

CuHTaKkcuYecKasl eJVHHUIA TPYIIbl OMpeesicHUs] MOXET ObITh
MOCTPOCHA HAa OCHOBE TOKEHA V,, €CJIM BBIIOJMHSACTCSA XOTS OBl OJHO W3
YCJIOBUI:

— THI CHHTAaKCHYECKOW CBSI3M MeXIy V, U KOpPHEM JiepeBa
CHUHTAKCHUYECKHUX CBsi3el e (v, vg) — amod, det win appos;

— v, — [OJIHOE TpWJIaraTesibHoe, u e (v, vq) = acl,

— Vv, — MOJIHOE TIPUYACTHE.
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CuHTakcuyecKasi eIMHUIIA TPYIITBI PSMOTO JOTIOJHEHUST MOXET ObITh
MOCTpO€HA Ha OCHOBE TOKEHaA V;, €CJIM BBIIOJIHACTCA XOTA 6])1 OJHO U3
YCJIOBHIA:

— THI CHHTAaKCMYECKON CBSI3M MeXJy V, U KOPHEM JiepeBa
CHUHTaKCHUYECKHUX CBs3el e (v, vy) = oby;

— TpH v, HET nipeasiora, u e(v,, vgy) = nummod:gov;

— V, — HMEHHas 4YacTb pPEYd B POIOUTEILHOM IMAJexe, U Vg —
OTIVIATOJIbHOE CYINECTBUTEILHOE.

IIpu MOCTPOEHUM CUHTAKCUYECKOW €TUHUIIBI TPYIIIbl OJHOPOIHBIX
CKa3yeMbIX Ha OCHOBE TOKEHOB V = vi,...,V, CHHTAKCHUYeCKas €IMHUIIA
UX 00OLIEro HeMpsIMOTO JOMOJHEHHSI MOXET OBITh IIOCTPOEHA IIPU YCJIOBUH TOTO,
410 V COEMHEHBI COUMHHUTEILHBIM COI030M, A HE TOJIBKO 3HAKAMU MPENMHAHUS,
Ha ocHoBe TokeHa v, € (JiL; C(v;) TaKkoro, 4To v, HAXOAUTCH B IPEUIOKCHUN
b0 cpasy mnepej NepBbIM TOKEHOM u3 V, b0 cpasy mocjie MocjeJHero
U3 HUX.

CuHTaKcHuyecKasi eIMHUIA COCTABHOTO MMEHHOTO CKa3yeMOro MOXET
ObITh TOCTPOEHA HAa OCHOBE TOKEHA V,, SIBIISIOIIETOCs] KOPHEM JiepeBa
CHUHTAKCUYECKHX CBSI3€H, €CJIM BBIIOIHAETCS OHO U3 YCJIOBHIA:

— V, BXOIUT B CIHCOK [JIarOJIOB-CBA30K (pa3gen 3.3), a Takke
cymectByeT v € C(v,), ABJISIONIEEC UMEHHON YaCThI0 PEYd, KPATKUM
MPUYACTHEM WM KaTEeropueil cocTosiHus. B 9TOM cilydae CMHTaKCHYecKast
€/IMHUIA IMEHHOM YacTH CTPOUTCsI Ha OCHOBE V, a CHHTAKCHYeCKasl eIMHUIIA
[J1arojia-CBSI3KU — Ha OCHOBE V.

— V, ABJSETCS HMMEHHOW YaCThl0 pEYH, KPATKUM [PUYACTHEM
WM KaTeropueil coctosiHus. B 3TOM ciiyyae CHHTaKCHYeCKasl eIMHUIIA
MMEHHON YacTh CTPOUTCS HA OCHOBE V,. ECIIM MpU 3TOM CyIIECTBYeT
v € C(v,), BXOAIIUHA B CIIUCOK [J1arojioB-CBSI30K, TO HA OCHOBE V CTPOUTCS
CHHTAKCHU€ECKasl €IMHHUILIA [J1arojia-CB3KH; €CJIM K€ TAKOrO V HE CYIIECTBYET,
TO CBSI3KA CUMTAETCS HYJEBOM M CUHTAKCHUYECKasl €IUHHUIIA JIUIS Heé He
CTPOUTCSL.

CuHTaKCHYECKast eJUHUIA COCTABHOIO TIIArOJbHOTO CKa3yeMOro MOXeT
ObITh TMOCTPOEHA HA OCHOBE TOKEHA V,, SIBJISIOIIETOCS KOPHEM JepeBa
CHHTaKCUUYECKHX CBSI3€H, €CJIM BHIIOJIHSIETCS OTHO U3 YCJIOBHIA:

— Vv, BXOIMT B CIIUCOK IJIar0JIOB-CBSI30K, M CYIIECTBYeT TokeH v € C(v;.)
Takoii, uto e(v,,v) — csubj uma xcomp. B 3TOM ciy4yae CHHTaKCHUYeCKast
€J/IMHUIA [JIAr0JIbHOM YaCTH CTPOUTCS HA OCHOBE V, 2 CHHTAKCHYECKasl eJUHHUIIA
[J1aroJia-CBSI3KU — HA OCHOBE V.

— Vv, — [JIaroJ HavyajapHOU (hopMmBbl, U cylecTByeT TokeH v € C(v,),
SBJISIIOUTUICS TJ1aroJIoM-CBsI3KOM. B 3TOM cilyuae cMHTakcuyeckas eiMHUIA
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[JIaroJIbHOM 9acTH CTPOUTCS Ha OCHOBE V-, 2 CHHTAaKCHUECKas eIMHUIIA [J1aroJa-
CBSA3KU — HA OCHOBE V.

CuHTaKcHYecKasi €MHHIA TpPYIIbl NPsSMOW pedYd MOXET ObITh
MOCTPOEHa Ha OCHOBE TOKEHA V- TAKOTO, YTO BBHITOJHSAIOTCS BCE YCJIOBHS:

— TEpBBI N0 MOPSAAKY B npexasiokeHuu emeHT C(v,) sBIsAeTcs
OTKPBIBAIOIIEH KABBIUKOM, a MOCIEJHUI — 3aKPbIBAIOILIEH;

— MEXAY vV, ¥ KOPHEM CHHTaKCHUECKOTO JIepeBa V4 €CTh THpE, €CIU V-
B NPEJIOKEHUH MIPEALIECTBYET V7, U JBOETOUHE, €CJIH V,- HAXOAUTCS MOCIIE V.

5. DKkcnepuMeHTHI

5.1. Kopnyec. IIpu moctpoeHnn Kopiryca Jij1sl 9KCIIEPUMEHTOB aBTOPBI
paGoThl UCXOAUIIM U3 CIAEIYIONMX COOOpaxeHuil. Bo-riepBbiX, HEOOXOAUMO
OLIEHUTh CIIOCOOHOCTh MPEAJIOKEHHOIO aJropuTMa KauyeCTBEHHO CTPOMTH
JIepeBbsi CHHTAKCHYECKHX EMHMII PEJIJIOKEHHI, B KOTOPBIX MPUCYTCTBYIOT
pa3sHOOOpa3Hble CHHTAKCMYECKHME KOHCTPYKIIMM PYCCKOro si3blka. Bo-
BTOPBIX, HEOOXOAUMO OLIEHHTh MPUTOAHOCThH NPEJIOKEHHOTO AJITOPUTMA
K WCTOJIb30BAHHMIO B paMKax pEIICHHs] MPUKJIAJHBIX 3a7a4d KOMIbIOTEPHON
JIMHI'BUCTHKHY, U151 4ero TpeOyeTcs OLEHUTD ero CIOCOOHOCTh Ka4eCTBEHHO
CTPOUTDH JEPEBbsl CHHTAKCUUECKUX €IUHUL] IPEJIOKEHUH, UCTIONb3YEeMbIX B
TaKuX 3ajadax.

JlIs OLIEHKM CIIOCOOHOCTH TIPEUIOKEHHOTO aJrOpUTMa CTPOMTH
JIepeBbsl CHHTAaKCMUECKUX €JVHUII IPEAJIOKEeHUH, B KOTOPBIX BCTPEUYAIOTCS
Pa3HOOOpa3Hble CHHTAKCHUYECKHE KOHCTPYKLMH PYCCKOTO S3BbIKA, OBLI
ucronb3oBad Habop u3 200 mpeyiokeHUi, BBHIOpAHHBIX U3 pasfena
«CuHTakcuc» kiaccuueckoit padotst [13]. IpensioxeHns BHIOMpaIUCh Tak,
YTOOBI BKJIOYATh PUMEPHI TPUMEHEHHS KaK MOXHO OoJiee pa3HOOOpa3HBIX
KOHCTPYKIIMH, OTHOCSIIMXCSI K Pa3JMYHbIM pasjiellaM CHHTAKCHuca,
HaIpuMep, YCTPOUCTBY MPOCTHIX MPEJIOKEHUH, Pa3IMUYHBIM BUJIaM CJIOKHBIX
MPEeJIOKEHNH, Pa3IMYHBIM CIIOCOOAaM BBIPXKEHUSI YICHOB IMPEJIOKEHHUS,
MOCJIEIOBATENIbHOCTAM OJHOPOAHBIX UJeHOB. Pa3mensl cuHTakcuca u
KOJIMYECTBO MO/IOOPaHHBIX 11 HUX TPEJIOKESHHI IpHUBeJIeHbl B Tadumie 1.

JL7151 OLIeHKM CIOCOOHOCTH MPEAJIOKEHHOTO aJlrOPUTMA CTPOUTD I€PEBbST
CHMHTaKCHUYECKUX EIVHUI TPEIJIOKEHHH, WCTIONb3YyeMbIX B INPHUKJIAIHBIX
3a/layax KOMITBIOTEPHOH JIMHIBUCTUKY, HAlpUMED, aHAJIN3€ TOHAJIBHOCTH,
6b110 BeIOpaHo 100 ciryyaiiHbix npeanoxenuit u3 OpenCorpora — OTKPHITOrO
KOpIlyca PYCCKOTrO $3blKa, IIMPOKO MHCHOJB3YIOIErocs s peleHus
Ppa3sHooOpa3HbIX MPHUKJIaJHBEIX 3aaa4 [33 — 35].

DKcIepTaMU-JIMHIBUCTAMKA ObLIa BBHINIOJNHEHa pasmerka Bcex 300
MPEJIOKEHUI IO CUHTAKCUYECKOH CTPYKTYpE.
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Tabmuma 1. Pa3pmensl cMHTaKcHca U KOJMIMYECTBO TPeJIOKEHUI,
BBIOpAHHBIX [1JIs1 HUX B KAYECTBE PUMEPOB

Paznen cuHTakcuca KomuaectBo npegoxeHuit
[TpocToe aBycocTaBHOE MpeAToKEHNE 20
OaHOCOCTaBHOE TMpeIIoKEHNE 10
CocTaBHOE cKazyeMoe 10
OrnpeneneHue 25
IIpunoxenue 5
IomoaHeHue 25
OO6CTOATENLCTBO 25
OOHOPOIHBIE YJIEHBI TIPEJIOKEHU S 10
BBonHBIE KOHCTPYKIMU 5
0O060co06IIeHHbIE YIEHBI MPE/JIOKEHHS 10
CJI0)XKHOCOUMHEHHOE TIPeJIOKEeHNE 20
CJ10)XHONOAYMHEHHOE TIPeITIOKEeHNE 20
Beccoros3Hoe cioxHoe npeaioxkeHne 10
[Ipsmas peun 5
Htoro 200

5.2. Metpuku. [Ipn mpoBeJeHHM SKCHEPUMEHTOB [JIsI OLIEHKU
Ka4yeCTBa MOCTPOCHUA ACPEBHEB CUHTAKCUYCCKUX €IUHUIL UCIOJb3YETCA
HECKOJIbKO METPHK.

[lepBasi U3 HUX — [ONSI TPEAJIOKEHUI, AT KOTOPBIX JAEPEeBbs
CHHTAKCHUUECKHUX €JMHHI] ObUIM ITOCTPOEHBI MpPaBHJIBHO, TO €CTh JIepeBo,
NOJIy4YeHHOE B pe3y/ibTaTe paOOThl aJIFOPUTMA, B TOYHOCTH COBIAJaeT C
JepeBOM, IOCTPOESHHBIM SKCIIEPTaMU-JIMHIBUCTAMU:

UUCN0 NPABUNbHO NOCMPOEHHbIX 0€p€3b€8

FullyCorrect = —
06EM Kopnyca

CyIiecTBeHHBIII HEJOCTATOK KCIIONb30BAHUS TaKOil METPUKU — OHA
HE YYHATHIBACT pa3fuvs MEXIYy IOJHOCTHI0O HEBEpHO IOCTPOSHHBIMHU
JEepeBbSIMA CHHTAKCUYECKMX EJUHUI[ W JEPEeBbSAMH CHHTAKCHYECKUX
eUHUI], TOCTPOCHHBIMH C HE3HAUYMTEJbHBIMM oOmmuOKkamu. OmHaKo,
HaTpUMep, pa3iiiuue MeX Iy OIMHOKOI, 3aKTI0YAIOIIENCs B IOCTPOCHUY IS
JIBYCOCTABHOTO TpeIJIOKSHUS IepeBa CHHTAKCHUECKUX SIHUI] Oe3 TPYIIIThI
TIO/IJIEXKAIIETO, U OIMMOKOM, CBSI3aHHOI C OTpe/IeIeHAEeM TIPSIMOTO JIOTIOJTHEHUS
KaK HEeNpsMOTo, IOCTaTOYHO CYIIECTBEHHA.

JLJ1s1 KOMITEHCAIIUU 9TOrO HEJOCTATKa ObLIM MCIIOIb30BAHBI METPUKH
TOYHOCTH, TMOJHOTH M F|-Mepbl MOCTPOCHUs JIEPEBbEB CHHTAKCUYECKUX
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equHuI [36]. DTH METPUKHM CXOXHU C KIACCUYECKHMHM, UCIOIb3yEMBIMH B
3aj1a4ax KjaccuhUKalUU, OJHAKO PACCUMTHIBAIOTCS /I BCETO MHOXECTBA
BXOJISIIIUX B IEPEBbsI CHHTAKCUIECKUX €IMHMII.

— To4HOCTh MOCTPOEHUS JIEPEBBEB CHUHTAKCUYECKUX EJUHUI] —
OTHOIIIGHHE 4YKCJIa CHUHTAaKCUYECKMX eJUHHI], BXOMSIIMX U B JEpeBbs,
MOCTPOCHHbIE AITOPUTMOM, W B JIePeBbsl, MOCTPOEHHBIE 3SKCIIEPTAMU-
JIMHI'BUCTaMH, K O6LL[eMy llI/ICJ'Iy CUHTAKCUYECCKHUX CIOUHHUI] B )lepeBI)HX,
MOCTPOCHHBIX ~ AJTOPUTMOM. TOYHOCTh IOKa3bIBaeT, Kakass  JOJs
CUHTAKCUYECKUX E€JUHUIl, TOCTPOEHHBIX AJITOPUTMOM, CYIIECTBYeT B
NpeIOKEHUsIX HA CAMOM JIeJie.

— IMonHoTa MOCTPOEHUsI JEPEBbEB CHUHTAKCUYECKUX EAUMHMI] —
OTHOLICHHNE 4YHuCJa CHUHTAKCHUYECCKUX C€IUHULl, BXOAAIIUX N B ,ﬂepeBbﬂ,
MOCTPOCHHBIE AJTOPUTMOM, W B JEpPEeBbs, IOCTPOCHHbIE 3SKCIIEPTAMU-
JIMHTBUCTAMH, K OOIIEMY YHCIYy CUHTAKCMUECKUX EJWHMI[ B JIEPEBBSIX,
MOCTPOEHHBIX  IKCMEPTaMU-IUHIBUCTAMH.  [lOMHOTA  XapakTepu3yer
CMOCOOHOCTH AJITOPUTMA OTHICKUBATD PEASIbHO CYLIECTBYIOIIUE B MPEAJIOKEHUN
CHUHTAKCUYECKUE €IUHUIIBL.

— Fj-mepa — cpe/iHee rapMOHUYECKOE TOYHOCTH U MOJTHOTHI.

0603HaunB G 7p — CHHTAKCUYECKUE EJIMHUIIBI, BXOMSIIUE U B ICPEBbS,
MTOCTPOCHHBIE KCTIIEPTAMH, U B AEPEBbsI, TOCTPOCHHBIE aNrOpUTMOM, G gp —
CHHTAKCHUYECKHUE eJIMHUIIBI, BXOJSIIKE B IEPEBbsI, IOCTPOCHHBIE AITOPUTMOM,
HO HE B JIepeBbsl, MOCTPOCHHbIE 3Kcrepramu, Gpy — CHHTaKCHYECKHe
€UHUIBI, BXOOAIIIUEC B ,Z[CpeBbH, HOCTpOGHHl)IC SKCHepTaMI/I, HO HE B ,HCpCBl)H,
MOCTPOCHHBIC AJITOPUTMOM, MOXHO 3anucath (hOpMYJIbl JJIsi TOYHOCTH,
MOJHOTHL ¥ F|-Mepbl IOCTPOESHUS IEPEBbEB CUHTAKCUYUECKHX €/INHUIIL:

.. Grp Grp 2 - Precision - Recall
Precision = ———————; Recall= ————; F| = — .
p + Grp Grp+ Gy Precision + Recall

IMomumo wmH(pOpPMay 0 BHYTPEHHEH CHHTaKCHMYECKOH CTPYKType
TpeATIOKEHNU S, IePeBO CHHTAKCUYECKUX €JUHHI] TAKKEe COICPKUT NH(POPMAIIHIO
O TOM, KaKUM YJIEHOM MpeJIOKEHUs ABISAETCSA KakAoe U3 CJIOB (JIMCThEB
Jepesa). [jist TOro, YTOObl OTAEIBHO OLIEHUTh TOYHOCTD 3TOi MH(pOpMAaLUH,
UCTIONB3YeTCsl JONOIHUTENbHAS METPUKA TOYHOCTH ONpefeIeHHs WICHOB
NIpe/ITIOKEHNS1, pacCUUThIBaeMast 1o opmyie:

Taeei YUCAO BEPHO ONPEOENEHHBIX UNEHO8 NPeON0HCEHULL
agging = .
UUCNO CNO8 8 NPEONOHCEHUSIX
IToCKOJBKY JIepeBbsi CHHTAKCHUYECKUX CBSI3Ci peIKO OBIBAIOT BXOTHBIMU
JAHHBIMU B TPaKTHMYECKUX 3ajlayax, aBTopaM padOThl MpPeICTaBIsACTCS
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pasyMHBIM IIPH TNPOBEJEHUM 3KCIIEPUMEHTOB MCIIOJIb30BaTh B KavyecTBe
BXOJHBIX [AHHBIX CaMH IMpPEJJIOKEHUs] Ha €CTECTBEHHOM S3bIKE: TEKCT
NpeJIOKEeHNsT peoOpa3yeTcsi aHaJIU3aTOpOM CHHTAKCHYECKHUX CBs3eil B
JEpEeBO CHHTAaKCHUYECKHUX CBS3Eii; Ha OCHOBE ITOTO JIepeBa IMpelsIoKeHHBIN
aJITOPUTM CTPOHT JAEPEBO CHHTAKCUUECKUX €IUHUII, KOTOPOE CPaBHUBAETCS C
STaJIOHOM, Pa3MEeYeHHBIM SKCIIepTaMU-TMHIBUCTaMu. [Ipu 3TOM pe3ynbTaTsl
padoTHl aHAJIM3aTOpa CUHTAKCUYECKUX CBSI3eil He BAIMOUPYIOTCS — €CJIH IS
KaKOTo-TO TPEIJIOKEHUs] OH JIOIMYCTHJI OIIMOKY, TO 3TO IpeJIoKeHne He
OyneT ynajaeHo U3 pacCCMOTPEHUs, ¥ OIMUOKMY, JOMYIICHHbIE H3-32 HeBepHOM
paboTH aHAM3aTOpA CHHTAKCUIECKUX CBsI3eil, He OTAEJISIOTCS OT OIMIMOOK,
JOMYIIEHHBIX U3-32 HEBEPHOI pabOTHI MPEeJIOKEHHOTO airopurMa. Koneuno,
Taxas oleHKa 3(pheKTUBHOCTH MPEAJIOKEHHOTO aJTTOPUTMa MOKET OKa3aThCs
3HAYUTEJIBHO HUXKE ero peajbHoi 3(h(peKTUBHOCTH, OHAKO, OHA MO3BOJIAET
clieaTh HaWOOJee TOYHBIA BHIBOI O TPUMEHUMOCTH THPEIJIOKESHHOTO
ITOPUTMA IJIsL PEIICHNS MPAKTHIECKHX 3a/1a4.

Be3ycnoBHO, mpuM HaMWMYMKA JOCTATOYHBIX PECYPCOB  MOKHO
BaJIMAMPOBATh PE3yJbTAaThl PAOOTHl AHAIN3AaTOPA CUHTAKCUYECKUX CBSI3eil,
W OLEHMBaTh TOYHOCTh PabOTBHl NPEAJIOKEHHOIO JIrOPUTMa TOJBKO Ha
TeX TNPeIJIOKEHHIX, NepPeBO CHHTAKCUYECKUX CBS3EW ISl KOTOPHIX OBLIO
MOCTPOEHO TOJTHOCTHIO BepHO. OHAKO, HYy)KHO OTMETHUTbh, UTO, BaJIMIAIIVS
JepeBbeB CHHTAKCUYECKHUX CBS3EH — IOCTATOYHO TPYAOEMKMUIA Tporiece, H,
MPY HAJIMYKMH JJOCTATOYHBIX VISl HETO PECYypPCOB, BO3MOXKHO, LiejiecooOpa3Hee
OyoeT MOTpaTUTh WX HANpsMylo Ha pa3MeTKy OaHKa JepeBbeB IS
CO3/1aHHS AJITOPUTMA aHAI3a CUHTAKCHUECKOI CTPYKTYPHI IPEJIOKEHHUS], HE
UCTIONB3YIOMIET0 aHAIM3aTOP CHHTAKCHIECKHUX CBSI3eil.

5.3. Pe3yabratsl. [[15 mpoBeeHNs SKCIIEPUMEHTOB TIPeIJIOKESHHBIH
aIropuT™M OB peaju3oBaH Ha s3bIKe mporpammupoBanust Python;
MPOrpaMMHBIM KO pealu3alui JOCTylleH B perno3utopur https://
github.com/yarfruct/constituency-from-dependency. s mocTpoeHust
JIEpeBbeB CHHTAKCUYECKHUX CBs3eil, pa3MEUCHHBIX B COOTBETCTBUU C
cucremoii Universal Dependencies, HCTIOIb30BaJIMCh aHATTU3ATOPBl U3 COCTaBa
Tpéx Oumbmmorek: Stanza (0OyuyeHHbli Ha HaOope naHHbIX SynTagRus),
SpaCy (Bepcum ru_core_news_lg) u Natasha. [TomyueHHsle B pe3ysbTaTe
9KCNIEPUMEHTOB METPUKH KayecTBa IpHUBe/ieHbl B Taduiie 2.

Ha 200 npeayioxenusax u3 cnpaBounuka J1.9. Po3eHrans Hanty4ime
Pe3yAbTaThl MONTYYAI0TCS TIPU UCTIOIB30BAHUN aHAIN3AaTOpA CHHTAKCUIECKHUX
CBs3eil M3 cocTaBa OMONMOTEKM Stanza — Ui MOYTU TPEX UeTBepTei
MPeIJIOKeHUH JepeBbsl CHHTAKCHYECKHX EAWHUI] CTPOSTCS IOJHOCTHIO
BEpHO; BEPHO OTPEACIISIIOTCS MPaKTUIECKH Bee (95 %) dneHsl mpeioKeHus;
TOYHOCTb, MOJHOTA M F|-Mepa Takke JOCTATOYHO BBICOKU U COCTABJISIIOT
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noutu 0.9 kaxgasn. OTCyTCTBUE CYIIECTBEHHOM Pa3HULIBI MEXK/AY TOYHOCTHIO
U TOJHOTOM MOCTPOCHHS NEPEeBbEB CHHTAKCUYECKHUX EIUHUI[ TOBOPHUT O
TOM, YTO aJITOPUTM HE CKJIOHEH HU CTPOUTH <«JIUIIHHE» CHHTAKCUYECKHE
SJIHUIIB, OTCYTCTBYIOIIME B IOCTPOCHHBIX 3KCIIEPTaMH ICpPEBbsX, HU
YIIyCKaTh MPUCYTCTBYIOIINE B MPEIOKEHAN CUHTAKCUIeCKue equHuUIbL. [Ipn
UCIOIb30BaHUM aHAJIM3aTOPOB CUHTAKCUYECKUX CBsA3eil U3 cocTaBa OubIMoTeK
SpaCy u Natasha kauecTBO 3HAYMTENBHO XYXKe: TOJs MPEeAJOKEHUH, NI
KOTOPBIX J€PEBbsI CHHTAKCHUYECKUX €JMHUII CTPOSITCS MOJHOCTHIO KOPPEKTHO,
Huxke Ha 0.16 mis SpaCy u Ha 0.28 mna Natasha; Fi-mepa — Ha 0.08 mis
SpaCy u Ha 0.15 nns Natasha; TOYHOCTB OTpe/ieIeHus WICHOB MpeII0KEeHUS
—Ha 0.05 mig SpaCy u Ha 0.15 mna Natasha. Hy)kHO OTMETHTB, 4TO AJIA
HEKOTOPBIX MPEIOKEHUI aHAJTM3ATOP IePEBbeB CUHTAKCHYECKUX CBS3CH U3
Natasha cTpow 1epeBbsi CHHTAKCUYECKUX CBSI3€H, collepKaIife Kb, TO
€CTh 3aBEJJOMO HEKOPPEKTHBIE.

Ta6:mma 2. MeTpuky KauecTBa IIOCTPOSHUS JePEBbEB CHHTAKCHIECKHX €IUHHUI] C
TIOMOIIBIO Pa3/IMYHBIX aHATN3AaTOPOB CHHTAKCUYECKHX CBSI3ei
Anammsatop  FullyCorrect  Precision  Recall — F Tagging
Jla 200 npeasioxenuii u3 cnpasoynuka JI. 3. PosenTana

Stanza 0.73 0.88 0.89 0.89 0.95
SpaCy 0.57 0.81 0.81 0.81 0.90
Natasha 0.45 0.78 0.70 0.74 0.80
Il 100 npennoxenuii u3 OpenCorpora
Stanza 0.46 0.83 0.83 0.83 0.92
SpaCy 0.23 0.70 0.69 0.70 0.84
Natasha 0.12 0.68 0.49 0.57 0.62
s Beex 300 npennoxeHuit
Stanza 0.64 0.85 0.85 0.85 0.93
SpaCy 0.45 0.75 0.75 0.75 0.87
Natasha 0.34 0.73 0.58 0.65 0.70

Ha 100 npennoxenusx uz OpenCorpora Hawly4dllue pe3yJbTaThl
TakKe MOTyYalTCs MPH WCIONB30BAaHUM aHAJIM3aTopa M3 COocTaBa Stanza.
[Tpu 5TOM MEeTpUKM KauecTBa HUXKE, YeM 7Sl PeJIOKeHU U3 CIIPaBOYHUKA
— 07151 IPeJIJIOKEHUN C MOJHOCTBIO MPABUJIBHO MOCTPOSHHBIMU JAEPEBbSIMU
CHU3WIACh cylecTBeHHee Bcero, Ha 0.27, go 0.46; cHuxeHue Fi-mepbl
U TOYHOCTH OIpeJIeICHHs] WICHOB NPEUIOKEHUs OKa3aJloch HE TaKUM
cymecTtBeHHbIM, Bcero Ha 0.06 u 0.03 cootBercTBeHHO. 151 ABYX Opyrux
aQHATM3AaTOPOB CUHTAKCUYECKHUX CBA3EH CHMKEHHE KaueCTBa OKa3aloCh elg
6oJiee CyIeCTBEHHBIM — JJIs1 aHau3aTopa u3 coctaBa SpaCy 01 MOTHOCTHIO
MPaBUJIbHO MOCTPOEHHBIX JIepeBbeB cHU3mIach 1o 0.23, Fi-mepa — no 0.70,
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a TOYHOCTD ONpeeJIeHUs WIEHOB npeaioxkeHus — 10 0.84; 1 ananu3aTopa u3
cocrasa Natasha 3t mokazatenu coctauiin 0.12, 0.57 1 0.62 coOTBETCTBEHHO,
KpOMe TOTO, [0 pa3HHIIe MEXAy TOYHOCThI0, cocTaBuBIeil 0.68 1 MOTHOTOM,
cocrapuBmieir 0.49, MpHU WCIONB30BAHUU 3TOTO AHAIU3ATOpPa AJTOPUTM
CKJIOHEH BKJIIOYATH B IEPEBO MEHbIIIe CHHTAKCHIECKUX EIWHMII, YeM peabHO
CyIIECTBYET B MPEAJIOKEHUH.

Ckopee Bcero, Takoe CHHKEHUE KadecTBa IPU MCIOJIb30BAHUU BCEX
aHAJIM3aTOPOB CBSI3aHO C TeM, uTo npeioxkenus u3 OpenCorpora B cpejHEM
Ooree CIIOXHBIE W cofepkaT B ceOe OoJplle KOMOWHAIMN Pa3IMIHBIX
CHHTAKCHYECKUX KOHCTPYKIIHIA, YTO MOXET 3aTPyAHSATh pabOTy aHATIN3aTOPOB
CHHTAaKCUYECKUX CBs3el. B mosp3y 3TOil rumoressl roBOpUT TO, YTO JIst
HanOoJiee TOYHOIO M3 aHAJIM3aTOPOB — U3 COCTaBa OMOIMOTEKM Stanza —
MOKa3aTe)d KauecTBa CHU3WINCH MEHbIIIe, YeM JIJIsl aHATM3aTOPOB U3 COCTaBa
SpaCy u Natasha.

UrtoroBpie MeTpuKM KayecTBa, paccuuTaHHble Ha Bcex 300
MPeIJIOKEHUSIX, MO3BOJISIOT TOBOPUTH O TOM, YTO MpPH HCIIOIb30BAHUU
aHaJIM3aTopa CHUHTAKCMYECKUX CBs3el M3 cocTaBa OubIMOTEeKHM Stanza
mpejiaracMplii  aITOPUTM BKJIIOYAET B JIEPEeBbs MPAKTUYECKH BCe
CHHTAKCHUYECKUE €IUHHUIIBI, pEaIbHO CYIIECTBYIONIME B MPEIJIOKECHUAX, U
JIOCTaTOYHO PEJKO BKIOYaeT HecyulecTByomue (F-mepa — 0.85), a Takxe
JOCTaTOYHO TOYHO ONpeesIsieT, KAKUM WICHOM MPeIJIOKEHUS SIBISIETCS TO
WJIA MHOE CJIOBO (TOYHOCTH onpeneneHust — 0.93), ogHako MpruMepHO B IBYyX
TpCTSIX HOCTpOCHHbIX )lepCB])eB CUHTAKCUYECCKUX €OUHUILL HpI/ICyTCTBOBaJ'II/I
XOTs1 Obl MUHMMaJTbHBIE OIIMOKY. [Tpy CHIONIb30BaHUM IPYTUX CHHTAKCUYECKHX
AaHAJIN3aTOPOB IMMOCTPOCHUE IEPEBhEB CHHTAKCHUECKUX €IMHUI] IIPOUCXOIUT
ropa3fgo MeHee TOYHO, C CYIIECTBEHHBIM CHIKEHHEM METPHK KadecTBa. TeM
HE MeHee, TOCKOJIbKY BO MHOTHX MPUKJIAAHBIX 33/1a4aX, HalpUMep, aHaI3a
TOHAJILHOCTH ¥ U3BJIeYeHMs nH(OPMAIIMK, He TpeOyeTCs aOCOMOTHAS TOYHOCTh
CHHTAKCHUYECKOTO aHajM3a, MOXHO NPEINONOKHUTh, YTO MpPeIIOKEHHbINA
aJTOPUTM MOXKET YCIICITHO MPHUMEHSATHCS Ha MPAKTHKE.

3akumouenne. B paboTe mpeyiokeH aaroputM IpeoOpa3oBaHMs
JepeBbeB CHHTAKCUIECKUX CBSI3ell B IepeBbs CHHTAKCHUECKUX €IUHMIL IS
PYCCKOSI3BIYHBIX MpeasiokeHuit. OH OCHOBaH Ha peKypPCUBHOM NPUMEHEHHH K
y3J1aM JiepeBa CUHTaKCHUECKUX CBA3eH MpOogyKLuid (hopMasibHOM rpaMMaTHKY,
MOCTPOCHHOI Ha OCHOBE KJIacCHUecKoro cripaBounuka 1. . Pozenrans. s
OLIEHKM KayecTBa padoTHI alropuTMa ObiT codpat Kopryc u3 300 mpeioxeHui
Ha PYCCKOM si3bIKe, U3 KOTOpbix 200 ObUIM BHIOPAHBI U3 BHILIEYIOMSHYTOTO
cnpaBoyHuka, U 100 U3 OTKPHITOro Kopryca myOIUIHCTUUECKUX TEKCTOB
OpenCorpora.
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B Xome 9KCIEpUMEHTOB TPEAJIOKEHUs IOJaBaJIMCh HAa BXO[
aHAJIM3aTOPOB CHHTAKCHYECKHMX CBs3e M3 cocraBa OuMOIMOTEK Stanza,
SpaCy u Natasha, nocJie yero nosyueHHble JepeBbsi CHHTAKCUUECKUX CBS3ei
00pabaThIBAIUCh MPEJIOKEHHBIM ATrOpUTMOM. TloTyueHHbIe B pe3yibTaTe
00pabOTKH JIepeBbsi CHHTAKCUYECKHX €IMHHI] CPABHUBAIUCH C Pa3MEUSHHBIMU
BpYUHYI0 9KcniepTaMu-duiionoramu. Hanydiiee kKauecTBO ObUIO MOTYYeHO
MPY UCTIONIb30BAaHUM aHAJIM3aTOpa CUHTAKCMYECKHUX CBsI3ed U3 OMOIMOTEKN
Stanza: 10151 MOJHOCTHIO MPABIIBHO MIOCTPOCHHBIX JICPEBbEB CHHTAKCHIECKUX
equaUI coctaBwia (.64, TOYHOCTH OIpeNeIeHUs] WICHOB IpeIoKeHIS
cocraBmia 0.93, a F|-Mepa OCTpOEHNSI CHHTAKCUIECKHX €IHUI] COCTABIIIA
0.85, yero HOMKHO OBITH AOCTATOYHO JJIsI PELICHUS MHOTUX MPAKTUYECKUX
3ajau.

JlaypHelilliee TMOBHINICHHE KadyecTBa paOOThl aJrOPUTMa MOXKET
OCYIIECTBIIATHCHA C TMOMOIIBI0 PACIHIMPEHHS UCTIOIb3YyeMON (hOpMaIbHOM
rpammaruku. JlopaboTka rpaMMaTHKK U aJITOPUTMAa, OE3YCIIOBHO, MOTPEOYIOT
MPOBEICHUsI aHATN3a OMIMOOK U MPUBJICYCHUST IKCIEPTOB-JIMHIBUCTOB JJIsI
YTOYHEHHU I KCIIOJIb3YEMBIX TPOYKITHIA.
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A. POLETAEV, 1. PARAMONOV, E. BOYCHUK
ALGORITHM OF CONSTITUENCY TREE FROM DEPENDENCY
TREE CONSTRUCTION FOR A RUSSIAN-LANGUAGE SENTENCE

Poletaev A., Paramonov 1., Boychuk E.. Algorithm of Constituency Tree from Dependency
Tree Construction for a Russian-Language Sentence.

Abstract. Automatic syntactic analysis of a sentence is an important computational linguistics
task. At present, there are no syntactic structure parsers for Russian that are publicly available
and suitable for practical applications. Ground-up creation of such parsers requires building of
a treebank annotated according to a given formal grammar, which is quite a cumbersome task.
However, since there are several syntactic dependency parsers for Russian, it seems reasonable
to employ dependency parsing results for syntactic structure analysis. The article introduces an
algorithm that allows to construct the constituency tree of a Russian sentence by a syntactic
dependency tree. The formal grammar used by the algorithm is based on the D.E. Rosenthal’s
classic reference. The algorithm was evaluated on 300 Russian-language sentences. 200 of
them were selected from the aforementioned reference, and 100 from OpenCorpora, an open
corpus of sentences extracted from Russian news and periodicals. During the evaluation, the
sentences were passed to syntactic dependency parsers from Stanza, SpaCy, and Natasha packages,
then the resulted dependency trees were processed by the proposed algorithm. The obtained
constituency trees were compared with the trees manually annotated by experts in linguistics. The
best performance was achieved using the Stanza parser: the constituency parsing F-score was
0.85, and the sentence parts tagging accuracy was 0.93, that would be sufficient for many practical
applications, such as event extraction, information retrieval and sentiment analysis.

Keywords: computational linguistics, natural language processing, syntactic parsing,
constituency tree, dependency tree, formal grammar.

References

1. Jurafsky D., Martin J.H. Speech and Language Processing. 2nd Edition. USA: Prentice-
Hall, Inc., 2009. 1024 p.

2. Batura T V., Charinceva M.V. Osnovy obrabotki tekstovoj informacii: Uchebnoe posobie.

[Basics of textual information processing: Study Guide]. Novosibirsk: Institut sistem
informatiki im. A.P. Ershova SO RAN, 2016. 45 p. (in Russ.).

3. Andrejeva S.V. [Typology of constructive-syntactic units in Russian speech]. Voprosy
yazykoznaniya — Problems of linguistics. 2004. no. 5. pp. 32—-45. (in Russ.).
4. Onipenko N.K. [About the grounds for the classification of syntactic units]. Trudy Instituta

Russkogo Iazyka im. V.V. Vinogradova — Proceedings of the V.V. Vinogradov Russian
Language Institute. 2019. vol. 20. pp. 189-201. (in Russ.).

5. Percival W.K. On the historical source of immediate constituent analysis. Notes from the
linguistics underground. 1976. pp. 229-242.

6. Waziri Z.Y., Safana ML.I. Contrastive analysis of English and Hausa sentence structures
and its pedagogical implications. Voices: A Journal of English Studies. 2021. vol. 5.
pp. 15-27.

7. Dewi N.M.P,, Putra .G.W.N., Winarta I.B.G.N. Imperative Sentence in «The Guidance

iPhone Support Website». Elysian Journal: English Literature, Linguistics and Translation
Studies. 2021. vol. 1. pp. 81-92.

1350 Undopmaruka u asromaruszanus. 2023. Tom 22 Ne 6. ISSN 2713-3192 (neu.)
ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Nguyen H.V., Tan N., Quan N.H., Huong T.T., Phat N.H. Building a Chatbot System to
Analyze Opinions of English Comments. Informatics and Automation. 2023. vol. 22.
no. 2. pp. 289-315.

Matchin W., Hickok G. The cortical organization of syntax. Cerebral Cortex. 2020. vol. 30.
no. 3. pp. 1481-1498.

Enikolopov S.N., Kuznetsova Y.M., Osipov G.S., Smirnov I.V., Chudova N.V. [The Method
of Relational-Situational Analysis of Text in Psychological Research]. Psihologiya. Zhurnal
vysshej shkoly ekonomiki — Psychology. Journal of the Higher School of Economics].
2021. vol. 18. no. 4. pp. 748-769. (in Russ.).

Zhang Y., Zhang Y. Tree communication models for sentiment analysis. Proceedings of the
57th annual meeting of the association for computational linguistics. 2019. pp. 3518-3527.
DOI: 10.18653/v1/P19-1342.

Marcus M., Santorini B., Marcinkewicz M.A. Building a large annotated corpus of
English: The Penn Treebank. Computational Linguistics. 1993. vol. 19 no. 2. pp. 313-330.
Rozental D.E., Golub I.B., Telenkova M.A. Sovremennyj russkij jazyk [Modern Russian
language (16th Edition)]. Moscow: AJRIS-press, 2018. 448 p. (in Russ.).

Chomsky N. On certain formal properties of grammars. Information and control. 1959.
vol. 2. no. 2. pp. 137-167.

Chomsky N. Some Puzzling Foundational Issues: the Reading Program. Catalan journal
of linguistics. 2019. pp. 263-285. DOIL: 10.5565/rev/catjl.287.

Muller S. Grammatical theory: From transformational grammar to constraint-based
approaches. Fifth revised and extended edition. Berlin: Language Science Press, 2023.
889 p. DOI: 10.17169/langsci.b25.167.

Taylor A., Marcus M., Santorini B. The Penn Treebank: an overview. Treebanks:
Building and using parsed corpora. Dordrecht: Springer Netherlands, 2003. 407 p.
DOI: 10.1007/978-94-010-0201-1.

Zhou J., Zhao H. Head-Driven Phrase Structure Grammar Parsing on Penn Treebank.
Proceedings of the 57th Annual Meeting of the Association for Computational Linguistics.
2019. pp. 2396-2408.

Gaddy D., Stern M., Klein D. What’s Going On in Neural Constituency Parsers? An
Analysis. Proceedings of the 2018 Conference of the North American Chapter of the
Association for Computational Linguistics: Human Language Technologies. 2018. vol. 1.
pp. 999-1010.

Zhang M.S. A survey of syntactic-semantic parsing based on constituent and dependency
structures. Science China Technological Sciences. 2020. vol. 63. no. 10. pp. 1898-1920.
Yang S., Cui L., Ning R., Wu D., Zhang Y. Challenges to open-domain constituency
parsing. Findings of the Association for Computational Linguistics: ACL 2022. 2022.
pp. 112-127.

Gladkij A.V., Melchuk I.A. Jelementy matematicheskoj lingvistiki [Elements of
mathematical linguistics]. Moscow: Nauka, 1969. 192 p. (in Russ.).

Gladkij A.V. Sintaksicheskie struktury estestvennogo jazyka [Syntactic structures of
natural language (2nd Edition)]. Moscow: URSS, 2007. 146 p. (in Russ.).

Korotaev N.A. [A.V. Gladkij syntactic groups: analysis of compound constructions].
Vestnik RGGU. Seriya: Literaturovedenie. Yazykoznanie. Kulturologiya — RSUH Bulletin.
«Literary theory. Linguistics. Cultural Studies.» Series.]. 2013. no. 8(109). pp. 16-36. (in
Russ.).

Kagirov I.A., Leontyeva A.B. [Module for syntax parsing of the literary Russian language].
Trudy SPIIRAN — SPIIRAS Proceedings. 2008. vol. 6. pp. 171-183. (in Russ.).
Leontyeva A., Kagirov I. The module of morphological and syntactic analysis SMART.
Text, Speech and Dialogue: 11th International Conference, TSD 2008. 2008. pp. 373-380.

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1351
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBII MHTEJJIEKT, MTHXKEHEPUS JIAHHBIX U 3HAHUI

27. Leontyeva N.N., Ermakov M.V,, Krylov S.A., Semenova S.Yu., Sokolova E.G. [On
traditional conception and upgrading of one applied semantic dictionary]. Kompyuternaya
lingvistika i intellektualnye tekhnologii: Po materialam ezhegodnoj mezhdunarodnoj
konferencii «Dialog» — Computational linguistics and intellectual technologies: Papers
from the annual international conference «Dialogue». 2020. pp. 1049-1064. (in Russ.).

28. Moskvina A.D., Orlova D. Panicheva P.V., Mitrofanova O.A. Razrabotka yadra
sintaksicheskogo analizatora dlya russkogo yazyka na osnove bibliotek NLTK
[Development of the Core for Syntactic Parser for Russian based on NLTK libraries]
Kompyuternaya lingvistika i vychislitelnye ontologii: Sbornik nauchnyh statej. Trudy
XIX Mezhdunarodnoj ob’edinyonnoj nauchnoj konferencii [Computational linguistics
and computational ontologies: Collection of scientific articles. Proceedings of the
XIXth International joint scientific conference]. St. Petersburg: Sankt-Peterburgskij
nacional’nyj issledovatel’skij universitet informacionnyh tekhnologij, mekhaniki i optiki,
2016. pp. 44-54. (in Russ.).

29. Shelmanov A., Pisarevskaya D., Chistova E., Toldova S., Kobozeva M., Smirnov 1.
Towards the data-driven system for rhetorical parsing of Russian texts. Proceedings of
the Workshop on Discourse Relation Parsing and Treebanking. 2019. pp. 82-87.

30. Gavrilov D.A. [Comparative study of punctuation in an online newspaper headline:
statement of the problem]. Vestnik Chuvashskogo Gosudarstvennogo Pedagogicheskogo
Universiteta im. I. Y. Yakovleva — I. Yakovlev Chuvash State Pedagogical University
Bulletin. 2021. no. 3(112). pp. 3-8. (in Russ.).

31. De Marneffe M.C, Manning C.D., Nivre J., Zeman D. Universal Dependencies.
Computational Linguistics. 2021. vol. 47. no. 2. pp. 255-308.

32. Lyashevskaya O., Bocharov V., Sorokin A., Shavrina T., Granovsky D., Alexeeva S. Text
collections for evaluation of Russian morphological taggers. Journal of Linguistics /
Jazykovedny Casopis. 2017. vol. 68. no. 2. pp. 258-267.

33. Kirillovich A., Loukachevitch N., Kulaev M., Bolshina A., Ilvovsky D. Sense-Annotated
Corpus for Russian. Proceedings of the Sth International Conference on Computational
Linguistics in Bulgaria (CLIB 2022). 2022. pp. 130-136.

34. Volkova L., Bocharov V. An approach to inter-annotation agreement evaluation for the
named entities annotation task at OpenCorpora. Communications in Computer and
Information Science. 2019. vol. 1119. pp. 33—44.

35. Lagutina K. Topical Text Classification of Russian News: a comparison of BERT and
Standard Models. 31st Conference of Open Innovations Association FRUCT. 2022.
pp. 160-166.

36. Yang S., Tu K. Bottom-up constituency parsing and nested named entity recognition

with pointer networks. Proceedings of the 60th Annual Meeting of the Association for
Computational Linguistics. 2022. vol. 1. pp. 2403-2416.

Poletaev Anatoliy — Assistant, Chair of computer networks, faculty of computer science, P.G.
Demidov Yaroslavl State University. Research interests: natural language analysis and modeling,
mathematical statistics. The number of publications — 14. anatoliy-poletaev @mail.ru; 14,
Sovetskaya St., 150003, Yaroslavl, Russia; office phone: +7(910)819-8325.

Paramonov Ilya — Ph.D., Associate professor, Chair of computer networks, faculty of
computer science, P.G. Demidov Yaroslavl State University; Head of the laboratory, Yaroslavl
Laboratory of Open Innovations Association FRUCT. Research interests: computational linguistics,
artificial neural networks, software development methods. The number of publications — 55.
ilya.paramonov @fruct.org; 14, Sovetskaya St., 150003, Yaroslavl, Russia; office phone: +7(905)633-
3993.

1352 Undopmaruka u asromaruszanus. 2023. Tom 22 Ne 6. ISSN 2713-3192 (meu.)
ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

Boychuk Elena — Ph.D., Dr.Sci., Associate Professor, Senior researcher, Research and development
department, P.G. Demidov Yaroslavl State University. Research interests: computational linguistics,
philology, literary criticism, text linguistics, functional grammar, language theory and comparative
studies. The number of publications — 108. elena-boychouk @rambler.ru; 14, Sovetskaya St.,
150003, Yaroslavl, Russia; office phone: +7(903)824-1797.

Acknowledgements. The reported study was funded by the grant of Russian Science Foundation
No. 23-21-00495 (https://rscf.ru/en/project/23-21-00495/).

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1353
ISSN 2713-3206 (online) www.ia.spcras.ru



POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YIIPABJIEHUA

YIK 004.8 DOI 10.15622/ia.22.6.4

B.A. T'onoBuH, K.C. SIKOBJIEB
MNPUMUTUBBI ABUKEHUA POBOTA B 3AJTAUE
IIJNIAHUPOBAHU S TPAEKTOPUU C KHHEMATUYECKUMHA
OI'PAHUYEHU IMUA

Tonosur B.A., Arxosnres K.C. IIpuMHTHBBI JABHKEHHSI PO0OTa B 3ajaye MJIAHHPOBAHHS
TPAeKTOPUH ¢ KHHEMAaTHYeCKHMH OrPaHUYeHHsIMU.

AHHOTamusl. ABTOMATHYECKOE IUIAHUPOBAHHE TPACKTOPUM — aKTyasJbHas Hay4IHO-
TEXHUYECKasi 3a/1a4a, pelIeHs] KOTOpOoil BOCTpeOOBaHbl BO MHOTHX 00JACTsX: OECIMIOTHBII
TPAHCIIOPT, pOOOTU3MPOBAHHAS JIOTUCTHKA, COLJMANIBHASL POOOTOTEXHHKA H T.J. 3a4acTyio pu
[UIAHUPOBAHUH TPACKTOPUM HEOOXOAUMO YUUTHIBATH TOT (hAKT, UTO areHT (poOOT, OECIMIOTHBIN
aBTOMOOWJIb U JIp.) HE MOKET MPOM3BOJILHO MEHSATh OPUEHTALMIO NP ABMXCHUM, IPYTHMH
CJIOBaMH — HEOOXOAMMO YUMTHIBATh KUHEMATUYECKUE OTPAHUYEHH S ITPY ITAHUPOBaHUU. OHUM U3
HIMPOKO-PACTIPOCTPAHEHHBIX MOJXO/IOB K PEIICHHIO 3TO# 3aJa4H SBJISETCS NOIXO0]], ONUPAIOIIIIACS
Ha KOHCTPYHMPOBAHME TPAGKTOPUM U3 3apaHee MOArOTOBJIEHHbIX (PparMEeHTOB, NPUMUTUBOB
JBWKEHUS, KQXBIi U3 KOTOPBIX B CBOIO OYepe/ib YIOBIETBOPSAET KNHEMATHYECKUM OTPAaHUYEHHUSIM.
3avacTylo, akLEHT NpU pa3paboTKe METOJOB, PEaJM3YIOIIMX STOT IOAXOM, AENaeTCsl Ha
COKpaIlleHUH rTepedopa BAPHAHTOB NPH ILTAHUPOBAHKH (IBPUCTUUYECKUI MOKCK), TIPU ITOM CaM
Ha0Op JOCTYIHBIX IIPUMUTHABOB CUMTACTCS 3aJaHHBIM M3BHE. B 3T0li 5ke padoTe, MbI HA0O0POT
CTaBUM CBOEi LIeJIbi0 MPOBECTU MCCJICAOBAHME M aHAIM3 BIIMSHUS Pa3/IMYHbIX JIOCTYITHBIX
MIPUMHUTHBOB JIBUKEHHUS Ha KaYeCTBO PELICHHs 3a/1a4d IUIAHUPOBAHUS NPU (PUKCUPOBAHHOM
IrOpUTME MOKCKA. B 4acTHOCTH, pacCMATPHBAIOTCS 3 pa3IMIHBIX HAOOpa IPUMHUTHBOB JBHKCHHUS
IUISL KOJIECHOTO poOoTa ¢ auddepeHInanbHbIM NPUBOIOM. B KayecTBe airoputma MOMCKa
HCIIONIb3YeTCs] M3BECTHBI B MCKYCCTBEHHOM HHTEJUIEKTE U POOOTOTEXHHMKE AJIrOPUTM A*.
KauecTBo penienus onieHMBaeTcs Mo 6 MeTpuKaM, BKJIOYas BpeMs IUIAHUPOBAHUs, JJIMHY U
KPMBU3HY pe3yJbTupyolieit Tpaektopur. Ha ocCHOBaHMM NPOBEIEHHOTO KCCIIEJ0BAHUS JIEIAI0TCS
BBIBO/IBI O (haKTOpax, OKa3bIBAIOIIMX HauOOJblLIEee BJIMSIHUE HA PEe3yJbTAT IUIAHUPOBAHMS, U
JAIOTCSI PEKOMEHJAIMU IO TOCTPOSHUIO TPUMHTHUBOB JBMKEHHS, UCIIOJIb30BaHUE KOTOPBIX
MO3BOJISIET JOCTUYb OallaHCa MEX/Iy CKOPOCTBIO pAOOTHI AITOPHTMA [UIAHUPOBAHHUS U KaYeCTBOM
OTBICKMBAE€MbIX TPACKTOPHIA.

KoroueBble cJjI0Ba: IUIaHMPOBaHUE TPACKTOPUM, KHHEMAaTUYECKOE IUIAHUPOBAHUE,
MIPUMUTUBBI IBHKEHUS, SBPUCTUYECKHIA TOUCK.

1. Beeaenne. OnHoil 13 HanGoIee aKTUBHO-PA3BHUBAIOIMXCS oOnacTeil
COBpEMEHHOI HayKH M TEXHUKH SIBJISIETCs pa3paboTKa MOOMIIBHBIX POOOTOB,
CHOCOOHBIX K  (DYHKIIMOHHUPOBAaHMIO B  CJIOXHO-CTPYKTYPHPOBAHHBIX
cpenax 0e3 akTUBHOro ywactusi oneparopa. OTaesnbHBIA UHTEpeC
MPEACTaBISIIOT TIOJHOCTBIO aBTOHOMHbBIE MOOWJIBHBIE POOOTHI, KOTOpBIE
MOTYT (DyHKIIMOHHPOBATh M pellaTh IOCTABJCHHBIE IMepe] HUMM 3a/a4u
caMoCTOsATeNbHO. Mcnonb3oBaHue MogoOHBIX CUCTEM B TAKMX NPHIIOKEHHUSIX
KakK OECIMJIOTHBIN TPAHCIIOPT, JOCTABKa, JIOTUCTUKA, MOHUTOPUHTI TIO3BOJISIET
MOBBICUTH 3((PEKTUBHOCTH pelaeMbIX 3aa4 (HapuMep, COKpPaTUTh BpeMsi
00pabOTKM W MapIIpyTU3aluy MOChUIKK Ha ckianae) [1, 2]. Bonee Ttoro,
B psle CIydaeB HCIOIb30BaHWE POOOTOB — 3TO €JMHCTBEHHBIH CIIOCOO
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pelleHus 3aJaud B npuHuune. Hampumep, npu ycTpaHeHUH MOCIeICTBUN
Ype3BblUAlHBIX CUTYAIMii, KOrga HaxXOXJEHHE YeJoBeKa B OIpelesIeHHBIX
00J1aCTSIX HEBO3MOKHO M3-3a BHICOKOTO PHCKa ITOTEPHU 3J0POBbsI (HaNpUMep,
NIPY TIPOBEIGHUM CHAcaTeJIbHBIX PadOT B HENOCPEJCTBEHHOH OJM30CTH OT
MOBPEXAEHHBIX OOBEKTOB SANEPHON IHEPTETHKH).

Cuctemsl ynpasiieHHst MOOWJIBHBIMU POOOTaMH € BBICOKOH CTETICHBIO
ABTOHOMHOCTHM OOBIYHO IMOCTPOEHBI MO0 MOAyJbHOMY mpuHiumny [3]. Tak,
3a4aCTyI0, BBLACJSIOT CIEQYIOIUEe MOIY/IN BBICOKOTO YPOBHs, KaX[blil U3
KOTOPBIX, 0OBIYHO, Pa30MBaeTCsI HAa MHOKECTBO OoJiee CIelaIn3upOBaHHBIX
MOZAYJIEH:

— MOJLyJIb BOCTIPUATHS (B aHIVIOA3BIYHON TEPMUHOJIOTHH — perception)
— 3TOT MOJY/Ib OTBETCTBEHEH 32 00PaOOTKY M aHAJIU3 JIAHHbBIX, OCTYIAIONUX
OT JIaTYMKOB, NOCTPOCHUE KaPTHI, JIOKAIU3aHI0 poOOTa B HEell, BblIe/IeHNE
00BEKTOB MHTEpECa U T.J1.;

— MOJyJ/b IITAHUPOBaHUS (B aHIVIOSI3bIYHOM TEPMUHOIOTUM — planning)
— 3TOT MOAYJb OTBETCTBEHEH 3a IJIAHMPOBABAaHWE TPACKTOPUH C YIETOM
nHdopMaLuy, NPeAOCTaBIEHHON MOMYJIEM BOCIPUATUS (KapTa, TeKyllee
MOJIOKEHUE CTaTHUECKUX MPEMATCTBUMA, MPOrHO3HbBIE TPACKTOPUM ABMKEHUS
JMHAMHYECKUX TIPETISITCTBUIA ¥ TIp.);

— MOAYJIb YIIpaBJIeHH (B aHITIOS3BIYHOIN TEPMUHOJIOIUM — control) —
3TOT MOAYJIb OTBETCTBEHEH 32 CJIEJOBaHHUE II0 TOCTPOSHHON TPACKTOPHUH.

Bce ykasaHHble MOIy/M, 0e3yCJIOBHO, BaXHBI AJs 3(P(HEKTHBHOTO
(pyHKIIMOHMPOBaHUSI CUCTEMBI YIIpaBJIeHUs] MOOWJIbHBIM POOOTOM, OIHAKO
B 9TO¥ paboTe Mbl KOHLIEHTPUPYEM CBOE BHUMaHKE Ha MOAYyJIe IUIAHUPOBAHUS
TpaeKkTopuy. B mpocTeiiiem Busie 3TOT MOAYIIb 110 U3BECTHON KapTe CTPOUT
reOMETPUIECKUil TMyTh — JIOMAaHHYIO JIMHWIO, COEIMHSIONIYI0 JBE TOYKH
MPOCTPAHCTBA, HE IEPECEKAONIyl0 HA OJHO W3 HAHECEHHBIX Ha KapTy
npenstcTBuid. OUeBUAHO, YTO TAKOW MOAXO[ IeJIeCO0Opa3eH JIMIlb, KOraa
peds MIET O MOCTPOSHHUHM TPAESKTOPUM ISl POOOTOTEXHUYECKUX CHUCTEM,
001aJa1011X BOZMOXKHOCTBIO JBMKEHHSI B IIPOM3BOJIbHOM HalpaBJIeHUH 0e3
CMeHBI opreHTauuy. [IpuMepaMy TakKMX CHCTEM SIBJISIIOTCS] KBAJAPOKONTEPHI
WM MOOWIIbHBIE POOOTHI ¢ OMHH-KoJlecaMu. B Gosiee oOmueil mocTaHOBKe
NpY TUIAHUPOBAaHUM HEOOXOIMMO YUUTHIBATH AOMOTHUTEIbHbIE OPAHMYEHHS
POOOTOTEXHUYECKOW CUCTEMBI, KOTOPBIE MOTYT OBITh BECbMa CIIEIM(PUIHBI B
pasIMyHBIX ciydasx [4 — 6]. Eciu ke KOHIeHTpUpOBaThCs Ha TUIAHUPOBAHUU
TPAaeKTOPHHU C TOUKH 3PEHHMs MOCIIEAYIONIEH ee BBITOJTHUMOCTH (C TIOMOIIBI0
MOZYJsl YIPaBJIEHUs), TO LEJIeCOOOPa3HO YUHUTHIBATH B NEPBYI0 O4Yepenb
OrpaHMYeHNs] HA CMEHY HalpaBJieHHs OBkeHus. Harnpumep, OecIImIOTHBIA
aBTOMOOWJIb HE MOXET IMOBEepHYThCsA Ha 90 rpagycoB MIHOBEHHO, €My
TpeOyeTcst COBEPIIMTD MIOBOPOT Il TOT0, MPUYEM Paiyc STOro MoBOpoTa
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— OrpaHMYEHHasl CHU3Y BeJMYMHA. Takue OrpaHUYeHHs] HOCAT Ha3BaHUSA
KMHEMAaTUYECKUX U MMEHHO IpodjieMe aBTOMATHYEeCKOro IUIAaHUPOBAHUS
TPAEKTOPUH C yUETOM KMHEMaTHYECKHIX OTpaHIYeHHHl 1 ITOCBsIIeHa 9Ta paboTa.
[TprMepsl TPaeKTOPHIA, yUUTHIBAIOIIEH (M HE yUMTHIBAIOIIEH) KMHEMATHYECKIe
OrpaHHYeHHUs N300pakeHbl Ha pUCYHKe 1.

a) 0)
Puc. 1. IIpumep: a) TpaeKTOPHHU HE YUUTHIBAIOLIEHH; 0) TPAEKTOPUM YUUTHIBAIOIIIEH
KMHEMaTU4YeCKue OrpaHUYeHUst

OpHUM K3 HIMPOKO PACIPOCTPAHEHHBIX MOAXOOB K IIAHUPOBAHUIO
TPACKTOpUHU C y4e€TOM KHHEMAaTU4YECKUX OFpaHI/I‘{eHI/Iﬁ ABJIACTCSA
JICKOMITO3UIIIOHHBII TIO/IXOJl, OCHOBAHHbII Ha MOCTPOSHUH TPACKTOPHH M3
HeOOJIbIIMX (PPArMEHTOB, T.H. IPUMUTUBOB JIBIKEHUsI. Ka bl PUMUTHB —
9TO PACCUUTAHHBIN ISl 33/IaHHON POOOTOTEXHIUUECKON CUCTEMBI KOPOTKUMN
YUYaCTOK TPACKTOPHH, YAOBJIECTBOPSIONINI KHHEMATUIECKUM OrPAHUYEHUSIM
JOBUKCHUA. Ha6op BCEX BO3MOXHBIX IMPUMUTHUBOB HAa3bIBACTCA CETKOM MJIN
penieTKoi MpUMUTHBOB (B aHIJIO-SI3BIYHON UTepaType — lattice). Ha ocHoBe
9TOM pemeTKy B IIpollecce IUIAaHWPOBAHWSI MPOUCXOIHUT IBPUCTUYECKUI
nepeGOp BapUAHTOB MOCJIEOBATEILHOIO KOMOWHHUPOBAHUSI MPUMHUTHBOB
JIO TIOCTPOEHUSI TIOJTHOM TPAeKTOPHHU, COSMHSIONIHI CTAPTOBOE U IEJIeBOe
nonoxkeHnd. OOBIUHO B JIMTEpaType, MOCBSIIEHHOW TaKOMy MOAXOAY K
TUIaHMPOBAHUIO, OCHOBHOE BHHMaHHE YIEJSeTCs BOINPOCY COKpAIIeHHs
nepedopa (pa3paboTKe pa3jMYHBIX 3SBPHUCTUK, CIOCOOOB KOMOWHAIIMU
MHOXECTBA IBPUCTUYECKUX (DYHKIMI W Mp.), IPU ITOM Cama pelieTKa
MPUMHUTUBOB CUUTAETCS 3aJaHHON. B aHHOI paboTe, Mbl paccMaTpUBaeM
00paTHYIO 3a/1a9y — KaK MMOBBICUTH 3(p(eK THBHOCTD TUNTAHNPOBAHMUS TPAEKTOPHHU
(mpu (PUKCHUPOBAHHOM AJITOPUTME TMOMCKA) 3a CYET BapHUallMM PeIeTKU
NPUMHUTUBOB. [IJ1s1 aTOro B padore pa3padaThiBAOTCS pa3/MyHble HAOOPHI
MPUMHUTUBOB, MPOBOAUTCS OOLIMPHOE SKCIEPUMEHTATIBHOE WCCIIE0BAHKE
HaOOpOB, Pe3y/IbTaThl KOTOPOTO UCIONB3YIOTCSI 1JIs1 ONpeie/IieHUs] CBOCTB
MPUMHUTUBOB TMOJIOKUTEILHO (M OTPHUIIATENHHO) BIMSIOIIMX HA KAvecTBO
TUIAHUPOBAHUSI IO IIECTH KOJMYECTBEHHBIM METpPHKaM  (BKJIIOYAIOIIUM,
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CKOpOCTb paboThl aNropuT™Ma MOUCKA, JUIMHY U KPUBU3HY OTBICKUBAEMBIX
TPaeKTOpuii U 1p.).

2. O630p JmTepaTyphl. 33/a4e  IUIAHUPOBAHUS C  y4eTOM
KMHEMAaTUYECKUX OTPaHUICHHI MOCBSAIIEHO JOCTATOYHO OOJIBIIOE KOIMYECTBO
pabot. B mesom, MeToipl pelieHus: TOW 3a/1a4d MOXKHO pa3/ieuTh Ha
CJIeqyIoIIHe KJIacChl: METObI HA OCHOBE COMIUIMPOBAHMS, METO/IBl HA OCHOBE
ONTHMH3ALIMH, METO/IB HA OCHOBE MAIIIMHHOTO O0YYeHHsI, METO/Ibl Ha OCHOBE
NPUMHUTUBOB [BIKEHUs. PaccMOTpUM yKa3aHHbIE KJIacChl METOJOB Ooee
MOAPOOHO.

2.1. MeToas! Ha ocHOBe cOMILIHPoBaHus. [IInpoko ucmonbp3yeMbIM
KJIACCOM TIOIXOMIOB SIBJIAETCS IUIAHMPOBAHUE HA OCHOBE COMIUIMPOBAHUSA
(sampling-based). Tlpu TakomM mMoaXxoje TUIAHUPOBAHUE TIPEICTaBIIsIET
co00ii croxacTuueckuii nporecc. HoBble COCTOSIHUSA Ha MYTH K IEJIEBOMY
TeHEPUPYIOTCS CIIyYaliHBIM 00pa30M, IMOCTENEHHO 3aroJHAS JIOCTYITHOE
MPOCTPAHCTBO, B HaJekKIe OJHAXIB JOCTUTHYTh Iean. Hecmorps
Ha KaXyHIylocs HAaWBHOCTh TaKOrO TOAXOHa, IOJO0OHBIE aJrOPUTMBI
YCIIEITHO TPUMEHSIIOTCS B PA3JIMYHBIX aBTOHOMHBIX CHCTEMax WM IPOYHO
3apeKOMeH/I0BaM ceOsi B 00J1aCTH IJTaHUPOBaHUsl TpaeKTopuu. [lomysipHbIM
pUMepoM NoJoOHoro anroputMa sieisiercst anroput™m RRT [7] — Rapidly-
exploring Random Trees. Ero uaes 3akioyaeTcss B CJAEAYIOIIEM: U3
CTapTOBOrO TMIOJIOKEHWS B CIyYallHOM HaNpaBJICHUM CTaBUTCS TOYKA.
Janee mpOU3BOAUTCS TOMBITKA COSAVHUTH HOBOE M CTapoe IOJOKEHHE
C MOMOIIBI0 METOAa, O00ECHeYMBaIONIero COOJOIeHUE KHUHEMAaTUYeCKUX
orpaHu4eHuil (T.H. JIoKalbHOE IUIaHupoBaHue). Eciu coenunenue ynaercs,
TO HOBOE COCTOSIHME J00aBIeTCS B JIEPEBO COCTOSHWIA, €Ci — HerT,
TO cOCTOsTHHMEe oTOpachkiBaeTcs. [laysiee Tpoliecc MOBTOpSIETCS, M TaKUM
00pa3oM CTPOUTCS IEPEBO U3 COCTOSIHMUIA, KOTOPOE MOCTENIEHHO MOKPHIBAET
JIOCTYTIHOE MPOCTPAHCTBO U B JOCTUTaeT keJlaeMOH 11eJ11 (C BEPOATHOCTHIO 1
NpU YKCJIe COMIUIOB, cTpemsieMcs K OeckoHeuHocTH). CoobmmoneHue
KHMHEMAaTHYECKUX OrPaHUYEHUN TOCTUIAeTCsI 32 CUET UCTIONBh30BaHUSI OCOOBIX
METOJJOB COeAMHEHMS COCTOSHUI. B Takmx MeTogax MOTYT MPUMEHSIThCS,
Hanpumep, Kpusble Pusica-1llenma win kpusbie [J00uHCa, KOTOpBIE 33 CUYET
MapamMeTpU3aliy MO3BOJIAIOT YIECTh OTPaHUYEHHS Ha MaKCUMAJIBHBII paiyc
noBopoTa. Takxke MOT'yT UCTIOJIb30BaThCS U OoJiee IPOIBUHY Thie METOABI, T.H.
¢yHkuuu pyneHus (aHri. steeting function). B Takux meronmax 3asoxeHa
KMHEMATHYeCKasi MOJIeNIb areHTa, KOTopasi UCHONb3YyeTCsl IS TeHepaluu
TPAEKTOPUM, COCTUHSIONINI COCTOSIHUS B JepeBe. [Ipumepom mogoGHOro
noaxoxa ciykut meror POSQ [8].

INonynsapusl pasmuunbie Mogudukaimu RRT. K npumepy, RRT-
connect [9] Mo3BoJAET pacTUTh AEPEBO OAHOBPEMEHHO W3 CTapTOBOH U
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KOHEYHOH TOYKM, M NpeKpamarh MOUCK TOrga, Korma OyneT pacKphiTo
COCTOSIHME, TpHHajIexkaniee oboum aepeBbsM. CylecTBYIOT M Jpyrue
Mogudukammu [10 — 12], pasnuyeeiM 00pa3oM yiydlnaomye O0a3oBbIid
AITOPUTM.

ITpenMy1necTBOM COMIUMPYIOIINX TOAXOOB ABIAETCA UX IIPOCTOTA, A
TaKXke TeOpeTUYeCcKast BOSMOXKHOCTb PaOOTHI B HEIPEPHIBHOM IIPOCTPAaHCTBE 63
HeoOXoauMocTH Auckpetu3aiuu. C Ipyroii CTOpOHBI, B IPAKTHYECKHX 3a1a4ax
JMCKPETH3allMsl 324acTyi0 BOZHUKAET JOCTATOYHO €CTECTBEHHO, T.K. OOBIYHO
POOOT CTPOUT UMEHHO JMCKPETHYIO MOJIEJb MPECTABICHUS OKPYXKAIOLIETO
MPOCTPAHCTBA, a HE HempepbiBHYIO. IloaTOMy ykasaHHOe TeopeThdecKoe
NperMYIIeCTBO TepsieTcs. bosiee TOro m3-3a onophl Ha CIydaiiHblid BEIOOP,
AITOPUTM He rapaHTHPYeT MOBTOPSEMOCTH Pe3y/bTaTa, T.€. BHJACT pa3Hble
pelieHust OIHOM U TOH *ke 3aaur. Takke Ha MPAKTUKE CYIIECTBYIOT MPOOIEMbI
¢ 1o160pOM OCHOBHOTO NapaMeTpa ajropuTMa — ynciia camInioB. [Ipu HU3koM
3HAYEHUH TPAEKTOPHH OTHICKMBAIOTCS OBICTPO, HO UMEIOT HU3KOE KAaueCTBO
(GoJpLIyI0 ATMHY, HAIMYKE OOJIBILOrO YKCJIa IOBOPOTOB U Ap.). IIpu BbIcOKOM
3HAYEHHUU MTapaMeTpa Ha OTBICKaHUE TPAEKTOPUU TPATUTCS CIMIIKOM MHOTO
BpeMeHu. B 1ies1oM 3a1aua nogdopa noAXosIIero 3HaueHust 3TOro napaMmerpa
HE UMeeT OOIIero peneHus..

2.2. MeToapl Ha OCHOBe ONTHMH3ANMHU. 337a4a IUIAHUPOBAHUS
TPACKTOPUH MOXET ObITh MaTeMaTHYecKu chOpMyIMpOBaHa Kak 3ajaya
ONTUMHU3ALMN HEKOTOpPOW (HENpephBHON) (PYHKIMA — CTOMMOCTH ITyTH.
Takum 06pa3oM CTaHOBHUTCSI BOBMOXHBIM UCIIONIb30BAHUE ONITHUMH3AIIOHHBIX
TIOJIXO/10B /IS TNIaHWPOBaHUs TpaekTopur. [1og06HbIe MoX0/1bl B OOJIBIIMHCTBE
CBOEM YCTPOEHBI CJENyIIUM 00pa3oM: Ha BXOJ ONTUMH3AIMOHHOMY
ITOPUTMY JaeTcs HadallbHasl Jorajika — HEKOTOpask KpuBasi, CoeIUHAIomasn
HavaJbHYIO M KOHEYHYIO TOUKY, Jajiee IPOU3BOAUTCS MOIBITKA 1e()OPMHUPOBATH
JIaHHYI0 KPUBYIO TaK, 4TOOBI OHA OblJTa ONTUMAJIBLHOM 110 33/1aHHBIM KPUTEPUSIM.
Jnst coGutiofieHn sl KNHEMAaTUYECKUX OTPAaHUYEeHUIA, ITOCIeIHIE BBIPaKAIOTCS B
aHAIMTUYECKOM BUJIE, HAIIPUMeEp, B BUJI€ yPAaBHEHUI, KOTOPBIE ONPEJEIISIoT
JOTOJTHUTESIbHBIE OIPaHUYEHHs ONTHMHU3ALMOHHOrO mnpouecca. [Ipumepst
TaKUX aJrOPUTMOB Mpe/cTaBieHbl B padoTax [13 — 15]. TlogoOHbie moaxoas!
4acTo NMPUMEHSAIOTCS NPU JIBUKEHUU B XOPOIIO CTPYKTYPUPOBAHHBIX CPENIAX,
HanpyMep Ha aBTO0pOrax oOIIEro Moib30BaHKs, KOT/Ia B KaUeCTBE HauaJIbHOI
JorajiIku OGepeTcsi cepe/lMHa JOPOKHOM MOJIOCH. B HeCTpyKTypHpOBaHHOM ke
cpelie Bonpoc (pOpMUPOBAHUS HAYaJIBHOI JOraIkl CTOUT OCTpee. 3a4acTyio
B Ka4ecTBE TaKOW JOragku OepeTcsl OTPe3OK MpsSMON MeXIy CTapToM U
(puHMIIEM, OJHAKO MPH TAaKOW HAYaJbHOM JOrajke METOIAbl ONTHUMHU3ALNN
CMOCOOHBI KAYECTBEHHO CTPOUTH TPACK TOPHH JIUIIb TIPY HATIMYMH TPETISITCTBUI
MNPOCTHIX (POPM (BBIMYKJIbIE MHOTOYTOJBHUKHM), KOTOpblE Ha IpaKTUKe
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BCTPEYaloTCs JOBOJBHO PEAKO B HECTPYKTYPHPOBAHHHIX cpefax. I1pu cioxHoi
KOH(pUTyparuu MmpensiTCTBUNA MPOIECC ONTUMU3AIMKA 324aCTYI0 CXOIUTCS
K JIOKaJJbHOMYy MHUHMMYMY W HE CHOCOOEH CreHepupOBaTh TPACKTOPUH,
00XOISIIIHE CIIOKHBIEC TIPETIATCTBUS.

OOHUM W3 CYIIECTBYIOIIMX CIOCOOOB YACTHYHOTO PpeIIeHUs
Mogo0OHOM MPOOJIeMBbl SIBJISIOTCS ONTUMHU3AIMOHHBIE TOIXO/Ibl, KOTOPHIE B
KavecTBe HauyaJbHON AOTaJKU UCIOJb3YIOT FEOMETPUUYECKYIO TPAeKTOPHIO,
COCJIMHSAIONIYI0 CTAPTOBYI0 M (DUHUINHYIO TOYKY B OOXOJ CTaTUYECKUX
npenstcteuii. [lomoOHBIE MeTOmBI TakXke HOCAT Ha3BaHHWE IIOCT-
onTUMH3AIMOHHBIX. Tak, momyisipeH MetoA roct-ontuMusanun GRIPS [16],
WM TUOPUIHBIN TIOIX0/], KOTOPBIi JJIsl BTOPOTO 3TAMa UCIONb3YeT ANrOPUTM
Timed-Elastic Band (TEB) [17]. MeToapl OCT-ONTUMHU3AlIMA TaK ke, KaK
U METOJbl ONTUMHU3AIMUA CUJIBHO 3aBUCIT OT HAauyaJbHOW HOTaAKU U TPU
HEYIaYHOM e¢ BRIOOpE HE B COCTOSIHUU HANTH KaKOe-JIOO0 pelieHre, 1axKe eCd
OHO cymiecTByeT. Takske GOMBITMHCTBO ONTUMU3AIIMOHHBIX IOAX0/I0B TPeOyIOT
AHATUTHYECKOTO OMMCAHUS TPENATCTBUI, YTO 3HAYUTENBHO 3aTPyTHSET
UX NpPUMEHEeHHe B POOOTOTEXHHUYECKUX CHCTEMax, KOTOpble B OCHOBHOM
UCIOJb3YIOT KJICTOUYHOE TPEICTaBIcHUE 00 OKPYIKAIOIeM IIPOCTPAHCTRE.

2.3. Meroabl Ha OCHOBe MAIIMHHOrO oOydeHHsi. B mociiennee
BpeMsI HAOMPAIOT MOIMYJISIPHOCTh TaKKe METOAB OCHOBAaHHBIC HA MAIIIMHHOM
oOyuyenuu. JlaHHbIE MOAXOMABl BECbMa PAa3HOOOPA3HBI MO APXUTEKType
HellpoceTeld, BXOAHBIM JaHHBIM M HapaMeTrpaM. YacTo MCIONIb3YIOTCS
anroputmel [18 — 20] oO6yuenus ¢ noakperuieHueM (RL — Reinforcement
learning), CyTh KOTOpBIX 3akJIO4YaeTcsl BO B3aUMOJEHCTBUM areHra co
cpenol U 3aBUCUMOCTH Harpajibl OT JedcTBUi areHTa. OTAeIbHbIM KJIACCOM
SIBIIAIOTCS TaK HazbiBaeMble end-to-end metonpt [21, 22], KOTOpHIE B KauecTBe
BXOJIHBIX JIAHHBIX IPUHUMAIOT HAOJIOIEHNsI CPE/Ibl, 4 B KAUYECTBE BHIXOIHBIX
JIAaHHBIX BBIAAIOT TPAGKTOPUIO, WM Cpa3y YIPaBJISIONIME BO3IEHCTBUA. Y UeT
KUHEMATHYECKUX OrPaHUYEHHIl OCYIIECTBIISIETCS Ha 3Tarme OOy4YeHus —
JeUCTBUs, KOTOpPBIE BEAYT K UX HapyIieHUsM mrpadyrTcs (GyHKIHeH ToTepsb.
MeTo/1bl MAIIMHHOTO 00YYEHHsI MHOrOOOpa3HbI, ¥ 334acTyI0 aJarTHPOBAHbI
MOJ] HEKOTOPYI0 KOHKPETHYIO 3ajJady, MO3TOMY, K IpHUMepy, aJTOpUTM
JOBIDKEHHS TI0 IIOCCE HEMPUMEHHM K aJTOPUTMY IBIDKEHHUS O TapKOBKeE,
YTO MPUBOJUT K HEJOCTATKY YHUBEPCAJIbHOCTU M CUJILHOM 3aBUCUMOCTH OT
BXOJIHBIX JIAHHBIX Y 9TUX MOJXOJIOB.

2.4. Meroapl Ha OCHOBe NMPUMHUTHBOB JBI:KeHHs1. Ho mmpoko
pacmpocTpaHeH W APYroil MOAXOJ, TMPH KOTOPOM MBI HE aJanTHpyeM
HOBBIE COCTOSIHMSI areHTa IoJ KUHEMaTHYeCKHWe OTrpaHHYeHHs, a cpasy
TEeHEpUPYEM JEPEBO C yYeTOM BCeX OorpaHuyeHuil. TakuMm sABjsAeTCsa NOOXOH,
C WCIOJIb30BaHUWEM TMPUMUTHUBOB JBMKeHUs. Ero cyTb 3akimovaeTcs B
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MOCTPOGHUM TPACKTOPUM U3 OTHEJbHBIX (DparMeHTOB, — HNPUMHUTHBOB
nBrokeHus. KakIplii Takofl NPUMHMTUB MpeACTaBiIseT coOoil Ayry wim
NPSIMOJIMHEIHBI y4acTOK, pa3padOTaHHBIl MHAWBUAYATIBHO JUISL KaXJOTrO
HaOopa KHHEMaTW4ecKuX orpaHnveHuid. [IpocrenoBaB mobomy w3
NPYMHUTHBOB JBMXEHUS areHT rapaHTHPOBAHHO YAOBJIETBOPHUT BCEM 3aJaHHBIM
KMHEMATHYECKUM OTPAaHMUYEHUSAM. DTOT IMOAXOJA HMHTEPECEH TEM, UTO MBI
3apaHee OIpejesisieM Hallld BO3MOXKHBIE IIaTd B MPOCTPAHCTBE IOMCKaA, B
MIPOTUBOBEC APYI'UM, HallpUMEp ONTUMU3ALMOHHBIM, aJITOPUTMaM, KOTOPbIE
B CBOIO OYepe]b AEHCTBYIOT B HEINPEPHIBHOM IIPOCTPAHCTBE, TJie ITOUCK
BapUaHTOB BHIIOJIHATH 3HAYUTENBHO ciiokHee. [1moc, Mbl He OrpaHIuNBaEM
ce0s1 HEOOXOOMMOCTBIO IPOBEPSATh CKOHCTPYHPOBAHHYIO TPAaeKTOPHIO
Ha BBITOJHAMOCTh — OHA MpPH JIIOOOM COCTaBe W3 MPUMHMTHUBOB OymeT
YIOBJIETBOPATh BCEM KMHEMATUYECKUM OTpaHUYEHUSIM, TIOCKOJIbKY Kask IbIi
JIeMEHTapHbIl NPUMHUTUB UM YIOBJETBOPSIET, & Ha CTHIKE MEXIY JBYX
NPUMUTHBOB TapaHTUPYETCs COOTI0eHIE IPAHNIHBIX YCJIOBHI HA ITTAJKOCTh
HEOOXOIMMOI CTEIICHH.

I'maBHBIM TNpPEUMYIIECTBOM SBJSIETCS TO, YTO C HCIOIb30BAaHUEM
NPUMHUTHUBOB JIBHXXESHHSI Mbl MOXEM BBIOPATh JIIOOOH IBPUCTUYECKUIT AITOPUTM
noucka — A*, Theta*, JPS (c HEKOTOPBIMU JOTIOTHUTEIbHBIMU OTPAHUYEHUSIMU),
TBA* u MHOrHe pyrue. 9TO BO3MOKHO, TIOCKOJIBKY MBI HE MEHSEM ITPUHLIUI
JITOPUTMa, a MEHSIEM TOJIbKO CIIOCO0 TeHepaliy HOBbIX cocTostHMiL. [1pn aTOM
Ja’ke C MCIOJIb30BaHUEM TAKMX MPOCTBIX aJTOPUTMOB, Kak A*, MbI MOXeM
MIPUMEHUTD HAlll TOJIXO K PEIIEHHI0 COBPEMEHHBIX U JOCTATOYHO CJIOKHBIX
3aaa4 [1]. OnucaHHBIM paHee MoAX0JaM MPUCYIIH pa3/InyHble HEIOCTATKU:
CJIy4afiHOCTh B COMIUIMPYIOIIMX TTOX0/aX, OTCYTCTBHE rapaHTHPOBAHHOTO
pemieHuss (MIpU €ro CyIIECTBOBAHWH) B ONTHMM3AlMOHHBIX IOAXOJAX,
3aBUCHMOCTb OT BXOIHBIX HAHHBIX B MOAXOAAaX Ha OCHOBE MAIIMHHOTO
00yueHus1. DBPUCTHUYECKHE MOXO/IbI JIUIIECHBI BCEX STUX MUHYCOB, U HAMIPOTHUB
00J1aJa10T COOCTBEHHBIMU NPEUMYILIECTBAMH — XOPOILIO HCCJIEI0BaHHOE
MareMaTnueckoe 000CHOBaHUE, IMMPOKUI BHIOOP MOAN(HKAIHIL, BO3MOKHOCTD
WCTIOJIb30BAHMUST MHOXXECTBA PA3JIMUHBIX 9BPUCTUYECKUX (byHKIMH. [ToaTomy
MCIIOJIb30BAaHNE IBPHCTUIECKUX MTOAXOI0B OTKPHIBAET IMPOKUE BOZMOKHOCTH
JUIs pEIIeHNs 3a/1a4il KUHEMaTHYECKOro TUIAHUPOBaHUSI.

2.4.1. MeToasl reHepanuu HNPUMHUTHBOB. KilloueBEIM BOMpOCOM
SIBJISIETCSI BBIOOP MOAXOASIIMX NPUMUTHBOB JIBIKeHUsI. IMEHHO OT KavyecTBa
U TIPUEMJIEMOCTH 3aJaHHBIX TPUMUTHBOB JIBHKCHMsI M OyneT 3aBUCETh
pesynpTHpyomas TpaekTopus. Tak, HarpuMep, JOBOJIBHO MOIYISIPHBIMU B
MocjIeJHee BPeMsI CTaJIM TMOIXO0/Ibl, OCHOBAaHHBIE HA MMUTALIUN TPAEKTOPHIA
yenoBeKka-BoauTels [24, 25]. B takux paborax OOBIYHO aHAIM3MPYIOTCS
peaibHble JaHHbIE, HA OCHOBE KOTOPBIX NMPOUCXOAMT BBIAEJIEHUE M O0TOOP
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OCHOBHBIX IPUMHUTHUBOB JIBHKEeHHs. MHOTHE pabOThl OCBSILEHBI TeHEPAN
MIPUMHUTHUBOB Ha OCHOBE ONTUMM3AIIMOHHBIX MOAXOJ0B [26, 27], YTO OTKPHIBAET
HOBBIE BO3MOXXHOCTH, OTPaHUYCHHBIE TOJILKO BHIOOPOM I1eJIeBOi (hyHKITHU.
Takxe OYEeHb PACIpPOCTPAHCHHBIMHU SIBJISIOTCS IIOIXOABI OCHOBaHHBIC Ha
quHamudeckux [28, 29] u agantusneix [30, 31] npumutuBax nemxenus. Ode
TPYHITB! TOJXOJ0B OTJIMYAET TO, YTO IPUMUTHBH B HUX MOTYT U3MEHSTHCS OT
UTEpAIMU K UTEpaIvy, OJCTPAUBAsACh MO COCTOSIHUE areHTa U TEKYIIYIo
3agauy. OTiiMyre Mexay JUHAMHUYECKMMHU W aJanTUBHBIMU TMOJXOAaMU
3aKJII0YAETCS B TOM, UTO MIEPBbIe MEHSIIOT IPUMHTHBHI IIPOMOPIIMOHABHO, T.€.
OJIVH U TOT e MPIMHUTUB MOXET OBITh B JBA-TPH pa3a JAJMHHEE WIN KOpoUe Ha
KaXJOH UTepaIiy, a BTOPHIE e MOTYT IOJIHOCTBIO MEHATh (hOpMY MIPUMHUTHBA,
a He TOJILKO ero pa3mep.

[epeuuncyieHHble METOIBI MOTYT JOCTATOYHO MOJAPOOHO OIMCHIBATH
croco® reHeparyi puMUTHBOB. OHAKO HAOIIOAAETCs SIBHBIA HEJIOCTaTOK
WCCIIeJOBAaHMIA, HATIPABJICHHBIX HA CPABHEHHNE PA3JIMYHBIX IPIMUTHUBOB MEXKITY
coOoii. Takxe HESICHBIM OCTAETCs BOMPOC O KAYeCTBaX TeHEPHUPYEeMbIX
MPUMUTHBOB — KAKMMH OHH JJOJDKHBI ObITh? J[JIMHHBIMU MM KOpOTKUMU? VX
JOJKHO OBITH MHOTO B Habope mim Maio? JlaHHOe McciieJOBaHNE HAMPaBJIeHO
Ha yCTpaHEeHUe 3TOro mpoodea.

2.5. Pe3syabTaThl aHaam3a JUTepaTyphl. B Hacrosimee Bpems
CYMIECTBYIOT pa3fIMUHbIe CIOCOOBI pEIIeHHs 3a/Jauydl IUTAaHUPOBAHUS C
KMHEMATUYECKUMU OTPAHUUYCHUsMH, KaX[blii W3 KOTOpbIX oO0sagaer
onpeleNeHHbIMM  HeJOCTaTKaMu ¢ npeumymectBamu. OgHUM U3
MEPCHEeKTUBHBIX  SIBJISIETCS  JIEKOMITO3UIIMOHHBI TMOAXOJ Ha OCHOBE
MPUMUTHUBOB JIBIXKeHUs. [Ipy 3TOM B uTeparype HaOMogaeTcss HeIOCTaTOK
WCCJICJOBAHU, HANpPaBJICHHBIX HAa AaHAIN3 MPUMEHUMOCTH Pa3JIMIHBIX
MPUMUTHBOB JBIKCHHS] K KOHKPETHOW 3aJade M METOIUKU CPaBHEHHS UX
MeXy coOoi. IMEHHO pelIeHUI0 STOM aKTyaJbHOM 3aJaud M MOCBSIIEHA
JlaHHas padoTa.

3. IlnanupoBaHne TPaeKTOpHHU C KHNHEMaTH4eCKUMHU
orpanmveHusiMi. PaccMoTpum (TOYeYHOr0) MOOWIBHOTO po0O0Ta, Ubs
MO[IE/Ib ABIKCHHsI B o0mmeM ciydae umeer Bug X(t) = f(x(t),u(t)), rme
X — COCTOSIHUE, U — yIIpaBJieHue, [ — BeKTop-(yHKIHMsA. 31ech U Janee Oynem
aKIIEHTHPOBATh CBOE BHUMaHKE Ha KOJieCHOM podoTe ¢ nuddepeHratbHbIM
npusojioM. B stom ciyuae umeem: x(t) = (x,y,0), u(t) = (v,w), a
yYpaBHEHUSI KHHEMATHKH MaTepPUATbHOI TOUKH MPECTABISIOTCS KaK:

)& = v - cos(h) Yy = -sin(0) 0 =w. (1)
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ITpUMUTHBOM  [BMXKEHHsI P  Ha30oBeM  KOpTex  (DyHKLMi
(x(t),y(t),0(t)),t € [0,t5], rme t; > 0 — MPOAOIKUTEILHOCTD IIPUMUTHBA,
KOTOpbIE y/I0BeTBOpstioT Mojiesu iskenus (1). TTycts ¢ € [0, ¢ ] — HekOTOPBIA
MOMEHT BPEMEHH, TOIla COCTOsSIHHE poOOTa B 9TOT MOMEHT BPEMEHH IpH
coBepieHnd puMuTHBa P o6osHaunM kak p(f): p(f) = (2, 4,0), re
& = z(f), § = y(), = (). TeomerpuuecKkn KakIblii TPUMHATHB
IpeJICTABIISIeTCs KaK OrpaHUYeHHBIH (10 IJIMHE) CerMEeHT HEKOTOPOI KPHUBO.
Ipumep n300paxeH Ha pUCYHKE 2.

Puc. 2. TIpumep npuMUTHBOB U3 padoThl [8]

C Kax[OblM TNPUMUTHBOM [BIKEHHs OyleM acCOLMMPOBATH
JEHCTBUTENHLHOE TIOJIOKUTEBHOE YHCJIO — CTOMMOCTB  (BBIIOJIHEHMA)
npumutusa: Cost(p) € R. UeM MeHbIIlE CTOUMOCTb, TEM MPEATIOYTHTENbHEL
NPUMUTUB IBIKEHUs. B 06IeM ciydae (pyHKIMSA CTOUMOCTH MOXET OBITh
IIPOM3BOJIbHOI U OTpaXkarth JI0ObIE TOJIb30BATENIbCKUE TPEOOBAHMS K 3a1a4e
ianupoBanus. CaMoil paclpOCTPaHEHHO (DYHKIHMEN CTOMMOCTbIO SABIISIETCS
JUIMHA NPUMUTHBA. Takke (PYHKLMSA CTOMMOCTH MOXET YUUTHIBATb KPUBHU3HY,
SHEPro3aTpaThl Ha BBINOJIHEHME IPUMUTHBA U TIp.

TpaekTopueil T Ha30BEM TaKyl0 KOHEUHYIO MOC/EI0BATEIHHOCTh
npumutueos, ™ = {p’|i € (0, N)}, 7[i] = p’, W15 KOTOPOU BHINOIHSAIOTCS
YCIIOBHUSL:

p'(thy) = p(0), pi(ty) =p(0), Vie (O,N-1), (2

noapasymeBalonue CoBraJcHue COCTOSIHUH U CKOpOCTeﬁ Ha CTBIKE KaXIbIX
ABYX MOCJIEAOBATEJIbBHO UAYHIUX IIPUMUTHUBOB (ﬂpyFI/IMI/I CJIOBAMH, KaX bl
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MOCJIEAYIOUTNIA TPUMUTHB HAYMHAETCS U3 TOTO K€ COCTOSIHHSA, B KOTOPOM
3aKaHYMBAETCS TIPEIbIIYIIHIA).

CTOMMOCTBIO TPAEKTOPUHU HA30BEM CYMMY CTOMMOCTEN BXOISIIMX B
ee npumutieoB Cost(m) = >, Cost(p*).

OmnpepenmM gajee pabodee MPOCTPAHCTBO, B KOTOPOM IepeMenaeTcs
po6OT, Kak 3aMKHYTOe MOJMHOXKECTBO Ha Iulockoctu, W e R?
COCTOSIIIIUE M3 MPOXOIUMbBIX M HEMPOXOAMMBIX OOJacTeil (MpersiTCTBUM):
W = Wfree U Wopst-

3agaveil ITaHMPOBaHKsI TpaeKTopur HazoBeM koptex S = (W, xg, X¢),
TJe Xg, Xf — 9TO HAYaJIbHOE U IIeJIEBOE COCTOSIHAE pOOOTa COOTBETCTBEHHO.
Be3 orpaHuueHust OOIIHOCTH OYAEM CUATATh, YTO KOOPIHUHATHI HAYAIBLHOTO U
LIEJICBOTO MOJIOKEHHU S IPUHAJICKAT CBOOOIHOMY MPOCTPAHCTBY (B IPOTUBHOM
clly4ae 3aja4a MJIaHUPOBAHUSI CUMTAETCS HEKOPPEKTHO MOCTABJIEHHOM).

PenrleHnem 3ajaud  TUTAHUPOBAaHUS  SIBJISIETCS  TPAeKTOpHUSA T,
o0afanIas CIeayOIMI CBOUCTBAMMU:

7[0)(0) = p°(0) = xo, 3)
TINI(tY) =pN () =y, @)
Vi€ (0,N), Vt € (0,t) : p(t) € Wiree, )

TO €CTh HayaJI0 TPAEKTOPUM COBIAJAET C HAYAJILHBIM COCTOSTHHEM, KOHEIl
TPaeKTOPUHM C KOHEYHBIM COCTOSIHUEM, a BCSl TPAaeKTOPHS COAEPXKUTCS
MOJIHOCThI0O B 00JAaCTH CBOOOJHOTO TIPOCTPAaHCTBa (HE TIepeceKaeT
MIPENSTCTBUS).

3ameTuM, 4TO B 0OIIEM CiIydae pelleHre 3aJa9r TVIAHNPOBAHMUS MOXKET
ObITh He eAMHCTBeHHbIM. OOO3HAYMM MHOXECTBO BCEX pEIICHUN 3aJadyu
rutaHupoBanus Kak II. OnTuMaibHbBIM penieHreM 3aaud IUIaHUPOBAaHUS
Ha3bIBACTCS TPACKTOPUS T ¥, IJIT KOTOPOU BHIITOJHSIETCS YCIIOBUE:

Vr € II : Cost(m*) < Cost(r).

JpyruMu ciioBaMH, HUM OJIHA Jpyras TpPaeKTOpHUs K3 3aJaHHOTO
HavaJbHOE COCTOSIHKSA B 33JaHHOE KOHEYHOE HE UMEET MEHBILEH CTOUMOCTH.

4. Hccnenyemasi 3agava. bynem cuntaTh, 4TO B HallleM pacTiOpsKEHAN
uMeeTcs anroputM, Alg, MonyvYeHus: ONTUMAaIbHOTO PeIleHHs IPOU3BOJIBHOI
(KOpPPEKTHO  OIIpeJEJIEHHOM) 3ajaud IUIAHMPOBaHUS I 3aaHHOM
pOOOTOTEXHIUECKOI cUcTeMbl. POPMAaIbHO AITOPUTM MPUHUMAET HA BXOJ
3ajady IUIaHUPOBaHUA (omucaHue paboueil 001acTU podoTa, HAYAJILHOTO
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U 1IeJIeBOIO COCTOSIHMSA), a TaKKe HEKOTOpBbIi HaOOp NPUMHTHBOB, U3
KOTOPBIX JIOIYCKAeTCs1 KOHCTpyupoBanue tpaekropuu: Alg(S, pr). 3mech
pr = {p} — 370 HaGOp NPUMHUTHBOB JBIXEHUS, YIOBJIETBOPSIOLINX
KMHeMaThu4eckuM orpanuueHusMm (1). Ha BbIxoze airoputM BO3BpallaeTcs
OITUMAJILHYIO TPACKTOPHIO T*.

OOBIYHO pabOTHI M0 IUIAHWPOBAHUIO TPAEKTOPUHM HOCBSILIEHB! BOIIPOCAM
KOHCTpyUpOBaHus anroputma Alg, HCClIe[JOBaHUS €ro TEeOpeTUYeCKUX
CBOKCTB ([OKa3aTeJIbCTBO CXOAMMOCTH, ONTHMAJIBHOCTU), MOBbIIICHUS
BBIUHCIIUTEIbHOM 9(DPeKTUBHOCTH U Tak gajee. C MPaKTUYECKOI Ke TOUKH
3pEHHUs HHTEpeC MPECTABIIACT TaKXKe U3YUCHHE BIMSHUSI BTOPOTO apryMeHTa,
pr) Ha 3¢dexTuBHOCTD padoTsl Alg.

Ons  dopMaim3anuu  3TOW  3ajJayd, KOTOpPOW W TMOCBsIIEHA
CTaThsl, PACCMOTPUM KOHEUHYI0 COBOKYITHOCTh Ha0OPOB MPHUMHTHBOB:
pri, Pra,...,pry, KaXIbld U3 KOTOPHIX MOXET ObITh WCIIONB30BaH sl
NOJIyYEeHHs] ONTUMAJIbHOTO PelleHHs 3aJaud IUIAHUPOBaHUS (C IOMOLIBIO
anroputMa Alg, KOTOpBIA cunrtaercsi (PUKCHPOBaHHBIM). BBenem Takike
B pacCMOTpeHHe Ha0Op YHCIOBBIX (YHKIUA (METPHK), CTaBSIIUX B
COOTBETCTBHE TpaeKTopuM Hekortopoe umcino: M = {m;}, m;(n) € R,
Kaxnas Takas (yHKIUS KOJTMYECTBEHHO OTPAXAeT OMpe/ieieHHOe KaueCTBO
TPAeKTOPUH — CTeleHb KPUBU3HBI, Cpe/IHEe PACCTOSIHUE JI0 MPEMSTCTBUA 1
T.1. Be3 orpaHnveHust OOIIHOCTH OyeM CUMTATh, YTO BpeMs IOJYYEHHUs
TPaeKTOpHUH, T.€. BpeMst paboTh aroputma Alg, Takke OTHOCUTCS K METPHKAM.
Tenephb AJ1 POM3BOJILHON 3a7a4Y IJIAHUPOBaHUA S M (PUKCUPOBAHHOTO
Ha0Opa NPUMUTHUBOB M3 PACCMATPUBAEMOI COBOKYIHOCTH, Prj, Mbl MOXEM
HOJTyYUTh KOJIMYECTBEHHYIO OLIEHKY KaYeCTBa PEIIeHHsI 331a4H IIAHUPOBAHHSI
B BHJle Ha0Opa YKCJIOBBIX 3HAUCHHMIT (MeTpUK). [IpoBO/Is aHAM3 STUX 3HAUCHMIA
IUIL pasHBIX HaOOpOB NMPHMHUTHBOB M Ha PasHBIX 3ajJayax IUIAHUPOBAHMS
(ipu ukcupoBaHHOM Alg), MBI CTPEMHUMCSI BBISIBUTh 3aBUCUMOCTb MEXY
BHUJIOM KCIIOJIb3YEMbIX MPUMUTUBOB (KOJTNYECTBO MPUMHUTHBOB B Habope, 1X
JutHa, hopMa U Ip.) ¥ KaYeCTBOM pellieHHs 3a/1auu rulaHupoBanus. Harueit
KOHEYHOIA LIeJIBIO SIBJISITCS BHIPAOOTKA OOIHMX PEKOMEeHAAIMiA (110 BHEIHEMY
BUJly NPUMHUTUBOB, WX KOJUYECTBY, JJMHE, KPUBH3HE M TIp.), KOTOpHIE
HeoOXOOMMO yUHUTBIBATH HCCIIEA0BATENSAM U Pa3pabOTIMKaM, UCTIONb3YIOLIIM
METOAbI IJIAaHUPOBAHUSA Ha OCHOBE INMPUMUTHUBOB ABWXKCHUA JId PEHICHUA
3a]a4 [UTAHUPOBAHWS TPACKTOPUM JBHKCHHUSI KOJIECHOrO MOOHJIBHOTO
poborta ¢ nuddepeHIHANTBHBIM IPUBOIOM (T.€. POOOTa, NBHKEHHE KOTOPOTo
ormchiBaetcs (1)).

Takum o00pa3om, paccMarpuBaeMasi B HaHHOH paboTe 3agada
3aKJII0Ya€TCA B BBIAABJICHUN BIIMAHUSA XapaKTECPUCTUK IPUMUTUBOB JABUXKECHUA
Ha 3(G@dEeKTUBHOCTh pPabOTHl ANrOPUTMA I[UIAHHUPOBAHUS TPACKTOPUH
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C KHHEMATUYEeCKUMM OTrPaHMYEHMSIMM, a TakKe B BbBIPaOOTKe OOIIUX
PEKOMEHAIMIA IO KOHCTPYUPOBAHUIO TPUMHUTHBOB JIBUXKEHUSI.

5. Metoapl. B naHHOM pa3zene paccCMOTpeHbl METOMbl U MOJXOAbI,
HEOoOXOVMbIE IS pelIeHHs TOCTABJICHHOM BHIIIIE 3a/1a4H, 8 UMEHHO: aTOpPUTM
reHepaluy NPIMUTHABOB, METO/I IUITAHUPOBAHMUS TPACKTOPHH, a TAKKE METOANKA
MPOBEJCHNS aHAIN3a 3aBUCUMOCTU 3(P(EKTHBHOCTH PAOOTHl aJrOpUTMAa
TJIAHUPOBAHUS TPAEKTOPUU OT XapaKTEPUCTUK MPUMUTHUBOB TBUKEHHUS.

5.1. MeToa reHepanyuu NpuMHTHBOB. [[J1g reHepalu MpuMUTUBOB,
YUUTHIBAOIINX KHHEMATHUeCKre orpaHmdeHus (1), WCIoIbh30BaJICS METOJ
u3 [32]. Byaem Ha Hero ccblUiathes Kak Ha Gen Prim. DTOT MeTo OCHOBaH
Ha MPUHLIUIE HAKPBHITHS IJIs pEeIIeHUsT KPAaeBbIX 3a/1a4 ISl INIOCKUX CHCTEM
yrpasjieHus (MoApoOHee — B OPUTHHAIBHOM myOmkanun). OH mogpa3yMeBaeT
MOJTyYeHHe MPUMUTHBOB BHKEHUS B BUIE KPUBBIX TPETHETO MOPSIIKA:

x(t) =ag-t3+a -t +ag -t +as, (6)
y(t) = Bo - >+ B2+ B2 -t + Bs, )
o(t) = arctan(%), (8)
t €0, tg]. )

3nmecy koapduimeHto «y, F; omnpemensiores GenPrim, a
NPOJIOJKMTENIBHOCT IPUMUTHBA ¢ § 3a/1a€TCA TOIb30BATENEM.

T co3aHus IPUMHUTUBOB KCIIOJb30BaJIACh TIPOrPaMMHAsT peau3alivs
GenPrim Ha sa3pike Matlab. B xauecTBe BXOTHBIX HaHHBIX IepenaBatach
KeaeMast (prHaTbHAs TOYKA KPUBOH (HaYasibHASI TOUKA BCETIa HAXOAUTCS B
Hayajie KOOpJMHAT), OpHeHTalusi poOoTa B Hauasle v B KOHIIE BHKEHHUS, a TaK
*Ke MpejielbHOe 3HAUeHNe paauyca KpUBU3HbBL. Bce 9TH mapaMeTpsl MO3BOJISIIN
YUUTHIBATh MOZIEJIb POOOTA NPU pa3padOTKe MPHUMHUTHBOB.

M3HavanbHO MpW reHepalyl MPUMHUTHUBOB CTAPTOBAsl OPUCHTAITUS
poboTa cuuTanach paBHO# HyJo rpaaycos. [locie renepaiuu NPUMHUTHABOB
W3 9TOM OPUEHTAIMU MOyYeHHbI HaOOp MOBOPAYMBAJICS HA MJIOCKOCTH C
HEKOTOPBbIM, 3apaHee OINpedesIeHHbIM, IIaroM. B uTore mojyuanach posa
MPUMHUTHBOB, TOKPHIBAIOIIUX OIPE/Ie/ICHHbIC CTAPTOBbIC OPUCHTAIIVY arcHTa.
duHaNTBbHBIE OPUEHTANMN TIPUMUTHBOB TOAOUPAIOTCS TaK, YTOOBI B MTOTE
BBITH B OIHY U3 IOIyCTUMBIX CTAPTOBBIX OPUCHTAIIU, T.€. JUCKPETH3AIH
mrara (bPMHAIBHBIX OPUEHTALIMIA COBIAala C QUCKPETH3aUel mara CTapTOBBIX
opueHTanui. [TocKobKY B pOOOTOTEXHUKE HAUOOJIEEe YaCTO UCIOIb3YIOTCS
rpacdsi-ceTky (occupancy grid) 1Jist MOIeIMpPOBaHUsI OKpyXKaroliero podora
MPOCTPAHCTBA, TO MBI B CBOCH pab0OTe TaKKe ONMUPAITICH Ha 3TO MPE/ICTaBIICHHE.
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Takum 00pa30M IpU reHepaluy MPUMUTHBOB UX JUJIMHBI TIOIOUPAIMCH TaK,
4YTOOBI COSMHSTH LICHTPHI KJIETOK B rpade-cerke. [Ipumep Habopa NpMMUTHBOB
n300pakeH Ha pUCYHKe 3.

a) 0)
Puc. 3. [Ipumep NpUMUTHUBOB JBUKEHHUS: ) IPUMUTUBBI JIs1 OJHOI OpUEHTALUH;
6) po3a NIPUMHUTUBOB

JLJist Ka)kJOro MOCTPOSHHOTO MPUMHUTHBA COXpaHsIach HH(GOpMAIUS O
KJIeTKax rpada-ceTku, KOTOpble HAKPHIBAET POOOT MPH JIBHKEHHUH I10 JAHHOMY
NPUMHUTHBY. DTO HEOOXOAMMO /IS JAJbHEHIIIEro Onpe/ie/ieH sl CTOJKHOBEHUIA
C IIPEeNATCTBUSMH NIPH TUIAHUPOBAHUH BCell TpaeKTopyu. BusyansHo mpumep
TaKOro HabOpa KJIETOK MOKHO YBUJIETh HA PUCYHKE 4.

Puc. 4. HeMOHCTpaHI/IH MHOXKECTBA KJIETOK, HAKPbIBAEMOT'0 OAHMUM IIPUMUTUBOM

Jyist pacyeTa MHOXXECTBA KJIETOK MCIOJIB30BAICS python-CKpHIIT, KOJ
KOTOpPOro TpejacTaBieH B JuctuHre 1. 3aech GyHKuuUs calc_sweep_cells
MPUHUMAET Ha BXOJ OTIE/IbHBII NPUMHUTHB, J1ajiee YBeJIUUuBas BpeMs ¢ OT
0 10 t§ perucTpupyeTcsi NOJOKEHUE areHTa BAOJb KPUBOM U BBIYUCIIAETCS
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TEKYyIIas KJIETKa IPOCTPAHCTBA. Kaxpas kieTka HeceT B cebe HEJIOYUCIICHHBIC
KOOPpAUHATBI, IO3TOMY IPH pa3HbIX 3HAYCHUAX t areHT MOXET HAaXOJAUTCS B
rnpeneaax OJIHOH U TOM XK€ KJIETKU. HEU'[CC OOHOBJISIETCS CITUCOK MEPEKPLIBAEMbIX
KJIETOK, COACPKAIINXCA B KJIACCE€ MPUMUTUBA.

def calcSweepCells(prim)

t_init=t=0
t_final = primitive.getFinalTime()
cells =[]

while t I=t_final:
cell = prim.getOccupiedCell(t)
if cell not in cells:
cells.append(cell)
t=t+4dt
return cells

Jluctunr 1. Anroputm pacuera nepekpbhiBblaéMblX KJIETOK

BosHukaeT Bonpoc o pacdeTe CTOMMOCTH OTAEIBHOTO MPUMHUTHBA. B
KavyecTBe 0A30BOr0 PEIeHUs] MOXKET UCIIOIB30BAThCS TOJIBKO 00IIasl JAJIMHA.
OpHako KCIEPUMEHTHI IOKa3a/IM, YTO B TAKOM CJIy4ae TPAeKTOPHU MOTYT
OBbITh «BUJISIIOIIMMI» — 9TO OOBSCHSETCS TEM, UTO IJIAHUPOBAHUE BEIETCS
MCKJIIOUMTEIEHO U3 COOOpakeH! s PHOIM3UTHCS K 11EJT1 32 KaK MOKHO MEHbIIIee
yucino urepanuid. IlostoMy ObUIO MPUHATO pelleHHe 00 HCIIOIb30BAaHUN
MOAM(UIMPOBaHHON (PYHKIMHM CTOMMOCTH. B Hamem ciydae (yHKIUA
CTOMMOCTH TIPEACTABIISIET COO0i IMHEIHY10 KOMOMHALIMIO U3 JTMHBI TPUMUTHBA
U €ro CpeHel KpuBU3HBIL. [JIMHA TPUMHUTHBA HAXOJUTCS U3 apaMeTPHYECKUX
YPaBHEHUI HAa T ¥ Y C TOMOLIbIO YMCIIEHHOTO UHTETPUPOBAHUS:

L(p) = / NCEOET0L

Jls Haxox/eHWusl CpefHeil KPMBU3HBI NPUMHUTHB pa3OMBaeTcs Ha
MHOKECTBO TOYEK C HEKOTOPBIM II1arom 1o Bpemenu At. B Haiem ciiydae aToT
mar coctasisan 0.05 c. Janee cuntaercsi KpUBU3HA B KAXKJON MOJTyUeHHON
TOUKE, HE cuMTas KpahHuX. HamoMmHHM, 4TO MaTeMaTHYECKH KPHBU3HA
CUMTAETCs KaK 0OpaTHBIA panyc KpUBU3HBI TpaekTopuu. [Tocse HaxoxaeHus
KPUBU3HBI B KaXJ0il TOYKe, HAXOAUTCS CpeJHss KPUBU3HA KaK cpeaHee
apumeTmaeckoe. Takum odpazom:

I-1

1 = 1 1
NOW =5 2= Xy

T
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rae I — KoIn4ecTBO MPOMEXKYTOUHBIX TOUEK IIPUMUTHUBA, K; — KPUBU3HA i-i
TOYKH, R; — paguyc KpUBU3HBI TPAEKTOPUH B i-i TOUKe.
CrouMOoCTh IPUMUTHBA TOTJA HAXOIUTCH KaK:

Cost(p) = a1 - L(p) + aa - NC(p),

Te v, (g — IMHEWHbIe KO3 pUIMeHTs. MI3MeHss BeMInHy K03(p(pUIUEHTOB
MOXXHO MEHSITh BKJIaJ TOW WJIM WHOI COCTABJISIONIEH B OOLIYI0 CTOMMOCTh
npuMHTHBA. B paMkax naHHOI paboTHI peiaraeTcst OONbIINI BKIIAJ YIEIUTh
JUIMHE W MEHBINN KpWBHU3HE TpaekTopuu. Kak OymeT mokasaHo palee,
XapakTepHOE 3HAYECHUS JTMHBI IPUMUTHBA 277, a KpuBM3HBL 0.5 m 1. Takum
00pa30M JIOCTATOYHO B3SITh IMHUYHBIE KO(PHUILIMEHTHI, YTOOBI YBEJIUUUTh
BKJIa/1 JIMHEHHOM cocTassomen. Torna cTouMocTh TPUMHUTHBA:

Cost(p) = L(p) + NC(p).

5.2. Metoxa NJIAHMPOBaHUS TpaekTopuu. B KauecTBe
9BPUCTUYECKOrO aJrOpPUTMa IUIAHUPOBaHMsS ObUI BBIOpAH KJIACCUYECKHUI
amroputm A*. OH HPOCT B peaju3aliu, yAoOeH B HKCIOJb30BAHUU U
MO3BOJIIET J0OABUTH pa3fiMuHble MOTU(pUKAIMK, 00 OJHON U3 KOTOPBIX
MOWIET peysb B pasjeie . B ciyyae ncrop30BaHUs IPAMUATUBOB TBHKCHIS
TpeOyeTcsi UBMEHUTH AJTOPUTM IeHepaIuKi HOBBIX COCTOSIHUMA, B YACTHOCTH C
WCTIOJIb30BaHUEM IPEIPACCUNTAHHBIX MEPEKPHIBAEMBIX KJIETOK YKa3aHHBIX
Bbillle. B nucTHHre 2 TpUBEAeH TCEBOKOJ aJrOpUTMa T'eHepallid HOBBIX
coctostHuil. DyHKIMA get_successors IPUHUMAET Ha BXOJ COCTOSIHUE, U3
KOTOPOTO HYXHO CTeHepUpPOBATh MIOTOMKOB, a Ha BBIXO/IC BHIJACT CIIMCOK
JOIyCTUMBIX TOTOMKOB. [{JIsT 9TOTO COCTOSIHHWE IepelaeTcs B (PyHKIUIO
get_prims, KOTOpasi BO3BpaIIaeT CIIMCOK JOMYCTUMBIX IPUMHUTHUBOB, KOTOPbIE
MOTYT CJIeIOBaThb U3 3TOTO COCTOSIHUA. [IPUMUTHBBI OTCEMBAIOTCS TIO
CTapTOBOMY yIily (OH IOJIKEH COBIAJaTh C OPUEHTAIIMK B COCTOSIHUM) U TIO
KOJUTM3USM C TIPETSTCTBUAMUY, KOTOPbIe HAXOMSTCS Ha KapTe OKOJIO ITOrO
cocrosiHUsA. [Tociie BRIOMHEHNS 9TOH (DYHKIIUHN U3 JOMYCTUMBIX IPUMHUTHBOB
TeHEpUPYIOTCS HOBBIE IOIyCTHMBIE COCTOSIHHS (TOTOMKH) H, €CJIM PaHee OHU
He OBbLIM HCCIIeJOBaHbI, JOOABIISIOTCS B UTOTOBBIIA CITUCOK.

def getSuccessors(node):

successors = []

prims = getPrims(node)

for prim in prims:
new_node = genNode(node, prim)
if new node not in Closed:

successors.append(new_node)
return successors
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def getPrims(node):
prims = getPrimsByAngle(node. orientation)
for prim in prims:
if any prim.cell is in Map.obstacles:
delete prim from prims
return prims

JIucTtuHr 2. ANropuT™ reHepanin HOBBIX COCTOSTHUIM

Bo Bcex oOCTaJbHBIX acleKTax ajrOpPUTM TMOJHOCTHIO TMOBTOPSET
KJIaccuueckuii aroput™M A*. Pe3ynbraToM pa®OTHl aqropuTMma SIBJISETCS
TPaeKTOPUS 77, COCTOSIIAS N3 MHOXECTBA IPUMUTHBOB.

5.3. Meroauka TIpoBeleHHsl aHAJdW3a. 3ajladya  BbISBJICHUS
BIMSHUSL XapaKTePUCTUK TIPUMHUTHBOB MOBFKCHUS Ha 3(PQPEKTUBHOCTH
padoThl anropuT™Ma IUIAHUPOBAHHMS TPAGKTOPUM MOXET OBbITh pelleHa
MyTeM 3MIMPUYECKOrO KCCIICOBAHUS Pa3IMYHbIX HAOOPOB NMPUMHUTHBOB
JBIDKEHUS ¥ CPAaBHEHHUsI Pe3YJIbTaTOB paOOTHl aJITOPUTMA IO COBOKYITHOCTH
KOJIMYECTBEHHBIX TMOKa3aTesell. TAKMMH MTOoKa3aTesIsMU SIBJISIOTCS] METPUKHU
Ka4ecTBa — YUCJIEHHbIE (PYHKIMH, OTOOpaKAIOIINE TPACKTOPHIO Ha MHOKECTBO
JeWCTBUTEbHBIX uncest. Onuiiem nx 6osee nogpoOHo.

Metpuxu. [[Jis OIIEHKM KadecTBa pabOThl aJTOPUTMOB TpeOyeTcs
paccuuTaTh  pasMYHbIe  KOJUWYEeCTBeHHble MeTpuku. CylecTByIOT
pa3HOOOpa3Hble HAOOPHl [aHHBIX M METOIUK CPaBHEHUs aJrOpPUTMOB
maHupoBaHus [33 — 35], U3 KOTOPBIX MOXHO BBIAEJIUTh U UCIOJIb30BaTh
MeTpUKH KauecTBa. Hamu ObiT BHIOpaH MIMPOKO U3BECTHBIN 1 OOIIETPU3HAHHBINA
Habop Bench-MR [36], koTopble HallpaBjieH Ha TECTUPOBaHKUE AITOPUTMOB
B HECTPYKTYPUPOBAaHHOW cpeje, COIAepXKalleil TOJbKO MPEensaTCTBUS U
UcHbITYyeMoro aredra. Kak Oyier moka3aHo B ClieyIolieM pa3jelie, TaHHbIe
YCJIOBUS TIOJTHOCTBIO COOTBETCTBYIOT HAIlleil TOCTAHOBKE, YTO M 0OOCHOBBIBACT
Cc/leIaHHBIe BHIOOD.

Jist pacueTa Kax10i METPUKY TpeOyeTCsl PEICTABUTh TPAEKTOPHIO
B BHjE TMOCJEA0BATELHOCTU TOYeK (cocTosiHui). [lockoibky B Harei
MOCTAHOBKE TPaeKTOpUsl TMPEACTaBIsieT CcO0O0il IMOC/Ie0BATEIbHOCTh
MPUMUTHBOB, TpeOyeTcs pa3OoUTh Kakblil IPUMUTHUB HA MOCIICIOBATEILHOCTh
ToueK. Tak Kak NPUMHUTHBHL TPEICTABISIOT COOOI MapaMeTphyecKue
ypaBHEHHM:, CIOENaTh 3TO MOXHO JIEMEHTAPHO C IOMOIIBIO MOJCTAHOBKH
Pa3JIMYHBIX 3HAYEHUI BPEMEHU B BHIPAKEHUsI COOTBETCTBYIOIIETO PUMHUTHBA.
Torga myist Bcedl TpaeKTOpUHM TOCJIEAOBATENLHOCTh TOYEK IMpPeACTABIISET
c000i1 00beIMHEHHE [TOCTIEA0BATENBHOCTENR TOUEK KaXKI0I0 U3 BKIIIOYEHHBIX
MIPUMHUTHBOB JABXEHHUS.
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JIist JanbHEMIIEro MosICHEHN BBEJEM 0003HAYEHHUS: S; — i-i 2JIEMEHT
TPAEKTOPUM, COAEPXKALUI COCTOSIHUE (KOOPAVHATHL U OPUEHTALIUS) arcHTa,
d(s;, 8j) — €BKIMIOBO PACCTOSIHUC MEKIY COCTOSHUAMY, K (s;_1, S;, Six1) —
KPUBM3HA YYaCTKA TPAEKTOPUU MEXAY TPEMs TOUKAMU, CYATAETCS C TOMOLIBIO
MOATOHKY OKPY’KHOCTH 110 TPEM TOUKaM U MOCJIELYIOIUM JEJIEHUEM €IUHULBI
Ha ee paamyc. Takxe | — 9TO KOJMUYECTBO MPOMEKYTOUYHBIX TOYEK BO BCei
TpaekTopuu. Torjga nepevyeHb METPUK:

— Jnuua tpaektopuu (Path length, LEN) — cuuraercs kak:

I—1
LEN = d(s;, si41).
0

— Paccrosamne mo mpensrctemii (Clearing) — MmokasbIBaeT cpenHee
paccTosiHAe TPAeKTOPUM [0 MpPEHATCTBHA [I1s1 pacueToB HCHONb3yeTcCs
npeJpacyuTaHHasi MaTpULa PacCTOSIHUIM, KOTopasi 110 pa3MepaM COBIMagaeT
C TECTOBOW KAapTOH, a B KaXJOW KJIETKE KOTOPOM 3allMCaHO Kpardaiiiee
paccTosiHUe 10 MPENATCTBUS U3 3TOH KJIeTKU. Torna MeTprka cuMraercs Kak:

Clearing — 21'121 DistanjceMatrisc(si) .

— Vron-na-tpaektopuio (Angle-over-length, AOL) — nokassBaeT
B Cpe/IHEM HACKOJIbKO CHJIBHO MEHSIETCS OPHEHTAlMs BJOJIb TPaeKTOPUH,
CUMTAETCS KaK:

_ 25;01 abs(s;(0) — —si41(0))
AOL = TEN .

— Cpennss kpuusHa (Normalized curvature, NormC) — nokasbiBaet
CpPEelIHIOI KpUBHU3HY, T.€. CPEAHUI paguyC MOBOPOTA BIOJb TPACKTOPHH,
CUNTAETCH KaK:

I—-1
NormC = Doim1 K(si—1, 80, 8i41)
I .

[MoMHUMO 9THX METPHMK BBOAWIIACH TAKXKE JOIMOJIHUTE/IbHAS METPUKA
OTBeyvaoIas BpeMeHu padboTsl anroput™a — ComputationTime.

MeTtonnka cpaHenus1. Camu 1o cebe METPHKH Ka4eCcTBa He IO3BOJISIIOT
BBINIOJIHUTH CPABHEHHE MEX/Ty PA3IUYHBIMU HAOOpAMU TPUMUTUBOB BUKEHHSL.
TpeGyeTcst ONpeie/IUTh IPaBIIIa YIOPSAJOYMBAHUSA PE3Y/IHTATOB CPABHEHUS B
3aBUCHUMOCTH OT 3HAYEHUsI IIOKA3aTesis. B COOTBETCTBHUM C UCTIONb30BAHHBIMU
METPUKaMH CYIIECTBYET €IMHCTBEHHOE MPABUIIO, 0 KOTOPOMY MEHbIIEe
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3HaYEHHE METPUKU COOTBETCTBYET JIydllleMy pe3yibTaTy. JlefcTBUTENbHO,
JUIMHA TapeKTOPUH, BpeMsl padOTHl aIrTOPUTMa, CPEHsI KPUBU3HA U T.J. —
MoKa3aTeJIl, 3HaueHHe KOTOPBIX OKUIAeTCsl HA MUHUMAJIbHOM YPOBHE.

CpaBHEHHME pa3jMYHBIX TPMHUTHBOB [BWKEHHS  BBIOJHSIIOCH
CJIeIYIOIIIM 00pa3oM:

1. Ha HeckoJbKMX KapTax FeHEepUpOBaJIOCh MHOKECTBO Pa3IMIHBIX
3aJaHUM;

2. 1151 Kax/10ro CpaBHMBAEMOro HaOOpa NMPUMHUTHBOB IPOBOJMIICS
9KCIEPUMEHTAJIbHBINA 3alyCK aJITOpPUTMa IUIAHUPOBAHUS IS KaXAOTo U3
3alaHNM;

3.Ilo momy4YeHHBIM TPAEKTOPHSAM BBIIOTHACTCSA MOACYET METPHK
KauyecTBa;

4. lna  Kaxporo Habopa TIPUMHTUBOB Ha KaxIOW KapTte
MOJICUMTHIBAIIOCH cpejiHee u3 100 3HaueHni MEeTpHIK;

5. IlomyueHHBIe pe3yIbTaThl 3aHOCIINCH B TAOJIMITY 1 YTIOPSA0UYNBAJINCE
B 3aBHCHMOCTH OT OIIGHMBAEMOT'O TTOKa3aTesl.

Hanee OymeT IOKa3aHO, YTO pa3jMYHble IPUMHUTUBH HMEIOT
MpeuMyILEeCTBa M0 Pa3IMYHbIM MEeTpUKaM KadecTBa. [loaToMy cpaBHMBATh
HaOOpbl IPUMUTUBOB JIBHKEHHSI MOXKHO TOJILKO [0 COBOKYITHOCTH IOJIy Y€HHBIX
pe3yJIbTaTOB.

Ha ocHOBe BBIIOJIHEHHOTO CPaBHEHUS CTPOSTCS OOIIHe PeKOMEHAALNN
KO CBOHMCTBaM I'€HEPHUPYEMBIX IIPUMHUTHBOB JBHKEHNUS, CJIEJOBAaHUE KOTOPHIM
JOJDKHO TIPUBECTH HCClefoBaTeslell K MOMy4YEeHHUIO JIyYIIMX pe3yJbTaToB
MpU pellleHus 3aJayd IJIAHUPOBAaHUSA TPAEKTOPUU C KHUHEMaTHYeCKUMU
OTpaHNYEHUSIMH.

6. BxoaHble [JaHHble SKCIePUMEHTOB. Ui TecTUpOBaHUSA
MCIIONB30BAJIMCH JIBE KJIETOUHbIE KapThl: TIepBas (PICYHOK 5(a)) MpeacTaBiisiia
c000ii cCBOOOJHOE MPOCTPAHCTBO, 3AMOJHEHHOE Pa3IMYHBIMUA HEOOBIITMMU
CTaTUYHBIMH TIPENATCTBUSIMHU, BTOpast (pucyHOK 5(0)) MopeamMpoBaia
peaibHyI0 Cpefly € NMPEensITCTBUSMH Pa3JIMYHOTO pa3Mepa, B T.4. 3AaHUSIMH.
Kaxpasa xapra umena pasmep 600 x 600 kneTok (MUKcesei), pa3pelieHue
coctaiisuio 0.2 MeTpa Ha KJIETKY.

Bruto crenepupoBano 100 pa3iuuHBIX 3aaHUMA IS KaXIOW KapThl.
Kaxoe 3aganue npeactaBisuio coboii cocrosiaue (x, y, 0). [apantupyercs
BBIMIOJIHEHUE KaXJOr0 W3 3aJaHUil MO OTHEJbHOCTH MJISI TOYEYHOrO
g depentmanbHoro podora. Takke ObUIM NMPOBEAEHHI AOMOJHUTEIBHbIE
TECTHI Ha ITyCTOM KapTe, rie 45 3aaHuil ObUI pABHOMEPHO PacIpeiesIeHb 110
OKPY’KHOCTH BOKPYT areHTa, C OPUEHTALMsIMUA HAlPaBJICHHBIMH OT IIEHTpa

HapyKy.
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a) 6)
Puc. 5. KapTsl, ucriosib3yeMble 1J1s1 TECTUPOBaHUsL: a) KapTa 1; 6) kapra 2

Jns reHepanyy NPHUMUTUBOB ObUT BRIOpAaH IIar MO OPUEHTALMH B
22.5 rpanyca (g panuan). Takxke 1Jis yIPOLIEHHs aHATM3a CKOPOCTh areHTa
CUYMTAETCSI MOCTOSIHHOM U paBHO# 1 m/c. [I1s1 ycKopeHusl paOOThl alropuT™Ma
OblIa 10OaB/IeHa MICKYCCTBEHHAS MTOIPEITHOCTh B 1 KJIETKY JIJIs1 HAXOXKICHUS
penreHyst. Takum 06pa3oM aIropiuT™M MOXET HAfTH COCTOSTHUE HE B TOYHOCTH
COBIIAJAIONIEEe C 3aJaHHBIM (PUHAJBHBIM, 2 OTJIMYAIOIIMMCS OT HEro Ha 3Ty
norperrHocTb. Takxke Obula JqoOaBiieHa norpeHocTh B 11.25 rpaaycoB no
OPHEHTAIMH, HO 3TO 00YCJIOBJICHO TOJILKO CITy4ailHOM reHepalyeil oprueHTaum
(pyHANBHBIX TOYEK, a TOCKOJIbKY (pHHAIbHBIE OPHEHTAMM NPUMHUTHBOB
JVICKPETU30BaHHBI, HEOOXOIMMO [100aBUTh TIOTPELIHOCTL pasmepoM 1/2 ot
mara B 22.5 rpagyca, YToObl FapaHTUPOBaTh PEIICHUE 3a1a4H.

Beto creHepupoBaHo 3 BepcHM NMPUMHUTHBOB, HO OCHOBE KOTOPBIX
MOXHO OBUIO JAeNaTh BBIBOOBI O CBS3M IApaMETPOB ITUX INPUMHUTHBOB C
Ka4eCTBOM IOCTPOCHHBIX TpaeKTopuil. Bce 3TH Bepcuu M300pa)keHbl Ha
pucynke 6. CireBa M3006pakeHbl IPUMHUTHBBI 1JIs1 OJJHON OPUEHTALINH, CIIpaBa —
po3a i1t Bcex opueHTaruil. Maciirab BHIOpaH eMHBII 1151 BCeX N300pakeHui,
YTOOBI IPUMHUTHUBBI MOKHO OBUIO CPABHUTH BU3YaJIbHO. 3/1eCh U Aajiee, eCI
yKa3bIBAETCS Yrojl y NIPUMUTHBA, UMEETCS BBUJLy €r0 U3MEHEHHUE M0 MOJLYITIO
OT NEPBOHAYANILHOIO YIJIa, T.€. €CJIM IPUMHUTHUB CTapTYET U3 OPUEHTALMU § U
3aKaHYMBAETCA C OPUEHTAIIMEN — 7, TO COOTBETCTBYIOLIEE EMy 00O3HAUYECHHE
Oyner pasHo abs(—% — (—%)) = 3.

B kavecTBe mepBOHAYAIBHON AOTAAKM OBUIM BBHIOpAHBI MTPUMHTHUBBI,
n300paxeHHble Ha pUCyHKe 6(a). Ha xapTuHKe ciieBa BUIHBI NPHUMHUTHBbI
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JUI1 OJHOM OpueHTauuu areHTa. s KaxkaoW OpueHTaluuu HaCUUTHIBAETCS
6 npumuTrBoB. Knaccudukanusa npuMUTUBOB BeJeTcs MO UX (PUHAIBHON
OpHEHTAIMH, TAKUM 00pa3oM B 3TOM HabOpe NPUCYTCTBYIOT:

— 2 npsAMONUHENRHBIX MpuMuTUBa JirHaMu 0.4 1 3 MeTpa,

— 2 npuMHUTHBA C (PMHATBHBIMI OPHEHTAIMAME %,

~ 2 NpuMMTHBA ¢ (PUHALHBIMYA OPUEHTAUAMH 3.

Po3a npumuTHBOB M300paxkeHa Ha pucyHke 6(0). Bcero B HaGope
6 X 16 = 96 NpUMHUTUBOB.

JlapHee Bepcuy MPUMHUTHBOB MOy YaJIiCh ITyTeM MOANDUKAIIN
NIepBOii Bepcuy — YBEJIMUEHNH [UTMHBI IPUMUTHUBOB, KOJIMUECTBA IPIMHUTHBOB,
¢opMmeI 1 T. 1.

Ha pucynke 6(B) n3006paskeHsl IPUMUTHBBI BTOPOii Bepcuu. VX ocHOBHOE
OTJINYME B AOTIONHUTEIIBHBIX KPUBBIX, 11€Jb 1I00aBJICHUS KOTOPBIX 3aKJII0YaeTCs
B IMPOBEPKE THUIOTE3bl O TOM, KaK BapHMaTMBHOCTH BJMSET HAa KauyecTBO
TpaekTopuii. Takum 0Opa3oM B JaHHOM Habope J0OABIECHb! IPUMHUTHBHI:

— Jlns1 qBMKEHWSA TIO TIPSIMOM CO CMEIECHUEM;

— C OpyruMu BBIXOIHBIMU OpUEHTAIMSAMA % u 3{;

— Boixoasuiue B Ty %e TOUKY, YTO U IPUMHUTHUB C OPUEHTAIUEH 5, HO C
JpYTMMH OpUEHTAIUSAMU — ‘%’r u7.

Po3za mpumuTnBOB M300paxeHa Ha pucyHke 6(r). Bcero B Habope
17 x 16 = 272 npumurusa.

Hanee Ha pucyHke 6(1) n300paxeHsl MPUMUTHUBHI TpeTeil Bepcur. OHU
OTJIMYAIOTCS OT MIPUMHUTHUBOB NEPBOIl BEPCUM KaK YBEJMUSHHBIMU pa3MepaMH,
TaK Y KOJIMYECTBOM NPUMHUTUBOB U BBIXOAHBIMU OPHEHTALUSMU. DTO MO3BOIUT
NIPOBEPHUTH, B IEPBYIO OUYepe/lb, KaK JJIMHA IPUMUTHABOB BIIMSET HA KAYeCTBO
Tpaektopuii. Takum oOpa3om B Habope:

— IpumuTuBH g 001a7a10T OOJIbLIEH IJIMHOI;

— JlononHuTeNbHbIE NPAMOIMHEHHBIE TPUMUTHBHL IJIHHAMU | 1 6 M;

— JlononHuTe IbHbIE IPUMUTHUBBI C BBIXOAHHIMU OPUEHTALUAMH 7 U %’r.

Po3za mpumuTuBOB M300paxkeHa Ha pucyHke 6(e). Bcero B Habope
14 x 16 = 224 npumuTHBa.

Tak>ke 1151 HaDIsIIHOCTH OBbUTA cocTaBlieHa Tabimua 1, cogeprkamas
nH(pOpMAaLIMIO 0 TPUMHUTHBAX B KaXI0M Habope. B Kaxmoii cTpoke Tab mIpl
yKa3blBaeTCsl JJIMHA OT/AEJIbHOIO MPUMHUTHBA, a B KaXAOM CTOJIOLE ero
(pnnanpHast opuenranms. Ha nepeceyeHny cTpoku U cTosona py HaJIMIun
B Habope NpUMUTHBAa C 3aJaHHBIMU [apaMeTpaMHM CTaBUTCS 3HAYOK,
COOTBETCTBYIOLIMIA OMHOMY M3 TpeX Ha0OpoB. COOTBETCTBHE 3HAYKOB YKAa3aHO

B OIIMCAHWM K TaOJIMLIE.
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2/
T, T, Z
= = &=

‘{\\“‘.

y M)
°

y M)
°

y Ml
°
y M)

1) e)
Puc. 6. TIpuMUTHBEI, KCTIONb3YEMbIE B 9KCIIEPUMEHTAX: a) IPUMHUTHBHI 1; 6) po3a
NPUMUTHUBOB 1; B) IPUMUTHUBHI 2; T) po3a MPUMUTHUBOB 2; 1) IPUMHUTHUBHI 3;
€) po3a IPUMUTUBOB 3

Boiu mpoBeieHbl Bce TECTHI HA BCeX KapTax ¥ MPUMUTHBAX, U IO UTOTY
OB TOJIyYEeHBl BEJIMYMHBI METPHK, KOTOPbIE ObUTN CBEJIeHbl B TAOJMIIBI U
rpaduku.
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Ta6imua 1. CBogHas TabiuLa ¢ XapaKTepUCTUKAMU NPUMUTHBOB B HCTIONb3YEMbIX
Habopax. 3/1ech CUMBOJI B KaX 101 siyeiike 0003HaYaeT HaJIM4Ke NPUMUTHBA C
3a1aHHOM [UIMHOM M Pe3yJIbTUPYIOIIEH CMEHOI yIila B COOTBETCTBYIOLIEM Habope.
Beenens! o6o3nauenus: A — 1-it Habop, M — 2-it Habop, % — 3-i1 Habop

Vron
0 /8 /4 | 3w/8 /2
JiHa (M)
0.400 AR
1.000 [ b ¢
1.660 Al
2.020 ]
2.467 [ ]
2.935 | ]
2.998 [ ]
3.000 Al
3.032 [ ]
3.117 AlX
3.320 *
4.041 *
4.934 *
6.000 *

7. Pe3yabTaThl 3KCIIEPUMEHTOB

7.1. Anaim3 pe3yJbTaToB. B Xone sKCriepuMEeHTOB OBUIH Oy YeHBI
YNUCJIEHHBIE 3HA4YEHHs] METPUK M3 pas3fgena 5.3, HO Ajisd HamIAgHOCTU
MpejaraeTcsl paCCMOTPETh 3HAYEHUsI OTHOCUTEJIBHO PE3YJbTaTOB MEPBBIX
MPUMUTHUBOB.

CoracHo MoTy4YeHHBIM pe3yJbTaTaM (Tadamia 2) BUJHO, YTO BTOpasi U
TPEeThs1 BEPCHsI IPUMHUTHUBOB HAXOAAT PEIlieHne MIPUMEPHO B 3 pasa JoJIbIIe,
YeM NEePBBIH IPUMHUTHBHL.

Ta6imua 2. Pe3ysbrarhl IpoBEJEHHBIX 9KCIIEPUMEHTOB Ha 00EUX KapTax ¢
HCIIOJIb30BAaHUEM TpeX BUIOB IPUMUTHUBOB. B kaxJ0i suelike yka3aHO UTOrOBOE
3HaYEeHHe METPUKHU OTHOCUTENIBHO NEPBOi BEPCUM MPUMUTUBOB. JKHUpPHBIM MIpuTOM
BBIJIEJIEHBI JIyUIIUE PE3YIbTAThl B KakJ0H METPUKe Ha Kaxk o KapTe

Kapra 1 Kapra 2
Howmep npumutiBoB I I 1T I I 1T
JnuHa myTH 1.0 0993  0.994 1.0 0986 0.985
Bpemst paGoThI 1.0 3.157 2.829 1.0 3.149 2531
VYron-Ha-uuHy 1.0 0.983 1.007 1.0  0.959 1.001
Paccrosinue no npensrcreuii | 1.0 1.015 1.011 1.0 1.165 1.196
CpeaHsisi KpUBHU3HA 1.0 0983 1.006 1.0 0961 1.001
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IIpu 3TOM OTKJIOHEHHE MO OCTAJILHBIM METPUKAM Ha MEepBOi KapTe COCTaBUIIO
nopsinka 1%, v nopsinka 2-4% Ha BTopoii kapte. Takas Oonbllas pa3HUIa BO
BpeMeHHU paboThl CBUAETEILCTBYET O TOM, UTO JIIOOOE yBEIMYEHHE KOINYeCTBa
MPUMHUTHUBOB NPUBOJUT K CYIIECTBEHHOMY ITOBBIIICHUIO BPEMEHU pabOThI
IropuT™Ma. DTO JIMIIHUKA Pa3 MOATBEPKIAETCS TEM, UTO BTOPhIE IPUMHUTHBHI
OKAa3aJIMCh CaMbIMU PECypcO3aTpaTHBIMH, TOCKOJIBKY UMEJH B CBOEM Habope
HauOoJIplllee YUCJIO IPUMUTUBOB. [IJ1 MPOBEPKHU CBA3M MEXy BpeMeHeM
paboThl M KOJIMYECTBOM NPUMHTHUBOB OBbLIM MPOBEAEHBI JOIOIHUTEIbHbBIC
9KCIEpUMEHTHI Ha IyCTON KapTe 6e3 mpensarcTBuil. CTapToBOE COCTOSIHUE
HaXOJWJIOCh B IIEHTPE KapThl C OpPHEHTALIMeH BHU3, a 33aHMs B KOJIMUYECTBE
45 mTyK ObUIM paBHOMEPHO pacpeelieHbl 0 OKPYKHOCTH paguycoM 75 M
C OpMEHTAUMsIMU HalpaBJICHHBIMU pajuallbHO Hapyxy. Ecim mocMmorpeTh
Ha TPaeKTOpPHUM, MOCTPOEHHBIE Ha IYyCTOH KapTe mpumMuTuBamMu 1 u 2
(PUCYHOK 7), TO MOXHO 3aMETHUTb, YTO UTOTOBBIE TPACKTOPUH OYEHb TIOXOXKH,
YTO CBUAETENBCTBYET O NPUMEHEHWH OJMHAKOBBIX IMPUMHUTHBOB. Takum
00pa3oM IPUMHUTHBBL, JOOABJICHHbIE BO BTOPOI BEPCHH JIMIID YBEIHMIMBAIOT
(pakTOp BETBJIEHNUS MOUCKA, HO 10 CYTH HE U3MEHSIOT TPAEKTOPHH.

200 200

175 175 1

150 1 150 1

A
\y

100 4 100 |
75 4 — \ 754 =
50 50

o T T T T T T T T T T T
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200

a) 6)
Puc. 7. TpaexTopuu, NOCTPOEHHBIE C TIOMOLIBIO TIEPBLIX M BTOPHIX NIPUMUTUBOB HA
IycTO# Kapre: a) NpUMUTHUBHL Ne 1; 6) mpumutuss! Ne 2

PaccMmoTpuM 3HaUeHNS OCTaJIBHBIX METPUK. Pe3ynpTaTel Ha KapTe 1 1
KapTe 2 IeMOHCTPUPYIOT CXOXKe TeHJSHIIUHU, T03TOMY Aajiee MPUBOASTCS
rpad MKy TOJILKO JJ1s1 3HAYSHUI METPHK Ha NEepBOil KapTe.

Ha rpacduxke pacnpenenenus AauH TpaeKTOpuil (pUCYHOK 8(a)) MOKHO
3aMEeTHUTh, YTO [UIMHBI TPAEKTOPHH [UISI BCEX TPEX BEPCHH MPAKTUYECKU
COBIIA/IAIOT, ¥ JIMIIIb HE3HAUUTEIbHO YMEHBIIAIOTCS C YBEJIMYEHUEM CpeTHeN
JUTMHBI TIPUMUATHBOB.
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JloCTaTOYHO HEOXUAAHHBIMU OKa3aJMCh PE3Y/IbTaThl 0 METPUKE
Clearing. Ecnu B3m1ssHY T Ha rpaduku (pucyHOK 8(0)), TO MOXKHO clieaTh
BBIBOZI, UYTO OOdubliee pa3HOOOpasue NPUMUTHBOB IPUBOJUT K MeHee
aKKYPATHBIM TPaeKTOPHSIM.

Metpuku cpegHell KpuBU3HBI (PUCYHOK 8(B)) M yIJIa-Ha-IJIMHY
(pucyHok 8(r)) HAOOOPOT JEMOHCTPUPYIOT OOJBILIYIO TMOXOXKECTh MEXIY
NpUMHUTHBaMU. [[J151 TOro, YTOOBI 3TO 0OBACHUTD, 0OPATHUMCS K CTATHCTUKE MO
NPUMHUTHBAM.

085

OTHOCUTeNEHOE 3HAuEHMe METPUKM

OTHOCHTENbHOE 3HAYEHME METPUKY

MpumuTyes Nel pumnTyiss Ne2 MpumnTuss Ne3 MpumuTyes Nel MpumnTyss Ne2 MpumnTuss Ne3

a) 06)

0475 e

0.450

0.400

0300 0300

OTHOCUTENBHOE 3HAYEHME METPUKM
OTHOCUTENBHOE 3HAYEHME METPUKM

0275 0275

MpumuTygs Nel puMATYEE Ne2 MpumnTyes Ne3 MpumnTyes Nel MpuMATYEH Ne2 MpumnTies Ne3

B) r)
Puc. 8. CBopHble rpacdyku METpUK 10 pe3y/bTaTaM SKCIEPUMEHTOB Ha NIEPBOM KapTe:
a) AnMHA MyTH; 0) CpejHee PacCTOsHUE [0 MPENsATCTBUM; B) CPeIHsIsI KPUBHU3HA,
I) Yroj-Ha-iJIMHy

CraTHicTHKa NCTI0Ib30BaHu IPUMUTHBOB COCTOSUIA B TPEX CPABHEHMSAX:
COOTHOHICHUE MEKIY HpﬂMOHI/IHCﬁHLIMI/I n KpHBOJ’[HHGfIHbIMH MPpUMHUTHUBAMHU,
COOTHOUIEHHE MEXAY THIaMU NPSAMOJMHEHHBIX NPUMHUTHUBOB (110 JJIMHE),
U MexXJy TUINAMH KPUBOJMHEHHBIX NPUMHUTUBOB (MO (PUHATIBHOMY YIIY).
[Nony4ennsle rpadmky aasg 00eMX KapT JEMOHCTPUPYIOT OAWHAKOBbHIE
TEH/ICHIWH, TI03TOMY IIPOAEMOHCTPUPYEM PUCYHKHU TOJIBKO IS IEPBOM KapThl
(pucyHok 9). I3 rpahuKkoB BUAHO, UTO CpeA KPUBOIMHEHHBIX TPUMUTHBOB
Beer/ia npeodaaeT camblil MaJblil IPUMUTHUB C TIOBOPOTOM Ha . [TosTomy
oOImasi KpUBM3HA TPAEKTOPHM PaBHO KaK M M3MEHEHHWs yIJla Ha €IWHHUILY
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JUTHBI 00YCJIOBJIEHBl IMEHHO MM. TaK 4TO HeT HUYEero yAMBUTEJIbHOTO, YTO
rpauKy KpUBU3HBI IPAKTHUECKH COBMAJAIOT MEXKAY MEPBBIMUA U BTOPBIMU
[IPUMUTUBAMU, U JIMILIb HEMHOI'O OTJIMYAIOTCS I TPETbUX IPUMUTUBOB.

Bce npumMnTMBLI

B)
Puc. 9. CraTucTrKa NCIIOIB30BaHKSI IPIMUTHBOB: a) MPUMUTHUBHI Ne 1;
6) npumMuTHBBI Ne 2; B) NpUMUTHUBBI Ne 3

Tak:xe BUJHO, 4TO NPSIMOJIMHENHHbIE IPUMUTUBbI HCHIOJIb3YIOTCS Cpean
yarie KpUBOJIMHEWHbIX, IpUYeM NpPEeArouTeHNe OTAAeTCs OIATh Xe Oosee
KOPOTKMM IPAMHUTHBAM.

8. 3axkuiouenne. B pabote paccmarpuBaiach 3aaya IVIAHUPOBAHUS
TPAeKTOpUM A7 MOOWIBHOTO po0OTa C Y4YeTOM KHHEMaTHYEeCKUM
OrpaHUYEHUIi, B YaCTHOCTU PacCMATPUBAJICA CJIydaid KOJIECHOIO MOOWIBHOTO
pobora ¢ guddepeHIMaTbHBIM TPUBOAOM. JJIsi peleHus 3TOH 3aaayu
UCTIONB30BaJICS MOAXO/ TUIAHUPOBAHMS Ha OCHOBE MPUMHTHBOB JIBVKCHUSI.
OCHOBHOE BHUMaHHUE yAEJISUIOCh BONPOCY BBISIBICHUS B3aUMOCBSI3EH MEX Iy
XapaKTepUCTUKAaMH HCIOJIb3yEeMbIX NPUMUTHBOB M KaueCTBOM pEIIeHUs
3a]1a4y [UIAaHKPOBAHUsI TPAEKTOPHHU B HECTPYKTYpPUPOBaHHOI cpesie. KauecTBo
PpelleHusT OLIEHNBAJIOCH T10 MIECTH pa3InYHBIM MeTpuKkam. Ha ocHoBe Goee
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JBYXCOT 3aJlaHUil ObUIO MPOU3BEJCHO CPABHEHUE TPEX Pa3jIMYHBIX BEpCHil
HpI/lMl/ITl/IBOB JABUXCHUA.

AHanmu3 pe3yabTaToOB TIPOBEJICHHBIX 9KCIIEPUMEHTATBHBIX
WCCJIeIOBaHUIA TIO3BOJISICT CHIENIATh CIICAYIOIIHE BHIBOIBI:

1. VBennueHre 4unciaa TPUMUTHBOB BeJeT K CYIIECTBEHHOMY
(KpaTHOMY) yBEJIMUEHHUIO BPEMEHU PaOOThl AITOPUTMA, IPH STOM YITydllleHHe
KaueCTBEHHBIX METPUK (IJIMHA TPACKTOPUU, KPUBU3HA U I1P.) — HE3HAUUTEIILHO.

2. YBeuyeHHas JIIMHA IPUMHUTHBOB B HAOOpE MPUBOUT K YMEHBIIICHUIO
oOmieit IMHBI TpaeKTopun Ha 5—15%.

3. IlpsamonuHeitHbe MIPUMUTHBHI HCTIONB3YIOTCS ropasfo
yaiie KPUBOJMHEWHBIX, UYTO OOBSCHUMO, IIOCKOJbKY IOBOPOTOB B
CpeIHEeCTATUCTHYECKOM TPACKTOPUH TOPa3I0 MEHBIIIE MPSAMbBIX YIaCTKOB.

4. Cpeiv KpUBOJIMHEHHBIX PUMHUTHBOB CAMBIMH YaCTO KCIIOJIb3YeMbIMU
OKa3aJIUCh KPHUBbIE C MaJIbIM yIJIOM TIOBOPOTA, MPH MPUMEPHO PABHOMEPHOM
pacripeieieHI! OCTAJIbHBIX THIIOB.

DT  BBIBOABI MO3BONSIIOT chOPMHUPOBATh Cleayomuii  Habop
peKOMeHJaluii K Ha0opy NPUMHUTHBOB [UIsl 3aad IUIAHUPOBAHUS
C KUHEMATHYECKUMH OrPAaHUYEHHUSIMU JUIsI KOJIECHOrOo pobora ¢
JuddepeHInaTbHBIM TPUBOAOM:

1. KonnyecTBO TPUMUTHBOB Ha IHar yrja COCTaBISIET MOPSIKa
6-10 mTyK.

2. IlperMyIIECTBO TPH TeHEpALMM OTBOAUTCS OoJiee KOPOTKUM,
MaHCBpeHHbIM HpI/IMI/ITI/IBaM.

3. BosmoxHO jgobOaBieHne Majoro (1-2) wuyuciia  yITMHEHHBIX
MPUMUTHUBOB [IJIs1 TIOJyYeHUs Oojiee TUIABHBIX TPAGKTOPHIA HA OTKPHITOM
MPOCTPAHCTBE.

Vdyer pekomMeHmalmii HeoOXoauM [iisi oOecriedeHus: HaumOosee
KAa4E€CTBECHHOI'O pe3yanaTa HpI/I l'IJ'IaHI/IpOBaHI/II/I TpaeKTOpI/II/I C y‘{eTOM
KMHEMaTUYECKUX OrPaHUICHHIA.
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V. GOLOVIN, K. YAKOVLEV
MOTION PRIMITIVES IN THE TRAJECTORY PLANNING
PROBLEM WITH KINEMATIC CONSTRAINTS

Golovin V., Yakovlev K. Motion Primitives in the Trajectory Planning Problem with Kinematic
Constraints.

Abstract. Automatic trajectory planning is an urgent scientific and technical problem, whose
solutions are in demand in many fields: unmanned transportation, robotic logistics, social robotics,
etc. Often, when planning a trajectory, it is necessary to consider the fact that the agent (robot,
unmanned car, etc.) cannot arbitrarily change its orientation while moving, in other words, it is
necessary to consider kinematic constraints when planning. One widespread approach to solving
this problem is the approach that relies on the construction of a trajectory from prepared parts,
motion primitives, each of which satisfies kinematic constraints. Often, the emphasis in the
development of methods implementing this approach is on reducing the combinations of choices in
planning (heuristic search), with the set of available primitives itself being regarded as externally
defined. In this paper, on the contrary, we aim to investigate and analyze the effect of different
available motion primitives on the quality of solving the planning problem with a fixed search
algorithm. Specifically, we consider 3 different sets of motion primitives for a wheeled robot with
differential drive. As a search algorithm, the A* algorithm well known in artificial intelligence and
robotics is used. The solution quality is evaluated by 6 metrics, including planning time, length
and curvature of the resulting trajectory. Based on the study, conclusions are made about the
factors that have the strongest influence on the planning result, and recommendations are given on
the construction of motion primitives, the use of which allows to achieve a balance between the
speed of the planning algorithm and the quality of the trajectories found.

Keywords: path planning, kinematic constraints, motion primitives, heuristic search.

References

1. Dudakova D.S., Anohin V.M., Dudakov M.O., Ronzhin A.L. [On Theoretical Foundations
of Aerolimnology: Study of Fresh Water Bodies and Coastal Territories Using Air Robot
Equipment]. Informatika i avtomatizaciya — Informatics and Automation. 2022. vol. 21.
no. 6. pp. 1359-1393.

2. Balabanov A.N., Bezuglaya A.E., Shushlyapin E.A. [Underwater Robot Manipulator
Control]. Informatika i avtomatizaciya — Informatics and Automation. 2021. vol. 20. no. 6.
pp. 1307-1332. DOI: 10.15622/ia.20.6.5.

3. Makarov D.A., Panov A L, Jakovlev K.S. Architecture of a multi-level intelligent control
system for unmanned aerial vehicles. Iskusstvennyj intellekt i prinjatie reshenij — Artificial
Intelligence and Decision Making. 2015. no 3. pp. 18-33.

4. Otsu K., Matheron G., Ghosh S., Toupet O., Ono M. Fast approximate clearance evaluation
for rovers with articulated suspension systems. Journal of Field Robotics. 2020. vol. 37.
no. 5. pp. 768-785.

5. Al Mashhadany Y.I. Design and analysis of 7-DOF human-link manipulator based
on hybrid intelligent controller. Informatics and Automation. 2020. vol. 19. no. 4.
pp. 774-802.

6. Pshihopov V.H., Medvedev M.J. Planning the movement of a group of moving objects in a

two-dimensional environment with obstacles. Izvestija Juzhnogo federal’nogo universiteta.

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1383
ISSN 2713-3206 (online) www.ia.spcras.ru



POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YIIPABJIEHUA

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Tehnicheskie nauki — News of the Southern Federal University. Technical science. 2016.
vol. 2(175). pp. 6-22.

LaValle S.M. Rapidly-exploring random trees: A new tool for path planning. Research
Report 9811. 1998.

Kuftner J.J., LaValle S.M. RRT-connect: An efficient approach to single-query path
planning. Proceedings ICRA. Millennium Conference. IEEE International Conference on
Robotics and Automation. Symposia Proceedings. 2000. vol. 2. pp. 995-1001.

Sharma P., Gupta A., Ghosh D., Honkote V., Nandakumar G., Ghose, D. PG-RRT: A
Gaussian Mixture Model Driven, Kinematically Constrained Bi-directional RRT for Robot
Path Planning. Proceedings of the IEEE/RSJ International Conference on Intelligent
Robots and Systems. 2021. pp. 3666-3673.

Webb D.J., Van Den Berg J. Kinodynamic RRT*: Asymptotically optimal motion planning
for robots with linear dynamics. IEEE international conference on robotics and automation.
IEEE. 2013. pp. 5054-5061.

Gammell J.D., Srinivasa S.S., Barfoot T.D. Informed RRT: Optimal sampling-based path
planning focused via direct sampling of an admissible ellipsoidal heuristic. IEEE/RSJ
International Conference on Intelligent Robots and Systems. IEEE. 2014. pp. 2997-3004.
Zhang Y., Sun H., Zhou J., Pan J., Hu J., Miao J. Optimal vehicle path planning
using quadratic optimization for baidu apollo open platform. IEEE Intelligent Vehicles
Symposium (IV). IEEE. 2020. pp. 978-984.

Li B., Wang K., Shao Z. Time-optimal maneuver planning in automatic parallel parking
using a simultaneous dynamic optimization approach. IEEE Transactions on Intelligent
Transportation Systems. 2016. vol. 17. no. 11. pp. 3263-3274.

Karlsson J., Murgovski N., Sjoberg J. Computationally efficient autonomous overtaking
on highways. IEEE Transactions on Intelligent Transportation Systems. 2019. vol. 21.
no. 8. pp. 3169-3183.

Heiden E., Palmieri L., Koenig S., Arras K.O., Sukhatme G.S. Gradient-informed path
smoothing for wheeled mobile robots. Proceedings of the IEEE International Conference
on Robotics and Automation. 2018. pp. 1710-1717.

Yongzhe Z., Ma B., Wai C.K. A practical study of time-elastic-band planning method for
driverless vehicle for auto-parking. International Conference on Intelligent Autonomous
Systems (ICoIAS). IEEE. 2018. pp. 196-200.

Kicki P., Gawron T., Cwian K., Ozay M., Skrzypczynski P. Learning from experience
for rapid generation of local car maneuvers. Engineering Applications of Artificial
Intelligence. 2021. vol. 105. pp. 104399. DOI: 10.1016/j.engappai.2021.104399.

Vitelli M., Chang Y., Ye Y., Ferreira A., Wolczyk M., Osinski B., Niendorf M., Grimmett
H., Huang Q., Jain A., Ondruska P. Safetynet: Safe planning for real-world self-driving
vehicles using machine-learned policies. International Conference on Robotics and
Automation (ICRA). IEEE. 2022. pp. 897-904.

Nasiriany S., Pong V., Lin S., Levine S. Planning with goal-conditioned policies. Advances
in Neural Information Processing Systems. 2019. vol. 32.

Chen L., Hu X., Tang B., Cheng Y. Conditional DQN-Based Motion Planning With Fuzzy
Logic for Autonomous Driving. IEEE Transactions on Intelligent Transportation Systems.
2020. vol. 23. no. 4. pp. 2966-2977.

Wu K., Wang H., Esfahani M.A., Yuan S. Achieving Real-Time Path Planning in
Unknown Environments through Deep Neural Networks. IEEE Transactions on Intelligent
Transportation Systems. 2022. vol. 23. no. 3. pp. 2093-2102.

Cohen B.J., Chitta S., Likhachev M. Search-based planning for manipulation with
motion primitives. IEEE International Conference on Robotics and Automation. 2010.
pp. 2902-2908. DOI: 10.1109/ROBOT.2010.5509685.

1384 Undopmaruka u asromarusanus. 2023. Tom 22 Ne 6. ISSN 2713-3192 (nieu.)

ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

Low T., Bandyopadhyay T., Borges P.V. Identification of effective motion primitives for
ground vehicles. IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS). IEEE. 2020. pp. 2027-2034.

Wang B., Gong J., Chen H. Motion primitives representation, extraction and connection
for automated vehicle motion planning applications. IEEE Transactions on Intelligent
Transportation Systems. 2019. vol. 21. no. 9. pp. 3931-3945.

Jarin-Lipschitz L., Paulos J., Bjorkman R., Kumar V. Dispersion-minimizing motion
primitives for search-based motion planning. IEEE International Conference on Robotics
and Automation (ICRA). IEEE. 2021. pp. 12625-12631.

Bergman K., Ljungqvist O., Axehill D. Improved optimization of motion primitives for
motion planning in state lattices. IEEE Intelligent Vehicles Symposium (IV). IEEE. 2019.
pp. 2307-2314.

Koutras L., Doulgeri Z. Dynamic movement primitives for moving goals with temporal
scaling adaptation. IEEE International Conference on Robotics and Automation (ICRA).
IEEE. 2020. pp. 144-150.

Abu-Dakka F.J., Kyrki V. Geometry-aware dynamic movement primitives. IEEE
International Conference on Robotics and Automation (ICRA). IEEE. 2020.
pp. 4421-4426.

Sood R., Vats S., Likhachev M. Learning to use adaptive motion primitives in search-based
planning for navigation. IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS). IEEE. 2020. pp. 6923-6929.

Chernik C., Tajvar P., Tumova J. Robust Feedback Motion Primitives for Exploration
of Unknown Terrains. IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS). IEEE. 2021. pp. 8173-8179.

Palmieri L., Arras K.O. A novel RRT extend function for efficient and smooth mobile
robot motion planning. Proceedings of the 2014 IEEE/RSJ International Conference on
Intelligent Robots and Systems. 2014. pp. 205-211.

Yakovlev K.S., Belinskaya Yu.S., Makarov D.A., Andrejchuk A.A. Safe interval planning
and covering method for controlling the movement of a mobile robot in an environment
with static and dynamic obstacles. Avtomatika i telemehanika — Automation and
telemechanics. 2022. no. 6. pp. 96-117.

Wang X., Krasowski H., Althoff M. CommonRoad-RL: A configurable reinforcement
learning environment for motion planning of autonomous vehicles. IEEE International
Intelligent Transportation Systems Conference (ITSC). IEEE. 2021. pp. 466—472.
Tlievski M. Wisebench: A motion planning benchmarking framework for autonomous
vehicles: MS thesis. Ontario: University of Waterloo, 2020. 129 p.

Xu C., Ding W,, Lyu W., Liu Z., Wang S., He Y., Hu H., Zhao D., Li B. SafeBench: A
Benchmarking Platform for Safety Evaluation of Autonomous Vehicles // Advances in
Neural Information Processing Systems. 2022. vol. 35. pp. 25667-25682.

Heiden E., Palmieri L., Bruns L., Arras K.O., Sukhatme G.S., Koenig S. Bench-MR: A
motion planning benchmark for wheeled mobile robots. IEEE Robotics and Automation
Letters. 2021. vol. 6. no. 3. pp. 4536-4543.

Golovin Vladislav — Software engineer, Cognitive modeling center, Moscow Institute of
Physics and Technology (MIPT); Student, Department "research and educational center for
cognitive modeling", Moscow Institute of Physics and Technology (MIPT). Research interests:
artificial intelligence, trajectory planning, heuristic algorithms. The number of publications —
1. golovin.va@phystech.edu; 9, Institutskiy Lane, 141701, Dolgoprudniy, Russia; office phone:
+7(495)408-4554.

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1385
ISSN 2713-3206 (online) www.ia.spcras.ru



POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YIIPABJIEHUA

Yakovlev Konstantin — Ph.D., Leading researcher, Federal Research Center "Computer Science
and Control" of the Russian Academy of Sciences (FRC CSC RAS); Leading researcher, Artificial
Intelligence Research Institute (AIRI). Research interests: intelligent robotics, path planning,
heuristic search, multi-agent systems. The number of publications — 134. yakovlev@isa.ru; 9,
60-letiya Oktyabrya Ave., 141701, Moscow, Russia; office phone: +7(495)135-5457.

Acknowledgements. This work was supported by the Analytical Center for the Government
of the Russian Federation in accordance with a subsidy agreement (agreement identifier
000000D730321P5Q0002; grant no. 70-2021-00138).

1386 Undopmaruka u asromarusanus. 2023. Tom 22 Ne 6. ISSN 2713-3192 (neu.)
ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

YK 519.7:681.5.07:629.4 DOI 10.15622/ia.22.6.5

B.I". MAJIOPOB
INPUMEHEHUE TAPMOHUYECKHUX ITOJYBOJIH JJI
ABTOMATMUM3AIINA YIIPABJIEHUSI BBICOKOCKOPOCTHBIMHA
HOE3JAMHU

Maiiopos 5.I'. IlpuMeHeHHe TADMOHUYECKHX MOTYBOJIH /I/IsI AaBTOMATH3AIMH YIPABJICHUS
BBICOKOCKOPOCTHBIMH 0€31aMH.

AnHoTanus. ITponeccsl 3kcTpeHHOro TopMokeHHs B EBponelickoii cucteme ynpasieHus
noe3gamu  (European Train Control System (ETCS)) cBsizaHel CO  CTyNeHYaThIM
PEryIHpoBaHHEM YCKOpPEHHs (3aMEUICHHS) B 3aBHCHMOCTH OT CIOCOOHOCTH TOPMOKCHHS
moeszia, JAaHHBIX pelibeda ¥ MEHSIOIIEHCs MOroJbl Ha MapIIpyTe IBUKEHMS. DTH IMPOLIECCHI
spystoTces onpenernsonumu B ETCS. Tlpouenypa cTyneH4aToro peryjiupoBaHus 3aMeJIEHHs
OCYIIECTBIAETCS] MAIIMHICTOM MHOTOKPAaTHO B IIPOIECCe TOPMOXKEHHS O IOMHONH OCTaHOBKU
noe3ga. Hayano sKCTpEHHOro TOPMOMKEHHMS M €ro OKOHYaHME, a TaK € caM IIpoLecc
TOPMOXKEHUsI CONPOBOXKACTCSI MHOTOKPAaTHBIM HUMITYJIbCHBIM CpabaThIBAHHEM TOPMO30B, YTO
MPUBOJHUT K CKAa4YKaM 3aMEIJICHHS U, COOTBETCTBEHHO, K IOBBIIIEHHOMY H3HOCY TOPMO3HOH
CHCTEMBI, CHIDKCHHIO KOM(opTa JUIsi MacCaXUpoB, W3 YEro CleqyeT OrpaHHdYCHHe
MaKCHMaJIbHO JIOIYCTHMOH CKOPOCTH IBI)KEHWS. B cTaThe mpeyiokeHa HOBask KOHLETILUS U
METOMKA IOCTPOCHUS MAaTEeMaTHYECKHX MOJENeH KpPUBBIX OSKCTPEHHOTO TOPMOXKEHHUS
omIMYHBIX OT KpuBbIX ETCS M OCHOBaHHBIX Ha rapMOHHMYECKHX MONyBONHAX. IokazaHo, 4To
kpuBsle TopMoxkeHHs1 ETCS onuchIBaIoTCsl M3BECTHBIMH CTETICHHBIMH HOJYBOJHAMH BTOPOIO
nopsiaka. COBMECTHOE HX HCCIEOBaHHE NaET OCHOBAHUE YTBEPXKIATh, YTO IPUMEHEHHUE ITUX
KPHUBBIX TNPUBOJUT K O005A3aTEIBHOMY HMITyJbCHOMY PEXUMY CpaOaTbIBaHUS TOPMO30B.
IIpennokeHsl J1Ba HOBBIX BaphaHTa MoOJENeH KpPUBBIX OKCTPEHHOIO TOPMOXKSHUS,
OIHCBHIBAEMBIX TapMOHHYECKHMH INONTyBONHAMH. [IepBbIlf BapHaHT MMeEET OIHO HMITYIbCHOE
cpabaTsIBaHHE TOPMO30B B KOHIIE MHTEpBaja TOPMOXKCHWs. BTopoill BapuaHT CBOOOZEH OT
TOPMO3HBIX HMITYJIbCOB M IO3BOJISIET HCIIOJB30BaTh HENPEPHIBHOE DEryJIMpOBaHHE. OTH
Mozaenu oObscHsT ocobdenHoctu ETCS, coxepkar mnpemioXeHUs MO HMX YCTPAHEHUIO,
MIPUMEHUMBI IS Pa3pabOTKN HOBBIX KPHBBIX 9KCTPEHHOT'O TOPMOXKEHHS, KOTOPBIE O3BOJISIIOT
IUIaBHO OCYIIECTBIISITH DKCTPEHHOE TOPMOXKEHHE IT0€310B. PaGoTOCIIOCOOHOCTD, OTIHYUS U
ImpeuMyllecTBa mepen KpuBbIMH TopMoxkeHHs ETCS mokaszanel Ha pesylabTaTax
MaTeMaTHYEeCKOTO MOJEIUPOBAHNS IIPOLECCOB IKCTPEHHOTO TOPMOXKECHHSI.

KiroueBbie cJ10Ba: BBICOKOCKOPOCTHBIE I10€3/1a, MAaKCHMajbHasi CKOPOCTb IBMXKEHHS,
OKCTPEHHOE TOPMOXKCHHE, KPHBBIC OKCTPEHHOIO TOPMOXKCHHS, ILUIABHOE pETYIHPOBAHHE
3aMe/UIeHUs] 10€3/1a, TapMOHMYECKHE IIOJIyBOJHBI, METOJHKA MOCTPOEHUs] MaTeMaTHYECKUX
Mozienelt KPUBBIX SKCTPEHHOTO TOPMOXKEHUS.

1. Beenenne. B EBpomneiickoil cucteme ymnpaBiIeHUs IO€30aMHU
(European Train Control System (ETCS)) npumMeHSIOT 111 aBTOMaTH3auN
YIpaBJIEHUS BRICOKOCKOPOCTHBIX T0€3710B Iporueaypy «Pacuer u KOHTPOIb
KpuBBIX TopMoxkeHUs» [ — 3]. OcHoBHas 3amaua ETCS u 3701t nponenypst
— KOHTPOJb OTCYTCTBHS IPEBHIMICHUS IIOE3A0M JOIYCTHMOI CKOPOCTH B
peaJbHOM BpPEMEHHM U OCTaHOBKA ITIEpe] MECTOM BO3MOXKHOI aBapuu. s
9TOTO0 TEKyllass CKOPOCTb IIOCTOSHHO CpaBHUBAETCS C JOIYCTUMOM
CKOPOCTBIO, PACCUMTAHHOM JUIS  TEKYLIEro IOJIOXKEHHs, KOoTopas
OIpeessieTcsl C MOMOIIBI0 KPUBBIX JKCTPEHHOrO TOpMOXKeHus. Pacuer
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KPUBOH YYHUTHIBACT 3aBHCHMOCTH CKOPOCTH OT MTHOBEHHOTO 3aMEIJICHUS
(OTpHIaTEeTHLHOTO YCKOPEHHS) M XapaKTepU3yeT CIIOCOOHOCTH BBIIOTHEHUS
oe3I0M TOPMOXeHUs. KpoMe NaHHBIX 1Moe37a, YIUTHIBAIOTCS ITIOCTOSHHO
MEHSIOIIKECs JaHHBIE MapuIpyTa, HampuMep, YKJIOH IyTH U yCJIOBHUS
CIEINICHUS KOJEC C penbcaMHl, KOTOpBIE IIOCTYMAlOT OT CIYXO,
00CITy’)KMBaIOIINX JKEJIE3HOIOPOKHYI0 HH(]pacTpykTypy. Pacuer kpuBoi
topmoxkenuss ETCS omnucan B TpeboBanusx k cucreme ETCS [2, 3]. Ot
TpeOOBaHUS MOJICPIKUBAIOTCS €BPONEHCKUMH (GUpMaMu pa3paboTYnKaMu
BBICOKOCKOPOCTHBIX CHCTEM JKEJIE3HOJIOPOXKHOrO aBmkeHus (Alstom,
Ansaldo, Bombardier, Invensys, Siemens, Thales), ¢upmamu Kuras u
SInoHnM, KOTOpBIE BXOJAT B COI03 NMPOM3BOAUTENEH CHCTEM 0€30MacCHOCTH
(Union of Signaling Industry — UNISIG). IIpu ckopoctsix 6onee 500 km/4
MPUMEHSIOT JJIEKTPOMArHUTHBIE TOPMO3a W HE HCHOJB3YIOT PENBCHI,
WCTOJIB3YIOT TPUHLUI «MarjieB» — MarHuTHOW neButauuu [4]. [ns
MPOEKTUPOBAHUS M HKCIUIyaTalliM CUCTEM M CPEICTB BBICOKOCKOPOCTHOTO
JIBIDKEHUSI HWCIOJIB3YIOTCS aBHALIMOHHBIM JM3aliH M TexHoJoruu [5],
METO/bl OOecIeUeH s HaJeKHOCTH U 0E30IacHOCTH, XOpPOLIO Pa3BUTHIE B

TpyZax OTEUYECTBEHHBIX U 3apYOEKHBIX yUCHBIX, BBOJSTCS €IMHBIC IPaBHIa
yrpaBJyieHus [6] M SproHOMHYECKOTO obecrieueHus [7].

Maremarnyeckre MOJEIH U aJTOPUTMBI SIBJISTIOTCS COOCTBEHHOCTBIO
YIOMSIHYTBIX (DUPM, TO3TOMY HEOOXOJMMO Hay4yHO OOOCHOBBIBATH W
pa3pabaThIBaTh OPHUIMHAIBHBIE CHOCOOBI M MOJEIH CHCTEM YIpPaBJICHHS
CKOPOCTHBIM >KEJIE3HOAOPOXKHBIM ABHKEHUEM JUTS Pa3BUTHS YIPABICHHUSI.

CymectBytomue u npumensemble B ETCS kpuBble 3KCTpeHHOTO
TOPMOXKEHHMSI MAaTeMaTHYeCKH 3alliChIBAIOTCS B BHAE 3aBUCHMOCTH
CKOPOCTH BBICOKOCKOPOCTHOTO TIO€3/]a OT PACCTOSHHUS, MPOXOANMOIO B
Iponecce TOPMOXKEHUS. MaTeMaTH4ecKH 3TO COOTBETCTBYET CTENEHHOM
¢byHKIMK OT paccrosiHuA B crenenu 0.5. PaccMoTpuM nmpuMepsl BpeMEHHBIX
JMarpaMM 3KCTPEHHOTO TOPMOXEHHS [1] M MOKakeM IOJIHOE COBIaJICHHE
9THX JAWarpaMM M HX MaTeMaTHYeCKHX MOJETeH C aBTOPCKOW MOJEINBbIO
0000mEHHOT0 KpUTEpUs HawOOJbIIeTo OTKIOHeHHs [8]. Ortor ¢akr
MO3BOJISIET paccMaTpuBaTh M pa3BHBaTh HOBBIM IOAXOJA K IOCTPOCHHUIO
KPHBBIX 3KCTPEHHOT'O TOPMOXKEHHUSI BBICOKOCKOPOCTHBIX MIO€310B Ha OCHOBE
nporenyp U(POBOil 00pPaOOTKM CHUTHAIOB, WMMEIOIIMX TPYIHOCTH B
OTIpEe/ICTIeHNH CIEeKTpa, W NMPUMEHATh WAeH omnTuMusauu [9] mporeccoB
yrpasienus. [1ogoOHble MOIXOAbI NMPUMEHSIOT JOCTATOYHO YacTo MpU
00paboTKe CHIHAJNOB MPOLIECCOB, HE MMEIOIIMX YAaCTOTHOTO CHEKTPa, YTO
SBISIETCSI ~ HEONPENEeNIEHHOCThI0 ~ O0BEKTAa  YNpaBlICHHS W €ro
nH(GOPMANMOHHOTO oOmNMcaHMs. Takhue CPeACTBa M CHCTEMBI PEalbHOTO
BPEMCHH OTHOCAT K poOacTHRIM cucteMaM [9—11] u TnpuUMEHSIOT B
Pa3HOOOpa3HbIX 00JIACTSIX aBTOMATU3AIMH TIPOIIECCOB YIPABICHHUS:
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—  2e0aKycmuyeckdas SMUcCCUs: OJHUM M3 CHOCOOOB Ipe/cKa3aHus
U3BEPKEHUS BYJIKAHOB SIBJISIETCS] ONUCAHUE U CUCTEMATU3aIMsl T€OUMITYJILCOB
B aMIUIMTYJHO-BPEMEHHBIX  KOOpJIUHATAaX, BBIABICHUE aHOMAaJIbHBIX
MATTEPHOB M UX aHAJIU3 JUIS TPUBSI3KU K CEHCMUYECKUM COOBITHSM [12];

—  pobomomexnuka: Ul YIPABICHUs NPUBOAAMH MaHHITYJISITOpA
IIPU KOTIMPYIOIIEM THUIIE YHPaBJICHHS, 0OECIICUCHNS NEPEMEIICHHS CXBaTa
MaHUMYIATOPA W3 HAYAIBHOTO MOJOXKEHMS INOKOS B 3aJaHHOE KOHEYHOE
TTOJIOKEHHE TIOKOSI 32 MUHUMalTbHOE Bpems [13, 14];

—  ONMUKO-91eKMPOHHOE Habmooenue: TSt nepexBaTa
IBIDKYIIEHCS IO TMPENNUCAHHOW TPAaeKTOpHH Ienn MamuHoi [lyOGunca
[15-17];

—  Ouomexnonocus, memaniypeusi: Ul oOecHeYeHHs KayecTBa
MpPOIYKTOB MUTAHUS U METAJUIOB B YCJIOBUSX allPUOPHOM HEONpeAenEHHOCTU
TEXHOJOTNYECKUX NMapaMeTPOB MIPOLIecca U3TOTOBIICHNUS;

—  Kocmuueckue nonémvl: AN TPEACKAa3aHUS TPACKTOPHH MpU
PE3KOM HM3MEHEHHHM Macchl KOpaOisl u3-3a cOpoca MyCTBIX TOIUIMBHBIX
6axoB [18].

Mopenn TONOOHBIX TIPOLECCOB W WX CHTHAIOB TPAIHUIMOHHO
ONMMCHIBAIOT B AMIUIUTYJHO-BPEMEHHONW OOJNacTH: B aBTOMAaTHYECKUX
cucTeMax TpauK ONTHMAIBLHOTO MPOLECCa YNPABICHHS 33al0T B BHJE
compsTraeMbIXx mapabon [9, 18]; MoaenmpyroT paBHOYCKOPEHHOE IBH)KCHHE
MaHHUIYJIATOpPa PYKH KBaJpaTW4HBIM TpéxuieHoM [13, 14]; mpencraBistor
celicMuueckue COOBITHSI B BHJEC JIMHEHHBIX CTeneHHbIX (yHKumi [12].
B xayectBe KOI(GQHUIMEHTOB TpEXWieHa HCHOJIB3YIOT MaKCHMaJIbHbIC
3HAYCHUS YCKOPEHUS M CKOPOCTM CHrHama. V3BecTHel 1Be (opmyibl
B.H. Xnuctynosa [19] B BuIe JHMHEHHOTO M KBaJpaTHYHOTO OCTATOYHOTO
yneHa Qopmynsl Jlarpamka B HM3MEpPHUTENBHOW TEXHUKE M B APYTHX
NPUMEHEHHSX  OU(PPOBHIX  CHTHAIBHBIX  mporeccopoB  [16, 20, 21].
O6oOmenneM 3tx 1BYX (opmyn sBistercs Qopmyna [8], koropas
CYIIECTBEHHO IIOBBIIAET OOOCHOBAHHOCTh M TOYHOCTH ANIPOKCHMAIMN
CHT'HAJla aBTOMAaTH3MPYEMOro Tpollecca IpU €ro INpUOMIKEHHH II0
BBIOOPKAM.

OOmuM HEZOCTAaTKOM TIPUMEHEHUs] CTENEHHBIX MPHOJIMKCHUN
ABISIETCS  OTCYTCTBHE  MAaTeMaTHYeCKOM  CBS3M € YaCTOTHBIMU
XapaKTepUCTHKAMH CHUTHAJIOB M TPOIIECCOB MM C MAaTeMaTHYECKHMU
MOJIEJISIMHU, HCTIOIB3YIONUMH 3TH YaCTOTHBIE XapaKTEPHCTHUKH.

B [22] paccmoTpena Monens B aMIUTHTYJHO-BPEMEHHON 00llacT, B
BHJEC TapMOHHMYECKOH TONYBOJHBI (M €€ MomuduKammii), KoTopas
YCTaHaBIMBacT CBA3b €€ MapaMeTpoB C  AMIUIUTYIHO-YaCTOTHBIMH
napaMmeTpamy. IlomyueHsl BbIpaXKEHMs, CBSI3BIBAIOIIUE MAaTEMaTH4eCKU [Ba
TUTA ONMCaHMS CUTHANIOB. ['apMOHMYecKasi MOIYBOJIHA SIBISIETCS MOJIOBHHOM
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BOJIHBI 9acTOTHI cpe3a f crekTpa (NMOBTOPSETCS ¢ YacToTou f. = 2f). Kpome
HauOOJIBIIETO TIapaMeTpa f, OHa XapaKTepu3yeTcs HauOOJIbIIEH CKOPOCTHIO
currana maxp'(7) = V, HanGombIIMM yCKOpeHHeM curHana maxp(f) = a.
AMITIITYa TOMYBOJNHBI Maxp(f) = A SBISETCS MaKCHMAaJIBHO IOIYCTHMOMN
MOTPETTHOCTHIO aNMPOKCUMAININU CUTHAJIA CTYIIEHBKON MM OTPE3KOM JIMHUU
0 IByM COCETHUM BBIOOpKaM. B craTthe [22] mokazaHO, 4TO rapMOHIYECKast
MOJyBOJIHA ~ SIBJISIETCSL  YHUBEPCAILHOM MOJENBIO IS ONUCaHHUs B
aMIUTUTYTHO-4aCTOTHOM 00JacTM M B aMIUIMTYIHO-BPEMEHHOH o00JacTu
MPOLIECCOB M CUTHAJIOB U CBS3BIBACT JIBE TPYIIBI MaKCUMaJbHBIX BEIMYMH
nmapameTpoB curHana max{A,f.} u max{A,V, a,T.), tne T.=1/f.—
BPEMEHHOH MHTEPBAJI CyIIECTBOBAHMS ITOTYBOJIHBI.

OCHOBHBIMHU 33/1a4aMH HACTOSIEH CTAaThbU SBISIETCS BBISBICHHE
MOJIE3HBIX OCOOEHHOCTeW TapMOHHYECKHX TIIONYBOJH JIsI TOCTPOCHHUS
MIPUHIIUIIHATIGHO HOBBIX TOPMO3HBIX KPHBBIX 110 CPaBHEHHIO C KPWUBBIMU
topmokeanss ETCS, KoTopble ONMMCHIBAIOTCS OOOOIIEHHBIM KpHUTEpPHEM
HanOOIBIIEr0 OTKIOHEHUs (B BHIC CTENECHHBIX NOIYBOJH) M pa3paboTKa
METOJMKH MTPOSKTHPOBAHUS TAPMOHIMYECKIX TOPMO3HBIX KPUBBIX.

Jns 3TOro paccMOTPEHBI BpPEMEHHBIE AHArpaMMBl 3KCTPEHHOTO
TOPMOKEHHS BBICOKOCKOPOCTHOTO coctaBa [l —3] u oOHapy»eHbI jBa
OCHOBHBIX HEJIOCTAaTKa MCIIOJb30BaHHSI KPHBBIX 3KCTPEHHOTO TOPMOXKEHHUS
ETCS:

—  Benéres CTYyIEHYaTOoe peryiupoBaHue YCKOpEHHS
(3ameieHUs1) B PYYHOM pEXHME, B 3aBUCHMOCTH OT CIOCOOHOCTH
TOPMOKEHHS TI0€37a W MEHSIOIMXCA JaHHBIX O MYyTAX MapIipyTa.
®DaKkTHYECKN CTYNMEHYATOS PETYIUPOBAHAE TOPMOXKCHHS OCYIICCTBISACTCS
MAIIMHUCTOM MHOTOKPATHO B TIPOIECCEe W IO ITOJHOTO OCTaHOBA ITOE37a,
9TO YCIOXKHSET TPOLEAYPY SKCTPEHHOTO TOPMOXCHHS M CTaBUT e€ B
3aBHCHUMOCTH OT MAIIMHHUCTA;

— HayaJo ® OKOHYaHHE TOPMOXXCHHS  COIPOBOXKIACTCS
MHOTOKPATHBIM Y/IapHBIM BKJIIOUEHHEM W BBIKIIIOYEHHEM TOPMO30B, UTO
NPUBOJMT K CKaykaMm 3aME/JICHHS U, COOTBETCTBEHHO, K MOBBIIICHHOMY
W3HOCY TOPMO3HOHM CHUCTEMBI M CHIDKCHHIO KoM(opTa sl MaccaxupoB
(YmapHBIM BO3ACHCTBHSIM Ha OpPTaHU3MBI), OCOOEHHO Ha CKOPOCTSAX OKOJIO
500 xm/g [7].

[IpeqnoskeHO ©  HMCCIEIOBAaHO HECKOJNBKO BapHAHTOB KPHBBIX
SKCTPEHHOTO TOPMOJKCHHUS, Pa3BUBAIOUIMX KOHLENIHUIO 0000mEHHOTO
KpUTEpHsi HaWOOJBIIETO OTKIOHEHHS [8,22], KOTOphIE IO3BOJSIIOT
uccienoBaTh ykasaHHele ocobOeHHocTH KpuBbIX ETCS. IIpemmymectsa
rapMOHMYECKUX KPHUBBIX TOpMoxeHus nepes kpuBbiMu ETCS mnokasansl Ha
pe3ynbTaTaXx MOJEINPOBAHUS IPOLECCOB SKCTPEHHOro TopMoxkeHHs. [Ipn
9TOM TIPOIIECC IBM)KCHHUS BBICOKOCKOPOCTHOTO COCTaBa COIPOBOXKIACTCS
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MOCTOSTHHBIM OTIPEJENICHUEM €0 KOOPAWHAT Ha JIMHHUM TI0 CII0CO0Y YTEHUS
RFID-MeToK B 007aCTH KeJIe3HOJOPOKHOTO TTOJOTHA, B KOTOPBIC 3aITACAHBI
KOJBI MX KoopawHAT [23], Tae ciioBa B Ha3BaHWM CIOc00a «B 3aKPBITHIX
MTOMEMICHUAX» O3HA4aloT OTCYTCTBHE CHUrHayioB ciyTHHKOB [JIOHACC
nmm GPS.

2. U3yyenne guarpaMMm 3KcTpeHHoro TtopmoxkeHus ETCS.
PaccMoTpM ~ MaremarM4eckyld — MOJENb  OKCTPEHHOTO  TOPMOKEHHs
BBICOKOCKOPOCTHOTO Toe3zna, mnpumensemyto B ETCS, mms obecrnieuenus
0€301acHOrO JIBW)KEHUS IOMYTHO CIEYIONINX II0€3/10B C MHHHMAaJbHBIM
BPEMEHHBIM HWHTEPBAJIOM CJEJOBAaHUS W CPaBHUM €€ CO CTEleHHOU
TIOJTYBOJIHOM HaHOOJIBIIETO OTKJIOHEHHMS 11 YCTAHOBJICHHS MX UICHTUYHOCTH.

2.1. lIpumep auarpamMm 3KcTpeHHoro topmoxkenuss ETCS. Ha
pucyHke 1 u300pa’keHBl BpEMEHHBIE JWAarpaMMbl [IECTH PEaTbHBIX
9KCTpeHHBIX TopMokeHnit coctaBa ETCS [1]. B [1] npuBeneHo BRIpakeHHE
B3aUMOCBSI3M T1apaMETPOB JABMKEHHS COCTaBa [B Pa3MEPHOCTAX]| Ipu
9KCTPEHHOM €r0 TOPMOXKEHHH: PACCTOSIHUSI TOPMOXEHHS — [S]=M,
HadaJ bHOM, MAaKCHUMaJlbHOH CKOPOCTH TOpMOXeHHA — [V]=km/4,
MaKCHMaTbHOTO 3aMe/IIeH s (OTPHIATEIHHOTO YCKOPEHHs) — [a]=m/c’:

V2: 2sa . ey

[aHHble namepeHnia oT 6 aBapuilHbIX OCTAHOBOK (Ka4eCcTBEHHOe CpaBHEeHWE)

V=50, 80, 120, 140, 160, 200, kmy /-1
_{ _III III l |'I |II ;
| | | | | | 2
nva | / | | ya
-— S - e
| | Il ~7 :\._ ]
| | | I\ 3
|
I 4
0 50 100 150, ¢

Bpemsa [c] npuBeOeHo K MHTepBany TOPMOXeHWUA
1- cuna HaTs#eHus, 3aMenneHue (oTpuLaTensHOe YCKopeHue), 2- cpeaHnas
Temnepartypa TopMosHore aucka, 3- koadhpUUMEHT TpeHua i, 4- CKOpOCTb.
Puc. 1. [lanHbIe U3MepeHuii mecTH aBapuiHbIX ocTaHOBOK cocTaBa ETCS mns
Pa3IMYHBIX 3HAUEHUH Ha4aJIbHOW CKOPOCTH TOPMOXKEHHUS V'
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POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHUA

Kak cnepgyer u3 pucynka 1, 3amensieHue B MpolEecce TOPMOXKECHHS
SIBJISIETCSL ITOCTOSIHHOM BEJIMYMHOM @ = const, CKOPOCTb YMEHbLIaeTcsa OT V'
JI0 HyJIS TI0 TMHEHHOMY 3aKOHY IPH apryMEHTe: HHTEPBaJl TOPMOXKCHHUS S.
ITpu sToM épems mopmoosicenusn T npusedeno Kk unmepsany MopMOANCEHUSL S.

Bripaxernune (1) MOTHOCTBRIO COBHANAET C YCIOBHEM COTIACOBAHHUS
mapamMeTpoB {A, V, a} 0000mEHHOTO KpUTEpHsI HAMOOJIBIIETO OTKIOHCHHUS
V=2Aa [8], ecnu mpousBecTH 3aMeHBI 0003HaucHu V=V, s = A. Ucxons
W3 ITOTO COBMNAJCHHS, COACPIKaHUS pPUCYHKA | ¥ Uil KOHKpETH3alMU
IIOCTAHOBKH 3a7a4M CTaTbH IMOACHHUM KpI/lTepI/lﬁ Han60m>mero OTKJIOHCHHUA
npolecca TOPMOKEHHsI [0 CTEIIEHHOH M0JIyBOJIHE BTOPOTO MOPSAKA.

2.2. CtenenHasi moJIyBOJTHA BTOPOro MOPSAAKA M e¢ 0COOEHHOCTH.
IMokaxxeM, uTo pucyHok 1 u Belpaxkenue (1) momydatorcst U3 000OUIEHHOTO
KpHTEpHsI HanOOJIBIIEro OTKJIOHEHHS [§], U3 Yero mocienryer OCHOBaHUE UL
NPUMEHEHHWs HOBBIX BAPHAHTOB KPHUTEPHUSA IUIsI  MaTEeMaTHYECKOTO
MOJEIMPOBaHMS  TPOIECCOB  TOPMOXKEHHS  MMoe3noB.  Vcmonbzyem
n300paXeHNe CTETICHHOH IMOJTYBOJIHBI HA PUCYHKE 2 U (opMyly CTETIeHHON
TIOJTyBOJIHBI BTOPOT'O MOPS/IKA, KaK OCHOBHYIO 4acTh 000OIIEHHOTO KPUTEPHS:

p(t) =A% (i-051,), @)

rae A — aMIUIUTyAa CTENEHHOM MOJIyBONHBI, @ — MAKCHUMAJIbHOE 3HAYCHME
ycKopeHusi (3ame[uieHMs); 7, — MHTEpBAl BPEMEHHM MEXIY IBYMs
3HAYEHMSIMH cUrHaia, korna p(t) = 0. [IponsBoaubie ot (2) 10 BpeMeHH £

P10 ==a(1-051) =v(0), p? (1) =-a=const. 3)
p(o), V(1) a(t)
A iiiiii
|
i |
~ |
RN
atetg ~ QrSTg arctg({V) T, ¢
0 . §
~ {
S~
_a '--'..'--'--".'-"--"""‘\""'l
0 2 Il
PO — — - H(t); =====a(l)

Puc. 2. CreneHHas OJIyBOJIHA BTOPOTo Hopsiaka p(f) (2) u ABe IPOU3BOAHBIC OT HEé
1o Bpemenu (3)
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OmnpenenuM 0COOCHHOCTH CTENICHHOH MOTYBOJIHBI U3 €€ OIICaHUs.
Hput=0wut="Tu3(2): p(0)=p(T) =0 — T, =22Aa)"
Hput=0wut= "1 u3(3): p(0) = maxV(r)=+V,

p(T) = minW(t) =—V — T, = 2(Vla).

O6o3HaunM T, — UHTEpPBAJl BPEMEHH TOPMOKEHHUS IO CTETICHHON
nosryBosiHe Tipu 0< ¢ < 0.57, = T,,. ®U3UYECKHI CMBICT 3TOTO 0003HAYCHHS
BujeH u3 (2) u pucyska 2, rae npu ¢ = 0, p(0) = 0 — HayanoO BpeMeHU U
nyta Topmoxkenus; u3 (3) V(0)=+V—makcumainbHasi CKOPOCTb cocTaBa B
Havasie TopMoxeHust; npHu ¢ = T, u3 (2) u (3) UMeeM, COOTBETCTBEHHO,
p(T.;) = A — Bemnumnaa TopMo3Horo myTH u V(7T,;) = 0 — ocTaHOBKa cocTaBa.

Heckompko paBHBIX ¢opmyn mis 7, TO3BONAIOT 3amucaTh IIETh
PaBHBIX 3JIEMECHTOB!

1/2
nTzo.SB:%:K:(%) . )
14 a a

U3 (4) cnenyer, 4TO CHpaBEAIUBOCTh PABHBIX JIEMEHTOB HACTYHAET
IpHU COOJIIOZICHUU YCIIOBHS COTJIACOBAHHOCTH MAaKCHMAJbHBIX IMapaMeTpoB
{A, V,a} Mopmenm CTENEeHHOH MOIYBONHHBI Tporecca p(f). DTo ycioBue
3anuiieM MmyTéM npeoOpa3oBaHMs JIFOOBIX Map JIEMEHTOB LEMH PaBHBIX
2JIEMEHTOB (4) B OJTHO PAaBEHCTBO:

V’=2Aa . (5)

Kak ynomsHyTO BBIIIE, a TEHNEpbh MOXHO YTBEPKAaTh, 4To (5)
corazaer ¢ (1). Emé 310 yka3piBaeT Ha BO3MOXHOCTb MOJEIMPOBAHUS
onepanyu npusedenus epemenu mopmogcenus 0<t<0.5T, k unmepeany
mopmodicenuss s umu 0 <p(f) <A (kak B auarpammax topmoxkenuss ETCS
[1]) Ha mpumepe nccae 0BaHHS MOJENN CTETIEHHOH MOIYBOJIHBI.

2.3. IlIpuBeieHHe BpPeMEHH TOPMOMKEHHSI K  PACCTOSTHHIO
TOPMOsKeHHsl MO CTeleHHOH IOJyBOJIHe BTOPOro nopsaka. [Ipumernm
CTEIICHHYIO TIOJIyBOJIHY Ul ONHCAHMS KPUBOH SKCTPEHHOTO TOPMOKCHHUS
BBICOKOCKOPOCTHOTO cocTaBa 1o npotokorry ETCS [1], mo mpennoxeHHO B
CTaThE METOJIUKE:

1) Tak kak B KOHIE TOpMO3HOro myTu p(f) =A, V >V(£) =0, 1O
HHTEPBAJl BPEMEHH OSKCTPEHHOI'O TOPMOXKEHHUS (PHCYHOK 2) Oyxer
Ter = 0.57, v HaxXOUTCS U3 JIFOOOTO IIIEMEHTA 1ICTI PABHBIX JIEMEHTOB (4).

2) KpuBast 3KCTpEHHOTO TOPMOKEHHUS OINpEJEIsieT 3aBUCHMOCTh
CKOPOCTH COCTaBa OT PacCTOSHHUS, MOITOMY M3 BbIpakeHHs (2) BbIpa3uM
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BpeMst depe3 paccrosiaue: (1 — 0.5T3) = [2/a(A - p(1))]"* u moxcraBum B
mepBoe BeIpaxkeHue (3), morydnm:

V() = -[2a(A-p(1)] . (6)

rne 0 < V(H) <V; 0 <p(¢) < A.

3) B (6) yarém (5): 2a = V2/A, TONYdYHM BBIPAKCHHE UL
3aBHCHMOCTH CKOPOCTH OT PaccTosiHmsi Topmoxkenust: V(¢) = V[ 1-p(2)/A]"?,
KOTOpOE IepeBeIéM B OTHOCHTENBHYIO, Oe3pa3MepHyIo Gopmy:

@ :[ _I’X)T/z, ™

Ha pucyHke 3 mpuBeneHa 3aBUCHMOCTH OTHOCHTEIBHOW CKOPOCTH
V(#)/V ot orHOcuTEenbHOro TopMo3Horo mytd p(f)/A (7) m BbIpaxeHue
OTHOCHTEJIBHOTO 3aMenerus —a(f) =—V*/2A =—a= const u3 (5), KoTopoe
He 3aBHCHT OT p(?): a(t)/a=1.

[Mpumewanne 1: «Omuocumenvhas eeauyuna ckopocmu V(t)/V
(pucyrok 3) no evipasicenuro (7) aA8naemcsa cmenesHol QyHKyuel, 8 Komopot
ucnonvzyem moavko noaoxcumenvuyio eemev 0 < V() <V (pucynox 2), mak
KAK OHA MeXHUYECKU COOMBENCMEYem NPOYeccy MOPMONCEHUSL COCMABAY.

2 10 ]
T s a(t)/a

2o 08

g8 V(v

2% 06

Z T

S o

o s 0.4

E )

2702

o 0

53

gn 0 0.2 0.4 0.6 0.8 1.0
1:5 OTHOCUTENbHOE paccTosHWe TopMoxeHus p(l)/A, o.e.

Puc. 3. OTHOCHTGHLHLIG 3aBHCUMOCTH CKOPOCTH U 3aMEJJIEHHUs] OT TOPMO3HOTO ITyTH
0 CTETIEHHOH MOTyBOJIHE

Ipumeuanue 2: «OmuocumenvHas GeIUdUHA  3AMEONEHUS
a(t)/la =0 coomeemcmsyem npoyeccy mopMOAICEHUsL COCMABA U AGTACC
omuowenuem ynkyuu a(t) <0 u xoncmamwmor a <0, nosmomy Ha
pucynke 3 eenuuuna uzo6pajicena 8 6uoe NOJ0HCUMENbHOU KOHCIAHMbLY.
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s mpumepa pacdyéra TpUMEM TpEACTbHBIE UCXOOHble 3HAYEHUS.
TopMO3HOH TyTh A =1500M, cCKOpocTh B Hayajle TOPMOKEHUS:
V=500 km/a = 138.8889 wm/c. OmpenenuMm napamempsvl mopMONCeHU.
HaiiiéM HeoOXOoJMMOE 3aMeIUIeHHE BBICOKOCKOPOCTHOTO cocTtaBa (5):
a=—V*2A = 6.43 m/c*, Bpems Topmoskerst (4): T, = 2A/V =21.60 c.

2.4. Oco0eHHOCTH peaIbHOIi KPUBOIl IKCTPEHHOT0 TOPMOKEHHS
BTOporo mopsiaka. Kpusas Bista u3 ETCS [1, 3], mpeacraBineHa Ha
PUCYHKE 4 ¥ COCTOHMT U3 CEMH y4acTKOB B BUJIC KBaJPaTHYHBIX Mapadoi ¢
Pa3IMYHBIMM  TOCTOSHHBIMH  3aMEUICHUSIMH, OIUCHIBACT  CHIDKCHHE
CKOpPOCTH M3-32 DJKCTpeHHOro TopMokeHusi. B cocrae ETCS ona
HasbiBaercsi kpuBoid EBD (Emergency Brake Deceleration). Kpusas EBD
SIBIIICTCS TTOJTHOCTBIO JICTCPMUHUPOBAHHOM, 3aBUCUT KaK OT XapaKTEPUCTUK
moe3Na, TaKk W OT XapaKTePUCTHK MyTH. JTH XapaKTCPUCTHKH 3aJAI0TCS
IIByMs TPYTIIaMHU TIOTIPaBOK: A, min «A_brake safe» — n3MeHseT BETUUNHY
3aMeIJICHUS COCTaBa B 3aBHUCHMOCTH OT CKOPOCTH COCTaBa M ITOTOJHBIX
ycmoBuid, Ay, wm «A _gradient» — H3MeHSeT 3aMeIUIeHHE OT
moxpéMa/cycka myTd. IlompaBku 3amaloT B BHIE ABYX CTYIEHYATHIX
¢byHKUMH (pUCYHOK 4).

A; +Anie
+ _|—|
—
| —
CropocTs Ouctanuva

Kpusasa EBD (3amenneHve npu aKCTPEHHOM TOPMOXEHWN)

CropocTs

Anp’cd An!c 3 Anch Anp’cﬂ ,D,MCT&H LA

Apjc- M3MEHEHME YCKOPEHWA M3-3a Nogbemalcnycka
A+~ MaMeHeH1e ycKopeHUs ua-3a TopMo3a

Puc. 4. Kpusas sxcrpenHoro topmoxkenns: Emergency Brake Deceleration (EBD)

KpuBas EBD uMeer c0HBIN COCTaB U MOCTOSIHHO CPAaBHHUBAETCS B
KOMITHIOTEPE JIOKOMOTHBA C KPHUBOM, TOJAOOHOW WAEATBLHOW KPUBOM
TopmokeHHs (pucyHok 3). Kpome storo, 3a e€ moBeaeHHEM IOCTOSHHO
CIeOUT MAIIMHKUCT JIOKOMOTHBA. [IpM TepecedeHHH WM OIIaCHOM
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COMMKEHUN [JBYX KPHBBIX BKIIOYAETCI aBTOMATHYECKOE YIPaBIICHHE
TOPMOXKEHHEM COCTaBa M BKIIOYAETCS] 3BYKOBOH CHUTHAI MPEAYNpPEKACHUS
MaIIvHUCTa 00 OIMACHOCTH CTOJNKHOBEHHWS. BrwicTymsl Ha kpuBoit EBD
00yCJIOBIICHBI T€M, 4YTO B HEKOTOPHIE MOMEHT BPEMEHH MEHSIIOTCS
BEIMYMHBI 3aMEJICHUS OT MEHSIOIUXCS IONpaBoK, a mapaboma (7)
nopsiaka 0.5 sBisercs raankoi (pucyHok 3), ecin 3aMeaieHue (YCKOpeHHe)
MOCTOSIHHO a = const B cooTBeTcTBUH ¢ (3) u (5).

BrICTynBI NpOBOIMPYIOT MEpeceueHrue ABYX KPHUBBIX, KPOME 3TOTrO
BEJMUMHA MHOTOKDATHBIX YHAPHBIX 3aMEICHHH 10 a =— 6.43 m/c’
(mpumep pacuéra B myHKTe 2.3) NPHUBOIAT K CHMKEHHIO KOM(opTa s
[acCaXUPOB, 0OCOOCHHO Ha MAKCUMAJIBHBIX CKOPOCTSIX.

IIpennoxxuM HECKOIBKO KPHUBBIX O3KCTPEHHOIO  TOPMOXKEHHS,
CBOOOIHBIX OT ONHCAHHBIX 0COOEHHOCTEH. KprBBIE TOPMOXKEHHSI TOCTPOUM
Ha OCHOBE TapMOHHMYECKHX MOJYBONH [22] W MOKa)keM, YTO OHH HMEIOT
HEOOXOAMMBIE  TIOJIOXKHTENIbHBIE CBOWCTBA ISl  HCIOJB30BaHUSI B
YIpaBICHUH.

3. Moaesb rapMOHMYeCKOil MOJYBOJIHBI U NMpUMeHeHHE €€ Jis
ONMCAHUS KPHUBBIX 3JKCTPEHHOro TOpMo:keHusi. OTMeTHM CBOHCTBa
TapMOHUYECKOM TONYyBOJHBI, KOTOPBIE MOXHO HCIOJB30BaTh  IJIs
YCTPaHEHUS HEKOTOPBIX OCOOCHHOCTEW CTEICHHOW MOJIYBOJHBI WA
9KBUBAJICHTHOH ell kpuBoil EBD 6e3 MMIyibCHBIX MONpPaBOK 3aMeJIeHUs
A, (A _brake safe) m A, (A gradient safe). I[lomyunm mnapamerpsl
OKCTPEHHOTO TOPMOXKEHUS, 3aBHCSIINE OT BpPEMEHH, U METOAUKY
MPUBEICHNS BPEMEHH TOPMOXKEHHSI K HHTEPBAILY TOPMOXKEHHSI (aHAJIOTHIHO
MyHKTY 2.3).

3.1. OcHoBHBIE mapaMeTpbl M  HEKOTOPble O0CODEHHOCTH
rapMoOHHYeCKOii mMoyBoJIHBI. [lapameTps! moydeHs! B [22] u puBeIeHEBI
KpaTKO [ LEJOCTHOCTH MaTepuaja. YpaBHEHHE TapMOHUYECKOU
TIOJTYBOJTHBL:

p(t) = Asinwt, (8)

rne 0<t<T,; T.=T/2=1/2f — uarepBan HaiikBucra; f— 9actoTa cpe3a B
criekTpe curHana p(f) mocne QuiabTpanuu; 7 — MEepHoa YacTOThI Cpe3a;
® = 2mf— KpyroBasi 9acTora; A — aMIUINTyJa TapPMOHHYECKOH MOIYBOIHBI
WIM MaKCHMajbHasi MOIrPEUIHOCTh JIMHEWHON anmpoKCHMAanuu JIBYyX
BBIOOPOK M3 TOJYBOJIHBI B MOMEHTHI Bpemenu t=0 u t=T,. IlepBas
NPOM3BOJIHAsE OT OTOW TMOJYBOJHBI ONpeneNisieT cKopocTh V(f) eé
N3MEHEHHUS:

pD(t) = oAcoswt= V(). ©)

1396 Undopmaruka u agromarusanus. 2023. Tom 22 Ne 6. ISSN 2713-3192 (1eu.)
ISSN 2713-3206 (onmaiin) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

Bropass W TpeThs MPOW3BOAHBIC OT TOJYBOJHBI OMPEACISIOT,
COOTBETCTBEHHO, YCKOPEHHE WITH 3aMeUIeHUE a(f) ¥ Pe3KOCTh TOPMOKEHHS
R(?):

pA(t) = —0?Asinot = a(t), p3(t) = —®3Acos ot = R(2). (10)

IapMoHnyecKast MOJYBOJIHA U TPH [IPOU3BOHBIC OT HEE 10 BPEMEHHU
n300pakeHbI Ha PUCYHKE 5.

p(1). ¥(5), a(t), R(z)

...
- F—————— — - L PP

o), R(D); == V(1); wmmee- a(r)
Puc. 5. 'apmonnyeckas nosyBosaHa p(f) (8) ¥ Tpu NPOU3BOIHBIX OT HEE 10 BPEMEHH

(9), (10)

Bripaxenne (8) ommceBaer monoBuny 1= T7/2=1/2f nepuona T
9acTOTHI cpe3a f B cnekTpe curHana p(f). Yacrora HaiikBucra 2f mmpoxo
UCTIONIb3YEeTCS B TEOPUH CBSA3M, ynpasiieHWs W B HH(popmaruke [22] u B
9TOM HMCCJIEIOBAHUU CJIeNIaHa MOMBITKA SIIE OJJHOTO ¢€ MPUMCHCHUS.

IepBas BeIOOpKa M3 curHaia p(f) OCyIIeCTBICHA B MOMEHT BPEMCHU
t=0, Bropasi— B  MOMEHT Bpemenun t=1,=T/2. Jlunus,
UHTEPIOIHUPYIONIAasi CHTHA MEXIY JIBYMsS BBIOODKAMH JICKAT HAa OCH
abcrucc 0.

ITorpemHoCTs Takoi HMHTEPHONSIIIUM A TOCTUTAET MaKCUMAaJIbLHOTO
3HayeHHs B Touke ¢ KoopmuHatamu (0.57;, A), koTopas sBiIseTcS
BEpLIMHOM TapMOHHMYECKOM mosyBoJIHBL. IIpoxonsmiass uepe3 BepLIUHY
BepTukaibHast muHus ¢ = 0.57. = 0.257 = T, cIyXuT €€ 0ChI0 CAMMETPHH.

BenmuuHy wuHTEpBajla BpeMEHH OKCTPEHHOTO TapMOHHYECKOTO
TOpMOXKeHHsT 0003HaunmM 7T, OHAa COOTBETCTBYCT JBYM TOYKaM
TapMOHUYECKOM TMOJYBOJIHBI: TOYKE Hadajga MOJAyBOJHBI (=0 ¢
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MaKCHMAaJIbHOH CKOPOCTBIO V' M3MEHEHHs Ipoliecca M TOYKE Ha BEpIIIHE
nosryBoJiHbI ¢ = 0.57, = T;.;, B KOTOPOM CKOPOCTHh Mpollecca paBHA HYJIO, a
OTKJIOHEHHE WM TOPMO3HOH myTh paBeH A. Takum o0Opa3om, MOIOBHHA
TApMOHMYECKON TIOJNYBOJHBI TIOJHOCTBIO COOTBETCTBYET (DHU3UIECKUM
TpeOOBaHUSAM K KPHBOH OKCTPEHHOTO TOpMOXKeHUs. CBs3p KpyroBoi
9acTOTHl (® TapMOHHWYECKOH ITONYBOJNHBI M WHTEPBalia TOPMOXKEHHSA 7.
3aMMIIEM B BUJE BBIPAKEHUS:

2n _ @ T
m=2nf=72f—ﬁ- (11)

OnpenenuM WHTEpPBaJ TapMOHMYECKON MONYBONHBI 7T, dYepes
MaKCHUMallbHbIC TapaMeTpbl curHaia p(f) mpolecca yrpaBleHHs. JTH
mapaMeTpel JOJDKHBI OBITH TOJYYCHBI Mpu 00pabOTKe pe3yibTaToB
oOcrnetoBaHust 00BEKTA YIPaBJIEHHs, TaK KaK IPOLECC TOPMOXKEHHS T10e3/1a
mo myTH p(f) MOXKHO OTHECTH K MpOIECCY C TPYIOHO OIPENeIIeMbIM
CIIEKTPOM CHUTHAJOB [22].

B BrIpakeHre mepBoi mMpon3BoAHON (9) mMoaCTaBIM MOMEHTHI Bpe-
MeHH BeIOOpOK U3 curHana p(f): p(t =0) =0 u p(¢t = T.) = 0 u npupaBHIeM
IByM €€ MaKCHMaJbHBIM 3HAUEHHSIM: max p=0,1=T)= £V], yarém
(11), cos(0)=1, cos(n)=1, momyuum:

T. =

IT

(12)

N3
/>

B BeIpaskenue BTOpoil mpousBoaHOH (10) mogctaBuM MOMEHT Bpe-
Mmenu (¢ = 0.57;), mpu KOTOPOM HacTylaeT MakCHUMyM YCKOPEHHS CHTHaia
p() npouecca TOPMOKEHUSI M TIPHPaBHsAEM €€ MaKCHMAJIbHOMY 3Hau€HHIO
maxp(t = 0.5T,) = |-a|. Mcnomszyem (11), moiyduMm Iemb paBEHCTB
MHTEPBAJIOB FAPMOHUYECKOH ITOJTyBOJIHBI:

T. =

IT

NI

(A)m, (13)

a

<[>
ST}

G
2

N3

IJIe YCJIOBHE COTJIACOBAaHHWS mMapaMmeTpoB {A, V,a} mpomecca: V2= Aa.
Anaznorndso (13), npu u3MepeHHOM 3HaueHun max p(1=0, t=T,) = ER)|,
3anuieM 0oJiee JUIMHHYIO [ETh PABCHCTB HHTEPBAJIOB:

(A)l/zzn(V)l/zzna:n(A)lB (14)
a 2\R 2R 2\R)
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IJie N1Ba 4YacTHBIX YCIOBHS COTJIACOBaHWs TmapameTpoB (A, V, a, R}
nporecca TopMokeHus: V>=Aa, a*=VR wmm obmee ycinosue: Va=AR. C
yaérom (11) 3ammmem (14) gepe3 KpyroByIo 9acToTy M:

S R A

3.2. CpaBHeHHe CBOICTB TapMOHHYECKOH TMOJIYBOJIHBI U
noayBoansl EBD mim mopesm creneHHol mnoJyBoJiHbl. CoBMeCTHOE
paccMmoTpenue Boipakenni (13), (14) u (4) mokaspIBaeT, 4To:

1) Y rapMOHHYECKOl IOJIyBOJIHBI IIPOJODKUTENBHOCTD U (opMa
HE 3aBHUCAT OT KOJIMYECTBAa IPOM3BOJHBIX. B CTENeHHOW MOIyBOIHE
KOJINYECTBO MPOU3BOIHBIX, (popMa M MPOJOIDKUTEIBHOCTD ONPECIISIOTCS
BEJIMYMHON CTETICHN CTETICHHOHN (DYHKITHH.

2) T'apMoHHMYECKHE TMOIYBOJHBI MO3BOJSIOT ONPEACINTh YaCTOTY
9KBUBAJICHTHOM TPAaHUYHON YacCTOTHl CHI'HAJIOB MPOLECCOB C TPYIHO
OTIpENEIISIEMBIM CIIEKTPOM [22], HAPOTHUB, CTETICHHBIE HOIYBOJHBI UMEIOT
CHEKTpPBI, TPAaHWYHBIC YacTOTHl KOTOPBIX CYIIECTBEHHO BBIIIE YaCTOTHI
CaMUX CTCIICHHBIX BOJIH.

3) B coorserctBuu ¢ pucynkom 4 [1, 3] npu pabore ¢ TopMo3zamMu
COCTaBa MAILIMHKUCT OCYIIECTBISIET CTYNIEHYaTOe PEryJIMpOBaHHE YCKOPEHUS
(3amMemieHUsI) B PYYHOM PEKHME, B 3aBUCUMOCTH OT CIIOCOOHOCTHU
TOPMOXKEHMSI II0€3/1a U MCEHSIOIIUXCS YCJIOBUH BHELIHEH Cpelbl Ha IIyTH
crnefoBanus. B nasnpHeiiieM mokakeM, YTO TapMOHHYECKHE ITOJYBOJIHBI
MO3BOJITIOT ~ OCYLIECTBIIATH ~ IUIABHOE  PETYIMPOBaHME  3aMEIJICHUS
BBICOKOCKOPOCTHOT'O COCTaBa.

4)  YnpapHoe BKJIIOUCHHE M BHIKIIOUCHHE TOPMO30B cucTeMbl EBD
NPUBOAMT K CKaykaM 3aMEJICHHS M, COOTBETCTBEHHO, K IOBBIIICHHOMY
M3HOCY TOPMO3HOW CHCTEMBI M CHIKEHHIO KOM(OopTa AJIst TaccaXxupos.

3.3. [IpuBegeHue BpeMeHHM TOPMOKEHUSI K  HMHTEPBAaJLY
(paccTOSIHUIO) TOPMOKEHUsI TAPMOHHUYECKOH MOJYBOJHBI. [IpuMennm
FapMOHMYECKYI0 IIOJNYBOJHY JUId ONMCAHUA KPUBOM OKCTPEHHOIO
TOPMOXEHHST BBICOKOCKOPOCTHOTO cocTaBa mo mpotokony ETCS [2, 3]
MOTI00HO TPEIOKEHHON MeTOuKe (TyHKT 2.3).

1) Tax Kak B KOHIIE TOPMO3HOTO IyTH p(f) = A, V(f) = 0, TO Bpems
9KCTPEHHOTO TOpMOXeHus (pucyHok 5) oyzer 7., = 0,57, u HaxoauTcs u3
M000T0 3JIeMeHTa JBYX Hemneil paBHbIX eMeHToB (13) mm (14).

2) KpuBas 3KCTPEHHOTO TOPMOXKCHHS ONPEIEIIeT 3aBHCHMOCTH
CKOPOCTH COCTaBa OT PACCTOSIHHSA, TIOATOMY W3 BhIpakeHHUs (8) BBIpazuM
6e3pasMepHOE IPOM3BEICHHE (Of UYEpe3 OTHOCHTENBHOE Oe3pa3MepHOe
paccrostane p(f)/A: ot = arcsin(p(f)/A) n noacraBum B (9), mpeoOpasyem,
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ucronsdyeM V= oA (15), momyuum: WV(f) = V[lf(p(t)/A)z]m, KOTOpOe
mepeBeéM B OTHOCHTENBHYIO, Oe3pa3MepHylo (opMy (pHCYHOK 6
u [Ipumeuanue 1):
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2 OTHOCUTENbHOE PaccTOAHKE TOpMOXeHus p(t)A, o.e.

Q
Puc. 6. 3aBuCMMOCTH OTHOCHUTEIBHOM CKOPOCTH, 3aMEJICHUS U PE3KOCTH ABHIKECHUS
OT OTHOCHUTEJIBHOTO TOPMO3HOTO ITyTH

3) B nepByio uacts (10) moacrasum of = arcsin(p(f)/A) n o’=a/A
u3 (15), monyunm: a(f)=a-p(f)/A, xoTopyrw mepeBeaéM B OTHOCUTEIBHYIO,
6e3pazmepHyto Gpopmy (pucyHok 6 u I[Ilpumeyanue 2):

att) _ p@) (17)

a A

Bo Bropyro uacte (10) moacraBum ot = arcsin(p(¢)/A), o’=R/A u3
(15), momyumm: R(f) = R[1-(p(£)/A)"]"*, kortopyro mepeBenéM B
OTHOCHTENBHYIO, Oe3pazMepHyo Gpopmy (pucyHOK 6 u [Ipumeqanwue 1):

1/2

2
R(1) p(1)

Just  npumepa pacu€ra npuMeM IpEJeNbHbIE UCXOOHble
3HayeHus: TopMo3HOW myTh A=1500 ™, CKOpPOCTb B Hadaie
topmoxenust: V' =>500 km/a = 138.8889 m/c. Onpenenvim napamemp vl
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MmopModceHus: HEOOXOANMOE MAaKCHMAaIbHOE 3aMEIUIEHHE COCTaBa II0
(13) u yenosuio p(t=T,;) = A: a = —V*/A = 12.86 M/c’, BpeMsi TOPMOKEHHSI
(14): T, =AYV =16.96 c, R = a*/V=1.19 m/c’.

3.4.CBs3b  BeJMYMHBI  TOPMO:KeHUSl  (3aMelJieHUsl)) M
pa3pemaeMoii ckopoctu cocrasa. [Iporecc SKCTPEHHOTO TOPMOXKEHUS
cocTaBa MOXKHO TPEJICTaBUTb MaTeMaTHUeCKH, KaK 3aBHCHMOCTh
KOHTPOJIUPYEMOH (pa3peliaeMoii) CKOpOCTH NepeMenieHust cocraBa V(f) mo
TOPMO3HOMY Y4YacTKy IyTH IOJ ACHCTBHEM CHIBl WHEPIHMH W YCHIHA
TOPMO30B COCTaBa, KOTOPOE OIpEAEIAeTCS BEIMYMHONW 3aMemueHus a(f).
Hdns wero (17) moacraBum B (16), momyunM JBa HKBHUBAJICHTHBIX
BBIPaYKCHUSL:

5 1/2 5 1/2
V(1) a(r) a(r) V(?)
= 1- ; ——= - —=
v a a V

(19)

Ha pucynke 7 mpuBeneHa 3aBHCHMOCTb 10 BblpakeHusiM (19), ¢
yuéroMm IIpumedanus 1.

TopMo3HOe ycnire IpoIopIHOHaIbHO 3aMeIeHHIO [ 1], mosToMy U3
(19) cenyer IllpaBuno 1: «Ecau 3amednenue a(t) usmeHsams niaeHo no
dopmyne (19), mo cxopocms V(t) 6yOem usmeHaAmvca NiA6HO, MAK KAK
@yukyua (19) He umeem paspvieos, Kax 8 (QYHKYUAX NONPABOK A
(A_brake_safe) u Ay (A_gradient), xapaxmepnuix ona kpusoii EBD ETCS».
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oTHocuTeneHble ckopocTe V(E)/V (3amegnenve a(f)/a), o.e.
Puc. 7. 3aBucUMOCTh OTHOCUTENBHOI CKOPOCTH COCTaBa OT 3aMEJICHUs 1 0OpaTHas
3aBUCUMOCTb

OTHOCUTENbHLIE 3aMeaneHue
a(t)a (ckopoctb V(1)/V), 0.e.

OCHOBHOM HEIOCTAaTOK TapMOHUYECKOW KPUBOW TOPMOKECHHSI II0
BeIpakeHuto (19) cremyer w3 pucyHKOB 6 W 7, Tme HaOmomaercs
TIOJIOKHTEBHBIN CKAYOK 3aMe/UieHust oT a =— 12.86 m/c” 10 a =0 m/c* B
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KoHIle TopMmo3Horo myTH p(7.,)=A=1500 M mpu HAYATBLHOW CKOPOCTH
topmoxeHust V=500 km/a = 138.8889 m/c. [Ipm 3TOM HENb TOPMOKCHHS
(ocranoBka cocraBa) nocturaercs: V(T,) = 0.

[Tokaxkem, 4TO TmpemIaraeMas HHUXKE TapMOHHYECKas TOPMO3HAS
KpHUBast MO3BOJISET YCTPaHUTH 3 (PeKT ckauka 3aMeIIeHHS.

4. Metoanka pa3padoTKu MoAeJH FapMOHUYECKOH MOJIYBOJTHBI U
npuMeHeHHe €€ /ISl ONMHCaHHs Oe3ylapHbIX KPHBBIX 3JKCTPEHHOIO
TOPMO:KeHHsl. MeToMKa MPOEKTUPOBAaHKS BKIIFOUAeT B ceOsl 1Ba OCHOBHBIX
JTana: Tal HoJy4eHHs KPUBOW SKCTPEHHOI'O TOPMOXKEHHS B BHJE (QyHKIMK
BpPEMEHH I ONpeJie/ieHHs BpEMEHHBIX TapaMeTpPOB MPOLEcca TOPMOKEHHS
W JTan MOJy4eHHs KPHBOW DKCTPEHHOTO TOPMOXKEHHs B BHIE (QyHKIMH
paccrosiHus JuIst Oe3y1apHOTO YIPaBICHHs! TOPMOXKEHHEM.

4.1. OnpenesnieHue napaMeTpoB TOPMOKeHMsl, B BuAe (YyHKUUIA
BpeMeHH.

1) MatemaTiueckoe OMUCaHNE U3MEHEHUST CKOPOCTH cocTaBa V(f)
BO BpeMs TOPMOXCHHS 3aIliileM, B cCOOTBeTCTBHH ¢ [IpaBmimom 1, Kak
TapMOHHYECKYIO TIOJTYBOJHY B BHJIE KOCHHYCOHIBI (PHCYHOK 8), KOoTOpas
npu ¢ = (0 IPIHUMAET MaKCHUMAIEHOE MTOJIOKUTETbHOE 3HaueHue V(0) =V, a
npu t = Ty, paBHa Hymo V(Tg,) = 0:

V(t) = 0.5Vcosot + 0.5V, (20)

rme 0<t<Ts; — HUWHTEpBAT BpeMeHH Oe3yNapHOro, JKCTPEHHOTO,
TapMOHHUYECKOTO TOpMOXkeHus, Tg, = 0.57, T— meproa 4acTOTHl Cpe3a WU
MIepHOJ TAPMOHNIECKON BOJIHBI, KPYTOBast 4aCTOTa KOTOpoit ® = 2/ = n/Ty;.

(), V(). a(t). R(1)
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PORE: == W), -eeeee a(t)

Puc. 8. bezynapHas kpuBast 3KCTPEHHOIO fopMomeHHﬂ p(?) (23) n Tpu IPOU3BOTHEIX
ot Heé o Bpemenu (20), (21), (25)
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2) OnmnpenenuM 3amemieHue coctaBa () (WM OTpUIIATEIHHOE
YCKOpEHHE) TOPMOXKEHHs, KaK MPOHM3BOJHYIO OT CKOPOCTH TOPMOXKEHHS
(20) mo Bpemenn: [V()]" = a(f) =— 0.5 Vsinos, B KOTOPYIO MOACTABHM
o=1/Ts; u t=0.5Ts, Tpu 3TOM Yy4TEM, YTO MHUHHMAIHHOE 3HAYCHHE
a(0.5Ts;) =—a ompenensercss MaKCHUMadbHBIM TOPMO3HBIM  YCHJIHEM
COCTaBa, MOJY4UM:

a(t) = —asinwt , (21)

rne a=nl/2Ts — MakCHMaJbHOE [0 BEIMYMHE 3HAUCHHUE 3aMCIJICHUS
coctaBa B MomeHT BpemeHu 7= 0.5Tg. W3 (20) u (21), mpu ¢=0.5T%,
3alyiieM BEeJNMYMHY HMHTEpBaJa BPEMEHH O3KCTPEHHOro, 0e3ymapHoro
TOPMOXKEHHSI:

T =22, 22)

U

3
2

3) OmnpenenuM TPAaeKTOPHIO TOPMOXKEHUS, KaK HEOMPEICIEHHBIN
uHTErpan or ckopoctu V(¢) (20), mpm 3TOM ydYTEM, UYTO TOCTOSIHHAS
unTerpupoBanus C onpeaensercs u3 ycnosus p(t = 0) = 0 — BenuuuHa IyTH
B MOMEHT HauaJla TOPMOIKEHHS, TTOJTyIHM:

p() =V ()t = 0.5gsin ot +0.5V1. (23)

W3 (23) u ycnoBus p(t = Ty;) = A — MakCUMaJIBHBIN ITyTh B MOMEHT
KOHIIa TOPMOXKEHHSI OIIPE/ICINM BPEMS DKCTPEHHOTO TOPMOSKEHUSI:

A
Tor =2 —. 24
5 7z (24)

Pe3kocTh TOPMOXKEHHMSI ONpENeNUM, KaK MPOM3BOJHYIO OT 3aKOHA
3ameuieHus cocrasa (20), momyaum:

R(t) = (a(t))(]) = —0.50%V coswt . (25)

U3 (25) u ycnoBus R(t = T, t = 0) = £R — MakcUMasbHasi CKOPOCTh
W3MEHEHHs1 3aMmeyUieHHs (Pe3KOCTh) B KOHIE M Hadale TOPMOXKEHHUS
OTIPEJIeTTMM BPEMsI SKCTPEHHOT0, 0€3yIapHOr0 TOPMOIKEHHS:
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1/2
Tsr = n(V) . (26)
2R

4) W3 (22), (24) u (22), (26) mis obecriedeHUs] OJHO3ZHAYHOTO
3HAYEHHs] MHTEPBAJIA SKCTPEHHOTO TOPMOXKEHHUS T, TIOIYYUM J[BA YACTHBIX
YCIIOBUSI COTJIACOBAHUS YACTH MapaMeTPOB IIPOLIECCa TOPMOKEHHUSL:

2 4 o1
|4 —nAa,a —2VR. 27)

[lepemHOXXeHNE TpaBbIX M JIEBBIX YacTel BbIpakeHuit (27) naér
oOl11iee yciIoBUE COTIacOBaHMsI BCEX MapaMeTpOB MPOLIECCa TOPMOXKEHHUS:

2AR= nVa. (28)

5) CosmecTtHOe TipeoOpa3oBaHue BhIpaxkeHWi (22), (24), (25) u
(26) mo3BoNseT 3amucaTh IEMb PABHBIX JJIEMEHTOB ISl BEIHYHHEI
HWHTEpBAJla BPEMEHH OSKCTPEHHOIO TOPMOXCHHS 1O  Oe3yldapHOM
TPaeKTOPHUHU:

K_ él/z_ (V)l/z_ Cl_(zA)lB 29
a‘(“)‘“zR TR\ R @9

C yuaérom kpyroBoit 9acToTsl ® = 21/T = /Ty, u3 (29) 3ammmem:

v 1/2 1/2 R 1/3
L O I (20 e (30)
2A "7 A Vv a A

6) Jlost mpuMepa pacuéra MpUMEM TMIPENIETbHBIC UCXOOHbIE 3HAUEHUS
moapasmena (2.3): topmo3Hoit myte A=1500M, ckopocTh B Hadaie
TopMokeHwst: V= 500 wkm/a = 138.8889 m/c. Ompenenum napamempul
6e3y0apHo20 MOpMOdCceHUs: TIEPUOIl KPYTOBOH YaCTOTHI TOPMOXKEHHS U3
BelpakeHnd (24) wm (26) T=2T5;=4A/V=43.20c; MakcUMaJbHOE
3amemienre cocrtaa w3 (20) B cepeluHE UWHTEPBAIA TOPMOXKCHUS
a(0.25T) = —nV*/4A=—10.1003 M/c*; Bpems TOpMOXKeHHs cocTaBa (26)
Ts: =2A/V =21.60 c; MakcuMaibHasi Pe3KOCTh TOPMOKEHUS U3 (25) B KOHIIE
¥ Hauaje MHTEpBAIA TOPMOXKEHHS R = —1°V°/8A% = £1.469 M/c’.
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4.2. Metoauka  mpuUBeJeHUS] BpPeMEHM  TOPMOMKeEHUS K
PACCTOSIHMIO TOPMOKEHHsI TapPMOHHYECKOil 0e3y1apHOil MOJIYBOJHBI.
KpuBast 3KCTpeHHOTO TOPMOXKEHHUS OIpENeNsieT 3aBHCHMOCTb CKOPOCTH
coctaBa OT pACCTOSHUS, TOITOMY M3 BEIpaxkeHHs (23) HeoOX0oIuMO
BEIPA3UTh MIPOU3BEACHUE (f Uepe3 OTHOCHUTEIFHOE paccTosHuE p(f), HO 3TO
neiicTBue 3aTpymHEHO, Tak Kak (23) sABmgeTcs TpPaHCIECHICHTHBIM
YpaBHCHHEM OTHOCHUTEIILHO IMEPEeMEHHBIX ®f W f. Jnsg BBIXOAAa W3 ITOU
CUTyaIlid OMNpPEICIUM JBE OOpaTHBIX 3aBHCHMOCTH:  PACCTOSIHUS
9KCTPEHHOT'O TOPMOXKEHUs 0T ckopocTu p(V(¢)) u ot yckopenus p(a(?)).

1) W3 Beipaxkenus (21) BelenuM BpeMs TOPMOMKEHHS COCTaBa
t = (1/®) arcos((2V(#)/V) —1) u noxacraBum B (23), mpumeHuM o=nV/2A u3
(30), momyuum:

1/2

X) %VI(/I) VI(/t) -1 + %arccos (21/1(;)—1). (31

Ha pucynke 9 wu300paxkeHbl 3aBUCHUMOCTH  OTHOCHTEIHLHOTO
paccrosaus p(f)/A TpaeKTOPHH TOPMOXKEHHUS OT OTHOCHTEIHLHOW CKOPOCTH
TOPMOXKEHHSI, 3aMEJITICHUSI, PE3KOCTH TOPMOXKESHHSI.

2) W3 Beipaxenus (20) BemENMM  BpeMsS  TOPMOXKEHHS
cKopocTHOTO cocTtaBa = (—1/w) arcos(2a(f)/owV) u momcraBum B (23),
TIPUMEHIM o’=na/A u3 (30), yarém uro a(f) <0, a<0, npu 0<¢<0.5T,,,
MOy IHM:

t a(t
& lQJr—arcsm( a(t )) 32)
A T a 0
(]
Zs0
N
5d08
5%
g 0.6
Iz
5204
€S
g3 0.2
.!_! = e
° 0 0.2 0.4 0.6 0.8 1.0

OTHOCKTENBHBIE cKopocTe V)V, peskocTb R(t)/R, sameaneHue a(t)/a, 0.e.
Puc. 9. 3aBucuMocTH TOPMO3HOTO ITyTH OT CKOPOCTH, 3aMeUICHHS U PE3KOCTH
JIBJKCHUSI CKOPOCTHOTO COCTaBa
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3) W3 Beipaxkenus (25) BBIOENIUM  BpeMS  TOPMOXCHHS
ckopoctHOoro cocraBa t= (1/m) arccos(—2R(¢#)/R) m moactaBum B (23),
npuMeHM O=nV72A u3 (30), norxyanm:

1/2

2
%:% 1—(12(;)) +Tltarccos(—Rg)). (33)

Ha ©pucynke9 n3o0paxkeHbl 3aBUCHMOCTH  OTHOCHTEIBHOTO
paccrosiaust p(f)/A TpaeKTOpUM TOPMOXKEHHS OT OTHOCHUTEIBHOH CKOPOCTH
TopmoxkeHust V(¢)/V (31), OT OTHOCUTENBEHON BEIMYHMHBI 3ameyieHus a(t)/a
(32) 1 or OTHOCHTENILHOI BeNWYMHBI pe3kocTH TopMoxkeHust R(f)/R (33).
IIpu moctpoennn pucynka 9 yurens Ilpumedanus 1 u 2 nmpu BeIOOpe 3HaKa
nepest BBIPaXKEHHEM KOPHS.

4.3. CBs3b BeJIMYHMH 3aMelJIeHHSI M CKOPOCTH COCTaBa NpH
TOPMO’KeHHH MO0 rapMOHUYecKoii 0e3ynapHoii moayBosaHe. Omnpenennm
BpeMs. TOPMOKEHHS 4Yepe3 CKOPOCTh TOPMOXKEHHS cocTaBa V(f) wu3
Beipakenust (21) t=(1/w) arccos2V(£)/V-1) u @=2a/V w3 (30) s
npeobpazoBanus (20):

1/2
t V(t
an) _LYorr ) (34)
a v
OOpaTHYIO 3aBUCHMOCTh MOJIYYNM ITyTEM npeodpazoBanus (34) nimm
oicTaHOBKOM m? = —arcsin(a(?)/a) u3 (20) B (21):

/2

1

2

VU)zQSi&Sl—(aUg . (35)
V a

Ha pucynke 10 mpuBeneHbl 3aBUCHUMOCTH MO BbIpaxkeHusMm (34),
(35). IIpu nocrpoenun pucynka 10 yurens! [Ipumeuanus 1 u 2 npu Beibope
3HaKa Iepel BEIpa)KeHUEM KOPHSIL.
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OTHOCUTenbHbIe 3ameaneHwue a(t)/a, ckopocte V(t)/V, o.e.
. 10. 3aBUCUMOCTH OTHOCUTEJIBHOM CKOPOCTH COCTaBa OT 3aMEJICHUS
(oTpunarensHOro yCcKopeHusi) Fy u o0paTHas 3aBUCUMOCTD F,

-
=
[}

5. 3¢ dexTUBHOCTL HMCHOJB30BAHMS  MoJeseil. Pe3ynbrarhl
WCCIEOBAaHMA MOXHO HCIOJIb30BaTh HE TOJBKO JUIsI OKOHOMHH
TEXHHYECKOTO pPecypca TOPMO3HOH CHCTEMBI COCTaBa M IIOBBIICHUS
koMopTa maccaxupoB, HO U JJISI CPABHEHUS TEXHUUECKUX BO3MOXKHOCTEH
(XapaKTepUCTHK) BHICOKOCKOPOCTHBIX ITOE3/I0B, UCTIOIB3YIOMINX Pa3INIHbIE
TOPMO3HBIE KpHBBIE. [Ipearnonoxnum, 4To Moe3/1a OCHAIIEHBI 0OUHAKOBbIMU
ITHEBMaTUYECKUMH U (WJIN) 3JIEKTPOMArHUTHBIMH TOPMO3aMH, Ha KOTOpBIE
3a7al0T TOPMO3HBIC YCHJIMS B OAWHAKOBBIX IHMAIA30HAX HM3MEHEHHS, HO
pasiiMuHble 10 3aKOHAM W3MEHeHMs (Ui TpEX KPUBBIX TOPMOXKEHHS,
PacCMOTPEHHBIX BBIIIE) B COOTBETCTBHUU C IOJYYEHHBIMH TPEMs PYyIIIaMU
BeIpaykeHull. [Ipu 3TOM BBLIENMM J1BE CUTYyalLlUU.

5.1. CpaBHeHue Mojeneii (TOPMO3HBIX KPHMBBIX) NpH 00lIeM
OrpaHNYeHNY BeJUYMHBI 3aMe/lJIeHHUS.

1) s topmosnoit kpuBoit EBD (Emergency Brake Deceleration)
WJIN CTEIICHHOH TIOJTyBOJIHBI BTOPOTO MOPSIIKA MCIOIb3yeM (4), mepenuiieM
(5) c mpucBoenuem nuAekca Vo, T= (2A/a)1/2; V= (2Aa)1/2.

2) Jlnmsg TOPMO3HOHW TapMOHHUYECKOW KPHBOW C €IWHCTBEHHBIM
MOJIOKUTEIBHBIM CKAa4KOM YCKOPEHHMS B KOHIIE IIpOIlecca TOPMOXKEHHS
ucnone3yeM (13), mepenuiieM orpaHAYUTEIRHYIO YacTh BeIpakeHus (13) ¢
npucBoeHneM unaekca Vy: Tn= (1/2)(Aa)"%; V= (Aa)".

3) [lnsg TopMO3HOI rapMOHMYECKOH KpHBOH Oe3 ckaukoB (yIapoB)
3aMeJUIeHHss B TpolLlecce TOPMOXKEHWs wucnonbzyeM (29), nepenwuiiem
BeIpakeHue (27) ¢ mpucBoeHumeM wuHACKca Vg Tg= (nA/a)m;
Ver=2(Aa/m)".

B coorBercTBMM C 3amMCaHHBIMH M IEPEHHIEKCHPOBAHHBIMHU
BBIPAKEHUSAMU CKOPOCTEN NPUBEAEM 3aBUCUMOCTH Ha pUCyHKe 11.

W3 3aBucumocreid Ha pucyHke 11 craenyer, 4To creneHHas
[I0JIyBOJIHA, BO3ACHCTBYsS Ha TOpPMO3a COCTaBa C MEHBLIEH aMIUIUTYIOM
3aMeUICHNs, OCTaHABIMBACT COCTAB OBICTPEE MM OCTAHABIIMBAET 3 TO YK€
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BpeMsi OCTaHOBa TIpu Ooybllel HadadbHOW CKOPOCTH B Hadaye
TOopMOXKeHUs. JIJIsl HaXOXJIEHUA KOJMYECTBEHHBIX OLIEHOK NepeiiéM K
OTHOCHUTENBHBIM eIWHHUIAM I  TpEX paccMaTpHUBaeMbBIX KPHBBIX
TOPMOKEHHSI.

3amuiieM  COOTBETCTBYIOIIME  KOJHMYECTBEHHBIE  COOTHOIUICHHUS
BEIpaKEHUH U3 MyHKTOB 1) — 3):

BpemMs ocTaHOBa cocTaBea, C

o

= _0 5 10 15
§150 V=500 kmi

X

£

g V.

2100 < Ve

[s]

~

5

g 50 A

3

x

g

2

g 5 10 15
©

I

MOAYMNb BENUYWHbLI 3aMeaneHus cocTaea, M/c?
Puc. 11. 3aBucumocTu Ha4aIBHOM CKOPOCTH TOPMOXKEHHS M BpEMEHH Ha OCTAaHOB
COCTaBa OT BEJIMYMHbI 3aMEJUICHUS

Vit (Aa)l/2 Ve 2(Aa/m)l2
=— "~ =0.707; =—— =0.798.
Ver (2Aa)V2 Ver (2Aa)1/2
T n/2)(Ala)l/2 T 2(nA/a)l/2
L:L: A11; or 2221.253
Ter (2A/a)l/2 Ter (2A/a)l2

W3 KOIu4eCcTBEHHBIX COOTHOIICHUMN BUAHO, 4YTO OI'paHUYCHUC Ha
BCJIMYMHY 3aMCJICHUA HOPHUBOAUT K HeO6XO,HI/IMOCTI/I COKpalieHusd
MaKCHMaJIbHbBIX CKOpOCTeﬁ BXOXACHUA B PEKUM TOPMOXKCHUA JIA
TapMOHHWYCCKUX KPHUBBLIX 3aMCUICHUSA COCTaBa. HpI/I 9TOM COOTBCTCTBCHHO
YBCJIMYMBAIOTCA BPEMCHHBIC MHTEPBAJIbl OCTaHOBA COCTaBa.
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5.2. CpaBHeHue  Mmojejeii  (TOPMO3HBIX  KPHBBIX)  TpH
NPONOPUHOHAJBHOM  YMeHbIIEeHUH MAaKCUMAJbHBIX  BeJUYHMH
3aMensieHuii. J[nsg mpuMmepa HCIONB3yeM MaKCHMajibHBIE 3HAYCHHUS
3aMeUICHUH U1 TPEX THUIIOB TOPMO3HBIX KPHBBIX, TOJIyYEHHBIX paHee B
mpuMepax pacyéToB IapaMeTpoB TOPMOXKECHUS: B ITyHKTE CTaThu 2.3
pasnena 2: a.,= —6.43 M/CZ; B myHKkTe 4.3: a.,—— 12.86 M/Cz; B myHKTe 5.1.:
ag= — 10.10 M/c’. BolpaskeHus Ui pacuéTa 3aMMCTBYeM U3 IyHKTa 6.1, B
KOTOPBIX MCIIOJIb3yEeM MHAEKCUPOBAaHHEIE, B YaCTH HAMCaHMsl 0003HAYESHNUS
3aMeJUIeHUH, BEIPasKeHHUSI.

Vo o (a)V2 (1286)12 Vo (2a5,)V2  (210.1)12

Ve (2a,)12  (2643)72°7 Ve (gq )12 (n643)72 7
T, mlag)? w6432 T (mag)V?  (n643)12
Ter 2(2a.,)V2  (8-12.86)12 0% e (2ag,)V2  (2-10.1)12

W3 mnocieiHUX KOJNMYECTBEHHBIX COOTHOWIEHUWH BHJHO, YTO
OTCYTCTBHE OIpAaHMYEHHH HA BEIMYMHBI 3aMeJUICHHH NPHUBOJAT K Oolee
ONTUMHUCTAYHBIM BBIBOJAM, Y€M B IMyHKTE 6.1:

—  OTCYTCTBYeT  YMCHBIICHHE  MAaKCHMAalbHBIX  CKOPOCTEH
BXOXKJICHUS B pEXKHM TOPMOKCHHUS IUII TapMOHHYECKHX KPHUBBIX
3aMeIJICHHS COCTaBa;

—  BpEMCHHBIC WHTEPBAJIBI OCTAHOBA COCTaBAa COXPAHSIOTCA, a B
CITydae HMCTIONIb30BaHMs TApMOHNYECKOH KPUBOH TOPMOKECHHUS C MIMITYIIECOM
3aMEIJICHMs. B KOHLIE MHTEpBala TOPMOXKEHHUS, BPEMEHHOM MHTEpBal
ocTtaHoBa MeHblIe, ueMm y kpuBoit EBD ETCS T;, < T,.

[Tpu 5TOM ecnu TOHU3HUTH BEJIMYNHBI MaKCUMaJIbHBIX 3aMe/IICHUH B
nporeccax TOPMOXKEHHUSI cocTaBa JUIsl BceX TPEX PacCMOTPEHHBIX Mojeiei
MPONOPIMOHANBEHO KO3 duieHTy k& <1, TO MOJIOKHUTEIBHBIE PE3yIbTATHI
HE MCUYE3HYT, TaK KaK B ITOCICIHUX KOJIMYECTBEHHBIX COOTHOIICHHSAX TIOCIIE
MTOJICTAHOBKH KOA((UIMEHTHI & B3aMMHO COKPATSTCS.

6. 3aka0uenue. MaremaTtnueckue MOJIENHU Ha OCHOBE
TApMOHMYECKUX  TIONIYBOJIH  [UII  COBEPIICHCTBOBAHUS  IIPOLIECCOB
TOPMOKEHHSI BBICOKOCKOPOCTHBIX IOE3I0B MO3BOJISIFOT  MCCIIEIOBAThH
HemocTaTkl EBporefickoit cucteMsl ympasneHus moe3namu (European
Train Control System (ETCS)): ummnynbcHOe, MHOTOKpaTHOE CpabaThIBaHKE
TOPMO30B IIpH D3KCTPEHHOM TOPMOKEHHUH, YTO MPUBOJAUT K H3HOCY
TOPMO3HOM CHCTEMBI M CHHXKAET KOM(OPT NAacCaKUPOB MHOTOKPATHBIM
MIOBTOPEHHUEM IePerpy3oK.

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1409
ISSN 2713-3206 (online) www.ia.spcras.ru



POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHUA

JlokazaHo, 9TO MaTeMaTHYECKON MOIENBI0 KPHUBBIX TOPMOKEHHS
ETCS sBnsercst cTemeHHas TONYBOJIHA WM ABTOPCKUH 000OIIEHHBIN
Kputepuii Hambomipmero otkimoHeHus (2005 rtox) [8]. PesympraTh
JTOKa3aTeIbhCTBA MOKA3BIBAIOT, YTO MaTeMaTH4ecKas MOJeNb 0000MEHHOTO
KpUTEpHsI HAMOOJIBIIETO OTKJIOHEHHS SBISCTCS aKTyalbHOM M IMpUMEHHMA
JUTE MOJIEIMPOBAHUS TIPOIIECCa TOPMOKEHHSI BEICOKOCKOPOCTHBIX MOE3/I0B.
Ora MOJENb OINpeAeNseT HOBBIE CBOMCTBA W METOABl IOCTPOCHUS
W3MEHEHHsI CKOPOCTH M 3aMeUICHHMs BBICOKOCKOPOCTHOTO COCTaBa,
NoJHOCThIO oTBevaromue TtpeboBanusmM ETCS. Cepx Toro mnossossier
OCYLIECTBIISITh IIABHOE pEryJIMpOBaHHE MpOLecca TOPMOXKEHHUS, YTO
AKTYaJIbHO IJIsA HOBEWIIINX IOE€310B TUIIA «MAarJIEB). Omnucannas MCTOAUKA,
B CBOIO Ouepeb, [03BOJIMIIA pa3paboTaTh JABE HOBbIE MOJEIH Ha OCHOBE
TAPMOHHYECKUX TIOJIYBOJH, KOTOPBIE CBOOOIHBEI OT MHOTOKPATHOTO,
HMIYJIBCHOTO CpabaThIBaHUS TOPMO30B, OOCCIICYMBAIOT HEMPEPHIBHOE
peTyIupOBaHUE CKOPOCTH, TPUBOIAT BpEMS TOPMOXKCHHS K HHTEPBAIY
(paccTosiHHIO) TOPMOXKCHHS TapMOHUYECKOH monyBonHEI. [lepBas w3 mByx
HOBBIX TapMOHHYECKHX IIONYBOJIH  XapaKTePU3yeTCs OIHOKPATHBIM
HMOYJIBCHBIM ~ OTITyCKAHWEM TOpMO3a B  KOHIE TOPMOXEHHUS U
PaBHOMEPHBIM HapacTaHWEM B IPOLECCE TOPMOXKEHHs. DTOT pe3ysbTar
MOKHO HCII0JIH30BAaTh, Hanpumep, B cHCTEMAX YIIpaBIICHUS
BBICOKOCKOPOCTHBIMHU JII/I(bTaMI/I BBICOTHBIX BHaHHﬁ. HpI/I 3TOM MOXKHO
obecrieuynTh IOCTENIEHHOE JMHEWHOE YBeNIM4YeHHe YCKOopeHHua. Bropas
HOBasi TrapMOHHMYECKas TOJYBOJHA MMEET 3aMeJICHHE [0 3aKOHY
OTpPHUIIATENEHOW cuHycouApl. M3 93roro 3akoHa myTéM omepanui
UHTETpUpOBaHUs W JuddepeHIUpoBaHUs TOTYYCHBI 3aKOHBI IyTH
TOPMOKEHHS, CKOPOCTH H PE3KOCTH TOPMOXXEHHsS CBOOOJHBIC OT
HEOOXOANMOCTH HWMITYJIbCHBIX TOPMO3HBIX BO3/IEHCTBHUI, YTO IOBBIIIAET
KOM(}OPT maccakxupoB M COXpPaHSET PEcypc TOPMO3HBIX CHCTEM IOE370B
TUIA «MarjieB» U OOBIYHBIX BBHICOKOCKOPOCTHBIX IIO€3/I0B C MarHUTHBIMH
TOPMO3aMH.

Takum 06pa3oM, pe3ynbTaThl CTaThH MOTYT OBITh NCTIOJIB30BAHBI IS
MOJICNMPOBAHM pEeXHMa pPEBEepPca ONTHKO-3JIEKTPOHHBIX CHCTEM TIpH
HaOJIIOICHUH B COTIPOBOKICHUH TTOABIKHBIX 00BEKTOB, IUCTAHIIMOHHOTO U
aBTOHOMHOTO YIIPaBJeHHWS IUIABHBIM IIepeMelleHHeM poOOTOB M HX
JNIEMEHTOB C COXpaHEHHEM MAaKCHUMaJbHBIX CKOpPOCTEH, YCKOpeHHH u
peskoctell nBIKeHUs. llpuMeHeHue oOOmIero TMoaXoAa K MOJESIM
OTKpBIBAE€T  IIEPCHEKTHUBBl  YIPABICHHUS  JBIKCHUSMH pOOOTOB U
MEXaHHU3MOB C HEOOXOIMMOI TOYHOCTHIO, IJIABHOCTHIO, 00ECIIEYMBACT MX
paboTy B pealbHOM BPEMCHH.
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B. MAYOROV
APPLICATION OF HARMONIC HALF-WAVES FOR
AUTOMATION OF HIGH-SPEED TRAINS CONTROL

Mayorov B. Application of Harmonic Half-Waves for Automation of High-Speed Trains
Control.

Abstract. The emergency braking processes in the European Train Control System
(ETCS) of high-speed trains are associated with stepwise regulation of acceleration
(deceleration) depending on the braking ability of the train, terrain data and changing weather
on the route. These processes are defined in ETCS. The procedure for stepwise regulation of
deceleration is carried out by the driver repeatedly in the process of braking until the train stops
completely. The beginning of emergency braking and its end, as well as the braking process
itself, is accompanied by repeated pulsed operation of the brakes, which leads to jumps in
deceleration and, accordingly, to increased wear of the brake system, a decrease in comfort for
passengers, which results in the limitation of the maximum allowable speed. The article
proposes a new concept and technique for constructing mathematical models of emergency
braking curves different from ETCS curves and based on harmonic half-waves. It is shown that
the ETCS deceleration curves are described by known second-order power half-waves. Their
joint study gives grounds to assert that the application of these curves leads to the obligatory
pulsed mode of brake operation. Two new variants of models of emergency braking curves
described by harmonic half-waves are proposed. The first option has one pulsed brake
application at the end of the braking interval. The second option is free from braking impulses
and allows the use of continuous regulation. These models explain the features of ETCS,
contain proposals for their elimination, and are applicable to the development of new
emergency braking curves that allow smooth control of emergency braking of trains.
Efficiency, differences and advantages over ETCS braking curves are shown on the results of
mathematical modeling of emergency braking processes.

Keywords: high-speed trains, maximum speed, emergency braking, emergency braking
curves, smooth train deceleration control, harmonic half-waves, method of constructing
mathematical models of emergency braking curves.
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K.B. KPOTOB
MATEMATHYECKOE MOJEJIMPOBAHUE IMPOLECCOB
BBIIIOJIHEHMSI TAKETOB 3AJIAHUI B KOHBEMEPHBIX
CUCTEMAX C IPOMEXYTOYHBIMU BY®EPAMHA
OI'PAHMYEHHBIX PASMEPOB

Kpomos K.B. MaremaTH4eckoe MOJeJIMPOBAHHE IPOLECCOB BbINOJIHEHHS] IAKETOB
3aJaHUil B KOHBeHEpHBIX CHCTeMaX C TNPOMEKYTOYHbIMH OydepaMu oOrpaHM4eHHBIX
pa3MepoB.

AnHoTanusi. CoBpeMEHHBIE METO/IbI INIAHUPOBAHHS IPOLIECCOB B KOHBEHEPHBIX CHCTEMaX
¢ Oydepamu ONpeneneHHOro pasMepa Mexay 00pabaThIBAIOIMMHU MPUOOpPAMHU IO3BOJISIOT
ONTHMH3HPOBATh PACIHCAHUS BBIIOJTHCHUS CAMHMYHBIX 3aJaHuil JMOO (PUKCHPOBAHHBIX
IIAKETOB 3a/[aHMI1 IIPU NX OIPAHUYEHHOM KOJIMYECTBE M OIPAaHUYEHHOM KOJIMYECTBE IIPUOOPOB.
IMpuMeHeHne MaTeMAaTHYECKHX Mojeneil IMPOLECcCOB BHINONHEHHS €IUHHYHBIX 3aJaHHK
(makeToB 3a/1aHuii), HCIIOJIB3YEMbIX THMH METOAAMH, IPU ONTUMHU3ALHU COCTABOB IAKETOB U
pAacIiCaHUii X BBINOIHEHHS B CUCTEMAX C IIPOM3BOJIBHBIM KOJIMYECTBOM ITIAKETOB M IIPUOOPOB
SIBIICTCSI HEBO3MOXKHBIM. B TO ke BpeMs MaTeMaTHYeCKHe MOJEIH MPOIECCOB BBHITOIHCHUS
IIAKETOB 3aJaHNi B KOHBEHEPHBIX CHCTEMaX NPH HaMM4uK Oy(hepoB OrpaHMYEHHBIX Pa3MEPOB
MEX/ly NpHOOpaMH SIBISFOTCS OCHOBOI JUIsl pa3pabOTKM METO/IOB ONTHMHU3AIMHU HX (TTaKETOB)
COCTaBOB M PACIMCAHUI peann3aliu JeHCTBUNH C HUMH Ha MpUOOpax KOHBEHEPHBIX CHCTEM.
B cBsi3u ¢ 3TUM B cTaThe pa3paboTaHbl MaTEMaTHYECKUE MOIEIN MHOTOCTAIMIHHBIX MPOIIECCOB
BBINIOJIHEHUS TIPOU3BOJIBHOTO KOJIMYECTBA IAKETOB 3aJaHMIl B KOHBEHEpHBIX CHCTEMaxX NpH
HaJIMYUH IPOMEKYTOUHBIX Oy(hepoB OrpaHHYEHHBIX Pa3MEpOB AN ABYX M TpeX IpUOOpOB, a
TaKxkKe I MPOU3BOJIBHOTO KOJIM4ecTBa NpubopoB. Mcnonp3oBaHue 3THX MoOJEINei M03BONAET
OIpENeNiATh MOMEHTHI BPEMEHHM Haudaja BBITIOJHEHHS IIAKeTOB 3aJaHuil Ha mpuoopax
KOHBEHEPHBIX CHCTEM C Y4ETOM OIPAaHHYCHHBIX Pa3MEpPOB IIPOMEKYTOUHBIX Oy(hepoB, a TakxKe
JUITENTBHOCTH MHTEPBAJIOB BPEMEHH HCIIONB30BAHUA 3THX PECYpcoB M 3(P(PEKTUBHOCTh HX
UCHONB30BaHMSA B TEYEHHE BpEMEHM. Takke pa3paboTaH alrOpUTM MAaTEMaTHYECKOTO
MOJIEIHPOBAHHKS TIPOLIECCOB BBHIIOIHEHUS MAKETOB 3aJaHUIl B KOHBEHEPHBIX CHUCTEMax IIpU
HAJIMYMH TIPOMEXYTOUHBIX Oy(epoB OrpaHUYEHHBIX Pa3MepOB, OCYIIECTBISIONINI HA OCHOBE
3aJIaHHOTO TIOPs/IKA pea3aliy ACHCTBUI ¢ NMaKkeTaMM 3aJaHuil Ha pubopax KOHBEHEPHBIX
CHCTEM BBIYMCICHHE BPEMEHHBIX XapaKTEePHUCTUK ITUX MpoueccoB. OcymecTBaeHa pa3zpaboTka
NPUIIOKEHNS, PEATM3YIOIETO CHHTE3UPOBAHHBIE MAaTEMaTHUECKHE MOJENIN IPOLECCOB
BBITIOJTHCHUSI TTAKETOB 3aJaHMH B KOHBEHEPHBIX CHCTEMaX C IPOMEKYTOYHBIMH Oyhepamu
OrpaHUYCHHBIX Pa3MEPOB U COOTBETICTBYIONIMI METOJA MOJIEIHPOBAHHS ITUX IIPOLECCOB.
Pa3HOCcTOpOHHEE TECTHPOBAHHE Pa3pabOTAHHOTO NPUIIOKEHMS II0KA3al0, YTO IMONyYEHHBIE
MaTeMaTHYecKHe MOJENd M METOJ MOJEIMPOBAHMs  aJEKBaTHO  ONMCHIBAIOT — XOJI
MHOTOCTaJUIHBIX IPOLIECCOB BBHINONHEHUS] MAKeTOB 3aJaHUi B KOHBEHEPHBIX CHCTEMax,
3a/1aBaeMBIil C HCTIONB30BAaHNEM PA3IMYHBIX 3HAUECHHH HX (IPOIIECCOB) MAapaMeTPOB.

KiroueBble  coBa:  KOHBEHepHbIE  CHCTEMBI,  oOpalaThIBafoIIue  HPHOOPHI,
IIPOMEXyTOuHble Oydepbl, MaKeTsl 3aJaHHH, MHOTOCTAIUHHBIC MPOIECCH], PACIHCAHUS,
MaTeMaTHYeCKOe MOJCIUPOBAHHUE.

1. BBenenune. OOpabaTeiBarolias cHUCTEMa KOHBEHEPHOTO THIA
NPeACTaBIsIeT COOOHM  IOCIeI0BaTEIbHOCT TPHOOPOB, BBIIOJIHSIOIINX
3aJaHud B COOTBETCTBUM CO CTPOrO 3aJaHHbIM MAapUIpyTOM HX
nepeMerieHuss Mexay npubopamu. Ilporecc BbIIONHEHUS 3alaHUd B
koHBeifepHbix cucremax (KC), xapakrepusyeMmblil HamuuueMm craauit
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(3TammoB) peanuzanMM JIEHCTBHH ¢ HUMH Ha NPUOOpPaxX OTHX CHCTEM,
Ha3bIBAECTCS MHOTOCTAIMKWHBIM IpoleccOM. BrImonHenne 3agaHuii B
KOHBEHEPHBIX cucTeMax XapaKTepU3yeTcs JUTUTENBHOCTSIMH:
1) BemmonHeHWS  3amaHuii  Ha mpuoopax KC;  2) mamrenbHOCTAMH
nepeHanaakun npubopos KC nHa BemonHenue 3amamii. C  ydgeTom
YKa3aHHBIX [TAPaMETPOB 3aIaHUSI MOTYT OBITh THUITM3MPOBAHBI CIIEAYIOIIIM
00pa3oM: K OZJHOMY THITy OTHOCSITCS 331aHHs, UMEIOLINE PaBHbIE 3HAYCHUS
JUINTEJIBHOCTEH HX BBIMONHEHHss Ha npubopax KC wm mmurenbHOCTEH
NepeHaNakiu NPUOOPOB HA peanu3aluio IeicTBUil ¢ HUMHU. [loBbIIICHHE
3G PEKTUBHOCTU BBINIONHEHUST 33aHUi pasHbIX THIOB B KC cBszaHO ¢
¢dopmupoBanueM naketoB. [lox nakerom 3ananuii (I13) monpazymeBaercs
COBOKYIIHOCTb 3aJlaHUi OJHOrO THIIA, peaau3alus ACUCTBUU C KOTOPBIMU
Ha mpubopax KC He cBi3aHa ¢ MX HepeHaNaJKoH. ABTOPOM MPEIIOKEH
METOJl MHOTOYPOBHEBOW ONTHMHU3AIMM, IIO3BOJMBIIMK pEann3oBaTh B
COCTaBE MEPApXMUYECKOM CHCTEMBI pEIIeHHe 3axad: 1) ONTUMH3AIHN
pacnucaHuii MHoOroctaguiHbIX mpoueccoB BbimonHeHuss [13 B KC [1]
MOCPEACTBOM IIOUCKA JIOKAJIbHO ONTHMAIBHBIX PEIICHUH 0 MX COCTaBaM
Ha BEPXHEM YPOBHE M IIOMCKA JIOKAIBHO ONTHMAJIbHBIX pEIICHUH IO
MOpsiAKaM MX  BBIIOJHEHHMA Ha TpuOOpax Ha HWKHEM YPOBHE;
2) ONTUMH3AIMK PACIUCAHUN MHOTOCTAIUITHBIX IPOIECCOB BBIMTOTHEHMS
I3 8 KC mpu ¢opmMupoBaHHM KOMIIEKTOB M3 pe3ynpTatoB [2 — 3]
TIOCPEICTBOM IMOUCKA JIOKAIBHO ONTUMAJILHBIX pelieHui mo coctaBam 13 u
[0 TOpsAAKaM peaNu3alu JedcTBUif ¢ HUMH Ha mnpubopax Ha
COOTBETCTBYIOIIMX YPOBHIX HEpapXwu; 3) ONTHMHU3AUUN pPACHUCAaHUN
npoueccoB BeimonHeHuss I[13 B KC mnpu 3amaHuu orpaHudyeHuss Ha
JUITUTEIEHOCTH ~ MHTEPBAJIOB BPEMEHM WX (YHKUHMOHHMpOBaHUS  [4]
MOCPENCTBOM IOUCKA JIOKAILHO ONTUMAIIbHBIX pellleHuH mo: coctaBam 113
Ha IEPBOM YPOBHE, COCTaBaM IpYMI MAaKETOB, BBINOJHAEMBIX B TEUCHHE
UHTEpBaNOB  BpeMeHH  ¢yHKiuoHupoBanus  KC  orpaHmyeHHOH
JUTUTENBHOCTH, Ha BTOPOM YPOBHE, HOpPAIKAaM BBINOJIHEHMS IIAKETOB W3
rpynn Ha Iprudopax Ha HIKHEM (TPEThEM) YPOBHE.

Pa3BuTne MepapXMUecKoro MOAXOAA CBS3aHO C PEIICHHEM 3a/1adu
ONTHMM3AIIH PACTTUCAHUN MHOTOCTaIUHHBIX MPOoTieccoB BhmoaHeHus [13 B
KC npu 3amaHun orpaHudeHHs Ha APYroil BUI PECYpPCOB, HCIIOIB3YEMbIX
mpu peamm3anuu aeiictBuit ¢ makeramu B KC — pasmepoB Oydepos,
HaxoJsIMXcd  Mexay oOpabarbiBaromuMu — mpubopamu. B Hux
pa3MeInaroTcs 3aJaHusl, BXOJIIUE B MAKeThl, NOCIE 3aBEPILEHHs KaxIoH
CTaJud MHOTOCTAQAMHHBIX TPOLECCOB pealu3alliil ICHCTBUH ¢ HUMHM Ha
npubopax KC.

C Hchonb30BaHMEM MEPApXUYECKOTO MOJXOAa peIIeHHe 3aJadu
ONTUMU3ALMU PACIUCAHUN MHOTOCTAJUIHBIX IpoleccoB BoinonHeHus [13 B

1416 Wndopmaruka n apromaruzanust. 2023. Tom 22 Ne 6. ISSN 2713-3192 (uieu.)
ISSN 2713-3206 (ommaiin) www.ia.spcras.ru



MATHEMATICAL MODELING AND APPLIED MATHEMATICS

KC nmpm orpanmueHuu Ha pasMepsl MPOMEKYTOYHBIX  Oydepos
OCYIIECTBIISIETCS] IIyTEM ONTHUMH3AIMN PEIICHUH 110 COcTaBaM IaKeTOB Ha
BEpXHEM YPOBHE U ONTHUMM3ALMHU PACIUCAHUN peanu3aluu ACHCTBUM C
HUMH Ha TprOOpax yKa3aHHBIX CHCTEM Ha HIDKHEM ypoBHE. ONTHMH3aIus
MOPSAKOB  peanu3aliii  JeHCTBHHA ¢ 3amaHusMu Ha mnpudopax KC
OCYIIECTBIISIETCSI Ha OCHOBE MAaTEMaTHYCCKOH MOJENH MHOTOCTAIMITHBIX
npoueccoB BoinosHeHus [13 B KC mpu yuere orpaHndeHust Ha pa3Mmepsl
OydepoB. 3agaua pa3pabOTKH MATEMAaTHUCCKOW MOJCIH MHOTOCTAIHIHBIX
nporieccoB  BeimonHeHus II3 B KC mpu orpaHudeHHBIX pazMepax
NPOMEXYTOUHbIX OydepoB B Hacrosuiee Bpems HE pelieHa TpeOyeMbIM
o0pa3oM C TOYKM 3pEHHs BO3MOXXHOCTH €€ MHCIOJIb30BaHUS IpU
ONTHMM3ALUM COCTaBOB IIAKETOB W pacnucaHuil. B cBsasu ¢ 3TuM
pa3paboTka MaTeMaTHIeCKOW Mozenw mporeccoB BemonHeHus I13 B KC
Ipu HAIUYAWM MEXAy oOpaOaTeBatommMu  npubopamu  Oydepos
OTPaHUYCHHBIX Pa3MEpOB SBISETCSA aKTyaJIbHOI.

OpHOM U3 TIepBBIX padoT IO TUIAHUPOBAHUIO TPOIIECCOB BBHIMTOIHCHUS
enmangHbIX 3ananuit (E3) B cucreme Flow Shop (FS) mpu orpanmdennn Ha
pasmep b mpomexyrounoro Oydepa sBisiercs pabora [5]. B Hei
paccMaTtpuBaeTcsl 3ajada TOCTPOCHHUSl pachucaHuii BeImojHeHuss E3 B
chUcTeMe C JABYMsi NpHOOpaMH U OJHMM HPOMEXYTOYHBIM Oydepom
€IMHUYHOTO pa3Mmepa. Jloka3biBaeTcs, 4To 3aaaya sBiserca NP-TpyaHol, a
TaKKe  HMCCIEOYIOTCS ~ CBOMCTBa  Ipolecca  BBINOJHEHHS — 3aJaHHH,
CBSI3BIBAIOIIME MOMEHTHI BPEMEHHM Hadvana/OKOHYaHWsI BBIIOJHEHHS I-X
3aJaHUil Ha TepBOoM mpudope u (i-b-1)-x 3amaHuil Ha BTOpoM mpudope. B [6]
BBEJICHA B PacCMOTPEHHE MOAENb Mpolecca BbinonHeHus E3 Ha mpubopax
KC npu orpanudeHHbIXx B b emuHUIl pasMepax Oy¢epoB, MO3BOJISIONIAs
(opMHpOBaTH MOMEHTHI BPEMEHM Hayajla peaju3aluyl JCHCTBHH C i-MHU
33IaHMSIMU Ha [-X TIpuOOpax, yYHUTHIBAIOIIAsi MOMEHTEl BpEMEHH OKOHYAHHUS
BBINIOJIHEHUS 3THUX 3amaHuil Ha (I-1)-x mpuOopax, NpenecTBYIONNX UM
(i-1)-x 3aganmii Ha [-X mpuOOpax, a TakKe MOMEHThI BPEMEHHM Hadaia
BBITIOJTHEHUS (i-b-1)-X 3amannii Ha (I+1)-x mpubopax. [Ipu sTOM crocoObI
BBIYHCIICHMSI MOMEHTOB BpPEMEHH Hauajla BBIOJTHEHHSA i-X 33/JaHUH Ha
MepBOM W TMOCHEAHEM MpuOOopax »dSTOH MOAETHI0 HE OMPEIeITIOTCS.
Hcnonb3oBaHre TPEAJIOKEHHBIX B [6] 3BPUCTHYSCKHX TPABWII TTO3BOJISET
tdopmupoBate mOpsaOK BbmmonHeHuss E3 nHa mpumbopax KC ¢ yderom
MPOMEXYTOUHbIX Oy(depoB oOrpaHHMYEHHBIX pasmepoB. B paGore [7]
paccmarpuBaercs cucrema Flexible Flow Shop (FFS), mpeacrammstomas
€000 ToCIIeI0BaTENFHOCT U3 MAIIMH C NapaJlIeNbHO (QyHKIIMOHUPYIOMIUMHA
npubopamu (Batch Proccesing Machine (BPM)) u mnpomexyTouHbIMU
oydepamu Mexny HumE. [Iprboper B BPM pasHoii mpou3BoauTenbHOCTH. B
CBSI3M C OTHM BO3HMKAaeT 3ajada BbIOOpa I KaKIOTO 3a/IaHus
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obpabaTpIBaromiero npubdopa, Bxoasmero B BPM, takum ob6pa3oM, 4ToObI
MHHAMH3HPOBATH 00IIee BpeMsl peann3allii WX BEIONHEHHs. Paspaborana
monens MILP (mixed-integer linear programming), B KOTOpOH Tporieccy
BemmonHeHUst E3 Ha mpmbopax KC mnpm 3amaHHBIX pasmepax Oydepon
COOTBETCTBYET CHCTEMa OTPAaHMYCHUI HA MHOXECTBO JIOITyCTHUMBIX PEIICHHUI.
B [8] paccmaTpuBaeTcs oOpabaThIBaromas CHCTEMa, MPEACTABIISIOMmAs co00i
nocnenoBarenbHOCTh BPM u mpomexxyTouHbix OydepoB Mexmy HHUMH.
IlocTaHoBKa 3a7aull MHTEPNPETUPYET paccMaTpuBaeMylo cucteMy kak FFS,
4TO TIpeJycMarpuBaeT BbIOOp B Kaxiod BPM mpuGopos, peanusyrommx
BemmosHeHue E3. [[ng onrtummzarm mapuipytos BeinonHeHus E3 B FFS u
pacnucaHuil TpOBEIEHHs JeWCTBUII C HMMH Ha npuOopax pa3paboTaH
JITOpUTM MMHTAMK NoBeeHus crau kutoB (Whale Optimization Algorithm
(WOA)), mns peanuzand KOTOPOTo pa3paboTaHa MaTeMaTHYecKas MOIEINb
paccMaTpUBaeMoOro Ipolecca B CHCTEME yKazaHHOro tuma. B [9] mms
peIIeHNsT pacCMaTpUBaEMON 3aa4yl ONTUMH3ALNH PACTINCAHUI BBITIOTHECHHS
E3 B KC mnpuMeHeHBH MeETa’BpPHUCTHYCCKHE AalTOPUTMBI (B YaCTHOCTH,
anropuTM OIeHKH pactpenenenus — Estimation of Distribution Algorithm
(EDA)). Ilpu sTOM WHCIONB3yeTCS MaTeMaTHYeCKas MOJIENb OIPEIeIICHUS
MOMEHTOB BPEMEHH Hauaja BBIMOJHEHUs Kaxoro i-ro E3 Ha /-x mpubopax
KC (1, HL, rne L— wunentuduxarop mnocneanero mnpudopa B KC),
ananornyHas [6]. IToctpoenuto mozenn MILP onTummzanuy pacimrcaHUit
BemonHenuss E3 B cuctemax FS Ha mnpumepe MeTauTypraueckoro
MPOU3BOJICTBA TMOCBsAImeHa padora [10]. Hammume B cucreme Oydepos
OTPaHWYCHHBIX PAa3MEPOB YYUTHIBACTCS B OTPaHHMUYCHUAX pPa3pabOTaHHOU
mozaenu MILP. JIns noHMKeHUsI BBIYUCIUTEIBHON CIIOKHOCTH 3a1a4u B [10]
peanusyercst penakcauust orpanndeHni Mmogenu MILP. PaccmarpuBaemast B
[11] cuctema BemomHenus E3 mpencrarisieT co0oit mOCIeI0BaTeNIBHOCTD H3
onuoit BPM n oxnoit Job Proccesing Machine (JPM), B koTopoii 3aganus u3
MIAaKETOB BBITOJHAIOTCS TOCIIEJOBaTeNbHO. PasMep npomexyrounoro oydepa
KpaTeH KosindecTBy mpubopoB B BPM. [lns onrtuMuzanuu pacrmcaHUi
BemonaeHus E3 B KC B [11] BBegena mozens MILP, B koTopoi Hanmdaue
MIPOMEXKYTOUHOTO  Oydepa  OTpaHMICHHOTO  pasMepa | 3aJaHHas
KoHpUTyparus cucTteMbl (B BHIe TocienoBarenbHocth BPM u JPM)
OTIPEZIETISFOTCS. BUJIOM OTPAaHWYEHUH Ha MHOXKECTBO JOMYCTHMBIX PEIICHHUIL.
B [12] paccmarpuBaeTcs 3a/1a4a ONTHMU3AIMN PACTIMCAHHUNA BBITTOJTHEHUS E3
B KC, cocrosieit u3 1ByX mpuOOpPOB ¥ MUPPOBOTO MPOMEKYTOUHOTO Oyhepa
Mexny HumH. llepBelii mpubop obecrieuuBaeT mnoiydeHue Qaina it
BOCIIPOM3BEACHHS U pa3MellIeHHe ero B Oydepe, BTOpoil — BOCIIPOM3BEACHHE
(aitma. B [12] comocraBiseTcss IMTEIBHOCT BBIMOIHEHUS i-il pabOTHI O
nonydeHuto daitna u ero oo0beM (eaMHMIA 00bEMa NAHHBIX 3arpyXaeTcsi B
€/IMHUILY BpeMeHH). B BbIparkeHUsIX JUIsl pacyeTa MOMEHTOB BPEMEHH Havaja
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BBIITOJTHEHUSI 3aJaHUH 10 TONy4YCHUIO (aiiia ero o0beM HHTEPIPETHPYETCS
KaK JUIMTENFHOCTh 3aKadKh. AHAJIOTHYHO WHTEPIPETHpPYETCS M pa3Mep
Oydepa — MaKCIMabHOE KOJIMYECTBO TAHHBIX B Oydepe comocTaBisieTcs ¢
JUTHTETIFHOCTBIO MHTEpBAia MX NOoIydeHns. Takxke pasMep TaHHBIX B Oydepe
HMHTEPIIPETHPYETCS KaK JUINTEIHHOCTh HHTEPBala BPEMEHN BOCTIPOM3BEICHHUS
HaxoJmerocss B HeM (aitna. B crry ykazaHHBIX 0COOCHHOCTEH BBEICHHAsS
B [12] Mozens uMmeeT orpaHUuUEHHs Ha €€ UCIOJIb30BaHUE, BBITEKAIOIIEe M3
0CcOoOEHHOCTEW HWHTEpIpeTalud BXOAHBIX IapaMeTpoB. PaccmarpuBaemas
B [13] cuctema mpencrarisieT coOOW IBE MapauieiIbHO (DYHKIIMOHUPYIOIIHE
cuctembl Flow Shop ¢ oOmuMy pabounuMu CTaHUMSAMU U IIPOMEXYTOUHBIMH
OydepaMu OrpaHMYCHHOTO pasMepa MexIy npubopamu. s onTUMU3AIMA
pacnucanuidi BhimosHeHWst E3 B cucTeMe yka3aHHOro BHAa pa3paboTaHa
mozens MILP, yuuThIBaromas HadMuue EAUHUYHBIX [POMEXKYTOUHBIX
OydpepoB Mexay mnpuOopaMu B MapaUICIbHBIX IIOTOKAX BBIONHCHHS
3agaHuii W Oo0muX paboYMX CTaHIWH, KOTOPBIE pAa3ICIIFOTCS MEXKIY
3agaHusMA. ONTHMU3AIMS PACHCAHUN peaNu3yeTcss C HCIIONB30BaHHEM
MomuduimpoBannaoro anroputMa NEH (aBropsr anroputma Nawaz, Enscore,
Ham — NEH). 3apmaga, paccmatpmBaemasi B [14], aHamormdHa 3amade c
MPOMEXYTOUHBIM Oy(hepoM orpaHuueHHOrO pa3mepa. B Hell Oydep sBiseTcs
BBIXOZHBIM M MHTEPIPETUPYETCS KaK CKIIaJ TOTOBOI npoaykiwn. O6paboTka
3aaHUi MOXKET MPUBOIUTH K 3alOHEHUIO CKJIaa, MPOAYKIHI U3 KOTOPOro
W3BJIEKACTCS B JAWPEKTUBHBIE CPOKH, YTO TPHUBOIUT K OJIOKHMPOBAHHIO
obpabatpiBatoriero mpubopa. C 1enpl0  pemieHus yKa3aHHOW — 3ajadu
cuHTe3npoBana Mojiesnb MILP ¢ HenuHeliHbIMU orpaHnyeHusMU. B kauecte
LEeNeBOH (YHKIMH BBICTYNAIOT CyMMapHbIC INTpadpl 3a XpaHCHHE
OpOIYKIMU Ha CKJIaJe U 3a HapylleHHe IUPEKTHBHBIX cpokoB. B [15]
paccMarpuBaercsa cucrtemMa FS rubpuaHoro Tuma ¢ moBTOpHOH 00paOOTKOM
Ha mpubopax u Oydepamu OrpaHHYEHHBIX Pa3MepoB (3aaHUSI MOBTOPHO
BBINIOJIHSIIOTCST. Ha OJHOM M TOM JKe NpHOOpe B COOTBETCTBHH C
TEXHOJIOTHIeCKUMHU ~ MapmpyTtamu). CdopMupoBaHa ONTHMHU3AITUOHHAS
MOJIeTIb TIOCTPOCHHUS PACIHCaHMi, B KOTOPOH IieyieBast (PyHKINS UMEET BHI
B3BEIICHHOTO AUTUTUBHOTO KPUTEPHsS, YUHUTHIBAIOIIETO BpPEeMs OKOHYAHUS
BBIITOJTHEHMSI BCEX 3aJaHWH B CHCTEME W CpEAHEe BpPEMs BBITIOIHEHUS
3a7aHUif, a OMOJHUTENBHBIC YCIOBUS ONPENeNsioT: 1) HeoOXoAMMOCTh
MOBTOPHOTO HAMpABIEHHUS 33JaHUH HAa TPHOOPEI B COOTBETCTBHH C
TEXHOJIOTHYECKUMH MapIpyTamy; 2) 3alpeT Ha IpepblBaHHE BBIOJIHEHUS
3ajaHusl Ha TIpuOope; 3) orpaHMYEHHsT Ha pasMepbl IMPOMEKYTOYHBIX
OydepoB. B [16] paccmaTpuBaeTcs 3amaya ONTHMHU3AIMU PACIHCAHHUN
BemosiHenus E3 B FS, coneprkameit 3 nprdopa, ¢ HyneBbiM OydepoM Mexay
npubopamu, orpaHndeHHbIM KosmdectBoM E3 (He Gonee 9) u TpeGoBanrEeM
MUHUMH3aLUT OJIOKMPOBAHUS NPEIIIECTBYIONMX ~ MallMH  [pH
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HEBO3MOKHOCTH MOCHEIYIOIINX MAIIUH IPUCTYIHTh K BBIIOJHEHHIO
3a7aHni, AEHCTBHA C KOTOPBIMH 3aBEPLICHBI Ha MPEIBIIYIIEM JTarle.
IIpencraBnensr mMomenn MILP, pasnugaromuecs: crocoOaMu BBIYHCIECHUS
MOMEHTa BPEMEHH OKOHYAHWS BBINIOJHCHUSI BCEX 3aJaHU B CHCTEME.
Pe3ynpTaThl, MONy4YEHHbIE C WCHOJB30BAaHMEM YKA3aHHBIX  MOJEINeEH,
CPaBHHUBAIOTCA C PE3YJIbTaTaMH, NOTYYCHHBIMU C MCIIOJIB30BAHUEM JKaJHOTO
IropUTMa, NpeulokeHHOro B pabote. B [17] paccmarpuBaercs 3anaua
ONTHUMHM3AIMHU pacnucanuil BeimonHeHus E3 B FS ¢ aByms anbTepHaTHBHBIMU
MapupyTtamu. Paspaborana mMozenb npolecca BbINOJNHEHUs 3a1auuii B FS ¢
OTCYTCTBYIOIIUMHU OIepanusaMu (OnepanusMu ¢ HyJIEBOH JIUTEIBHOCTHIO).
Jnst onTHMM3anMu pelieHnit pa3paboTaH aliropuTM JUCKPETHOM KHUTOBOM
cran (DWSA). Ucnonb3yeTcst MoJienb mpolecca BRINMOIHEeHuUs 3aqanuii B FS,
aHaJIOTU4YHas MojensM u3 [6, 9].

B [18] pemaercs 3amaya onTMMHU3allMd PAcHUCAHMM B CHCTEMax
Flexible Job Shop (FJS) ¢ mpomexyTtouneiMu Oydepamu OrpaHHICHHBIX
pasMepoB IIpu ucmoiab3oBaHWM ceTel Iletpm B KkadecTBe Mojener
MIPOM3BOJICTBEHHBIX IPOLIECCOB peanu3anuu aeiictuii ¢ E3 Ha mpubopax
yKa3aHHbIX cucTeM. OnTumuzauus pacnucaHuid BbinosHeHuss E3 B
cucreMax FJS peammusyetcs ¢ ucrnonp30BaHHEM MPEIOKEHHOTO arOpUTMa
Hybrid Estimation of Distribution Algorithm (HEDA), kotopsiit
BOCTIPOM3BOANUT HOBYIO IMOIYJIALUIO IMOTOMKOB (HOBYIO COBOKYITHOCTB
peleHnii) Ha OCHOBE BepOATHOCTHBIX Mojeneil. Ilpenmosxennsiii B [18]
agroputm HEDA peanu3yeT JOKaqbHYI0 ONTHMH3AIMI0 pACIHUCAHHMA
BemonHeHnss E3 B cuctemax FJS mocpenctBom ¢opMupoBaHHMsS HOBBIX
peLICHNIT Ha OCHOBE BEPOSATHOCTHBIX Moxeneil. Dopmupyemsle ¢
ucnons3oBanueM HEDA pemeHuss UHTEpPIPETHPYIOTCS €  MOMOILBIO
npennoxkeHHoro B [ 18] nmoaxoaa Ha ocHoBe certeit [leTpu.

B [19] 3agaua onTUMU3anUM PacIUCAHUN MPOLECCOB BBITOIHEHUS
E3 B cucremax FFS ¢ mnpomexyrounsiMu Oydepamu OrpaHHYEHHBIX
pa3sMepoB PpEIIacTCsi C HCMOIb30BAaHHEM MHOTOIEIEBOTO aJIrOpUTMa
nvuTtaruu omkura (Multi Objective Simulated Annealing — MOSA) u
MHOTOIIEJIEBOTO  3BOJIFOI[HOHHOTO ~ QJITOPUTMA, OCHOBBIBAIOLIECTOCS HA
nexommo3urmu  (Multi  Objective  Evolutionary Algorithm Based on
Decomposition — MOEA/D). B kadecTBe KpHUTEpHUEB  3aJlaHBI:
1) B3BeICHHOE BpeMsl OKOHYAHHWS BBITIOJIHEHWS 3aJaHuii; 2) mrpad 3a
BpeMsi OXKWJaHWS 33JaHusIMU B Oydepe M CTOMMOCTh NMPOM3BOJACTBA. B
MOJENH  BBEICHbl  OIOJDKETHBIE  OrpaHMYEHHMs Ha  TEXHHYECKOoe
o0cyMBaHHEe U MPUOCTaHOBKY pabot. I[Ipumenenne anropurma MOEA/D
JUISl pELeHUs] paccMaTpUBacMOM MPOOJEMBbI MpeanosaraeT pasokKeHHe
MHOTOLIEJIEBOM 3a1aull Ha PsAJ OJHOLENEBbIX 3a/1a4 C MOMOIIBIO CKAISIPHON
(YHKIMY 1 BBE/ICHHSI BECOBBIX BEKTOPOB.
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Ucnone3oBanne Merona MOEA/D  mnpu  pemenunm — 3amad
onTHMU3AIMK pacrucannii BeimosiHeHust E3 B cuctemax Hybrid Flow Shop
(HFS—ananor FFS) paccmorpeno B [20]. B xauecTBe KpUTEpHEB BBEICHHI:
1) suepronoTrpebienne npomecca BeimosiHeHuss E3 B HFS B cootBeTcTBHY €
pacimcaHmeM; 2) CyMMapHOE BpeMs  3ama3fblBaHUS  OTHOCHUTEIHHO
3amaBaeMbix 11t E3 gumpektwBHBIX  cpokoB. B [20]  Oydeps
paccMaTpHBarOTCsl KaK MallWHBI ¢ HYJIEBBIM BpeMEHEM 0OpaOOTKH — JTaIlbl
Oydepu3anuu HMHTCPIPETUPYIOTCS KaK I3Tambl OO0pabOTKH ¢ HYJICBOM
JUINTEIBHOCTBIO.

B [21] 3amaua onTuMu3anuu pacnucanuil BeimoaHenus: E3 B cuctemax
FS pemaercst ¢ ucnosnpzoBanuem anropurma Hybrid Shuffled Frog Leaping
Algorithm — HSFLA, coueratomero B cebe MOMCK MO MEPEMEHHBIM
okpectHocTsM (Variable Neighborhood Search — VNS) u amropurm
«rpepkok  marymkmy  (Shuffled Frog Leaping  Algorithm — SFLA).
OnTuMmu3anus  paclACaHWi  TPEeIyCMAaTpPUBACT TEHEPAIMI0 HavYaJbHOU
COBOKYIHOCTH pEeLIeHHHd ¢ wucnonb3oBaHueM amropurtMa NEH wu  ux
ONTHUMU3ALIUIO [IOCPEICTBOM HSFLA. C LEIBIO HUCKITIOYEHHUS
MPEXKICBPEMEHHON CXOIMMOCTH alrOPUTMa BBEICH aJalTHBHBEIA OIEpaTop
nepeMenieHus JUisl yay4dlIeHus pa3Mepa Iuara, olepaTrop NepeceyeHus IUis
OOHOBJIGHUS TOATPYIIl PpEIIeHUH, a Takke HCIOIB3YIOTCS TpU BHIA
OKPECTHOCTEH.

B [22] paccmarpuBaeTcs Tpex CTaguiiHas CHCTeMa, B KOTOpOH Ha
MEepBOM JTalle peaNu3yeTcs IMPOU3BOJCTBO JieTaleld Ha MNapajulelibHO
(YHKIMOHHUPYIOUINX MPHUOOpax, Ha BTOPOM JTalle peajm3yeTcs cOopka Ha
olHOM Tpubope u3 00pabOTaHHBIX JeTalell TOTOBBIX U3ACIHHA, Ha TPEThEM
JTare B COOTBETCTBUU C THUIIOM H3JICNIUH peanusyercs TudepeHIranus mx
00paboTkn Ha mapamienbHeIx npudopax. Ilpemnoxenssrii B [22] Dual-
Space  Co-Evolutionary Memetic algorithm (DCMA) sBusercs
Pa3HOBHIHOCTBHIO aJITOPUTMOB CTEHNEHHON 3BOJIIOIMHU (METaBPUCTUUCCKHH
aNrOpUTM), TpEAyCMaTpUBaeT MOWCK JYYIINX pAcIHCAaHUA Kak B
HETIPEPHIBHOM MPOCTPAHCTBE, TAK U B AUCKPETHOM IIPOCTPAHCTBE PEIICHUI.

B [23] ompenenenune pacnucanuii BemmoaaeHust E3 B cucremax FFS
OCYIIECTBISICTCS ITyTEM MTOCTPOCHHs OMHAPHBIX JIEPEBHEB BHIOOpA PELICHUIA,
peaTH3YIONIX oTIpe/ieNICHHBIE TpaBIIIa o (hopMHpOBaHUIO
TOCIIEIOBATENFHOCTEH MX (3a/1aHMi) BBITIONIHEHMS Ha MPHOOpax yKa3aHHBIX
cucTeM. AJITOPUTM IOCTPOCHUSI IEPEBbEB MPETyCMAaTPHBAET HCIIOIb30BaHHE
o0ydJaromyx MpUMEPOB — PpELICHHH, MOIy4YeHHBIX C KCIOJIb30BAaHUEM
NpOrpaMMHpPOBaHMsI B OrpaHUYCHUsX. JlepeBo MO3BONSIET peanu3oBaTh
BBIOOp C TOYKM 3PEHHUS aHaM3a TEKYIIUX CHTYyalui (COCTOSHUII CHCTEMBI),
COOTBETCTBYIOIIMX pEUICHHUsM, C(OPMHUPOBAHHBIM C  HCIOJIB30BAaHUEM
MPOrpaMMHpPOBaHMs B OrpaHUueHUsIX. DOpMHUpOBaHHE HECKOJIBKUX JEPEBHEB
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MO3BOJIAET WICHTU(HULIHMPOBATH JIydIINH CIIOCOO BBITIONHEHHS 3aJaHUi B
FFS.

B [24] paccmorpena cuctema FFS Beimomnenuss E3 ¢
WHAWBHAYaNbHEIMA Oydepamu A KaXaoro mpubopa M 0OIMIeq0CTyITHBIM
Oydpepom orpanmueHHOTO pa3Mmepa. B obmemoctymHbeid Oydep 3amanus
NepeMeIalTcs B CIydae 3alojHEHWS WHAWBUAYalIbHBIX Oydepon
COOTBETCTBYIOIINX MPUOOPOB U M3BJIEKAIOTCS U3 HETO TPH OCBOOOKACHUN
MO3UIMKA B WHIMBHIyaJIbHbIX Oydepax. s onTuMu3anuu pacnucaHuid
BeimosiHeHUst E3 B cucreMax yka3aHHOTO BHJA TNPUMEHEHBI HEHPOHHBIE
cetn Xonuibaa, UCIONIB3YIONIKE IS PACIIUPEHUs IPOCTPAHCTBA TTOMCKA
NTOPUTM UMHUTALUHU OTXKHUra. B OMoNHEHNH K MpaBUiaM HCHOIb30BAHUS
WHIUBHIYAIBbHBIX M o0mero OydepoB B MOJEIM U  AITOPUTME
ONTHMHU3AIMM  yYTEHBl ~ MpaBWJa  YIpPaBIEHHS  TPAHCIIOPTHBIMHU
yCTpOMCTBaMH, MNEPEMEINAIOIINMH  JCTall  MEXAy  HAKOMHTEJSIMH.
KonmmuecTBo wrepamuii ONTUMH3AIMKM PEIICHWH C  HCIIOIb30BAaHHEM
HEWPOHHBIX ceTel XompuiIpaa BISETCS OTPAHUICHHBIM.

B [25] pewaercs 3a1aua ONTUMU3ALMK pacliucaHuil BeioaHeHus: E3 B
cucreme FS ¢ BPM B KkauectBe 00paOaTHIBAIOIINX YCTPOCTB,
MPOMEKYTOUHBIMU Oy(depaMu OrpaHM4YEHHOTO pa3Mepa MeXIy HUMH, MpU
npopunakruueckoM odcimyxusannu (I10) npudopos B BPM. OcobeHHOCTBIO
SIBISIETCSI CTOXACTUYECKUH XapakTep 3aJauM, CBI3aHHBIH C HCIPAaBHOCTBHIO
oTaenbHbIX puoopos BPM, B nienom BPM, a Takke ¢ TOCTYITHOCTHIO BCE
cuctrembl. C  y4eTOM  CTaTHCTHYECKHMX  XapaKTEpUCTUK  Mpoliecca
¢yHKumoHMpoBaHUs TpHOOpoB B BPM ommuMmmsmpyroTcs pacricaHus
BeinonHeHust E3 u nepuognunocts onepanuii I10 npu ydere orpanuueHuit
Ha JIOCTYITHOCTb IIPUOOPOB CHCTEMBI C TOUKH 3peHHs1 paboTocrnocodHocTH. B
[26] paccMoTpeHa 3amada ONTUMM3ALMM paclucaHuil BbiMonHeHHs E3 B
cucremax FS ¢ BPM u Oydepamu npyu Haquduu TPaHCIIOPTEPOB, KOTOPHIE
pasMelIaloT 33aHusl B HAKOMMTENSX MPU OKOHYAHMU UX BBHINOJIHEHUS Ha
npubopax M TEpeMeIlaroT 3aJaHds M3 HAKONWTEIeH Ha MOCIEIyIOIIHe
npubopsl B ciydae uX TOToBHOCTH. IIpm »ToM peammsyercs 1O
TpaHcnopTepoB. CHHTE3MpOBaHa JIBYXKPHTEpPHAIbHAS MOZEIb ONTUMU3ALUH
pelieHnid 1O Ha3HAYeHHWI0 3a7aHuii Ha mnpubopsl BPM, mopsakam
BBITTOJTHEHUS 3aJaHUH Ha prubdopax, BEIOOpy onepartmii 10 TparcmopTepos n
nepuognyHocTH  peammsanuu  [10.  CraTucTHYecKkwe XapaKTEpUCTHKU
nporecca (YHKIMOHUPOBAHHS TPAHCIIOPTEPOB, CBSI3aHHBIE C OTKa3oM M
BOCCTAHOBJICHUEM, YUUTHIBAIOTCS MPU ONpPEETICHUH YPOBHS HEIOCTYIMHOCTU
CHCTEMBI B KPUTEPUH M B OrpaHMYEHHsIX. PaccMoTpeHHble paboThl [S —26]
OpPHEHTHPOBAHbI Ha ONTUMU3ALMIO pacnucaHuil BeimonHeHus E3 B cucremax
FS, FFS, FIS npu orpanmueHHbIX pasmepax OydepoB. Meronpl, B HUX
U3JI0’KEHHBIE, HE TTO3BOJISAIOT PeIIaTh 3a/1a4y ONTHMU3AIMU COCTAaBOB ITaKETOB
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u pacrucanuii ux BemosHeHns B KC mpu ydere orpaHHYeHHBIX PECypcoB
JUTSL IX XPaHSHMUSI.

OnHO# M3 MepBBIX padOT, TOCBAMICHHBIX ONTUMH3AINN PACTIHCAHUNA
BeimonrHeHws makeToB 3amganuit (I13) 8 KC (Batch Scheduling Processing —
BSP), cocrosmeii 3 nByX HmpuOOPOB, NPH BBEICHUH MEXIYy HNpHOOpaMu
MIPOMEXYTOUHOTO Oyepa OrpaHMUCHHOTO pa3Mmepa, sBisercs padora [27].
JloxassiBaeTcd, uto 3anaya BSP B ykazaHHOI mocTaHoBke siBusercss NP-
TpyAHOH mpu pasmepe Oydepa b>(0. Mojgens mpoliecca BBIMTOTHCHUS
MaKCTOB MO3BOJIACT BBIYUC/IATH MHTEPBAJI BPDEMCHHU OT Ha4daJla BBINTOJIHCHUA
3a,uaH1/u71 B KaXXJIOM MAKETE Ha IICPBOM an/I60pe J0 OKOHYaHHWA BBIITOJIHCHUSA
3aJaHUii B TaKeTe Ha OJTOM ke npudope. Kpurepuil onruMuzanmn
pacnucaﬂnﬁ UMCECT BUJ CYMMblI MHTCPBAJIOB BPEMCHU BLINOJIHECHUSA BCEX
MAKeTOB B IIOCIEAOBATCIFHOCTH Ha IIEPBOM MPHOOPE M JOIOIHUTECIHFHOTO
HWHTEpBaJIa BpEMEHN 00pabOTKH OCTABIIUXCS 3aJaHUH B MOCICIHEM ITaKeTe
Ha BTOPOM MpuOope. BBeACHO MOHATHE YCTOHYUBOTO COCTOSHUS TAKeTa, a
TaKkXKe VyCIOBHH, MpPH BBHIIONHCHHH KOTOPBHIX TIAKET TIEPEXOMUT B
ycroitunBoe coctosHHe. OrmpenerneHa HIDKHSAS TpaHWIA KOJHYCCTBA
3aJaHu B TTAKETAaX, [UII KOTOPOTO MaKeT MepeleT B YKa3aHHOE COCTOSHIE,
a cama 3agaya BSP Moker OBITH NPOMHTEPIPETUPOBAHA KaK YaCTHBIN
ciy4yail 3alaid KOMMHBOSDKEpa, JIsl PELICHUs KOTOPOW HCHOJIB3YHOTCS
MOJIMHOMHAJILHBIE QJTOPUTMBL. AHAJIOTHYHBIM 00pazoM B pabote [28]
(bopMynHpyeTcs OAX0A K pelieHuto 3aaaun BSP s mocnenoBaTeabHOCTH
U3 JByX NPHOOPOB M IIPOMEXKYTOUHOro Oydepa OrpaHHYEHHOTO pa3Mepa
Mexxny HumH. Pabora [28] ommvaercs ot paboter [27] cmocobom
BEIYMCIICHUSI MHTEpBaJla BPEMEHU BHIMONHEHHs [13 Ha mepBoM mpubope.
B[28] cmoco®  BeMMCIEHHMS ~ 3HAYEHHMs ~ YKa3aHHOTO  MHTEpBana
JIOTIOJIHUTENBHO  YYWTHIBAET BpeMs HAIQJAKH [E€pBOro Impudopa Ha
BBINIOJIHEHNE 33/IaHUH B TAKETe, a TaKKe BpeMsl YAAICHUs 3alaHui U3
CHCTEMBI IOCJIE OKOHYAaHWSI MX BBHINOJHEHHs Ha IepBoM npubope. Bun
KpUTEpHs ONTHMH3AINK pactnrcannii BeimonHeHus [13 B KC, BBeeHHEBIN B
[28], ananormuen pabGore [27]. AHAIOTHYHBI YCIOBUS YCTOWYHUBOTO
cocrostHus 113 ® ycioBus, ompeaensonue BO3MOKHOCTh WHTEPIPETauN
paccmaTtpuBaeMoit  3amaum  BSP  kak  d9acTHOro ciydas — 3amaqu
KOMMHBOSDKEPA € IeNBI0 MPUMEHEHHUS TIOIMHOMUAIBHBIX aJITOPUTMOB.

B [29] Takke paccmaTpuBaeTcsi CHCTeMa TIOTOKOBOTO THIIA,
cocTosias M3 JBYX HPUOOPOB C OJHMM HPOMEXYTOYHBIMH Oydepom
MEXAy HUMH. Mojenb MHOTOCTQAMHHOTO MpoLecca CTPOUTHCS C YUETOM
NPEATON0KEH s, 4TO pachucaHue (opmupyercss Toibko it aByx [13,
BBINIOJHAEMBIX ~ Ha  mpubopax  (#Ba  makeTa  pa3MeIarTcs B
TIOCJIEIOBATENILHOCTSAX pealn3aliy AeHCTBUH ¢ HUMU Ha ABYX HpUOOpax).
CocTaBbl TAKETOB SIBIISTFOTCS 3aJaHHbIMU U HC ONTUMHU3UPYIOTCA (33,[[8‘-{3
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ONTHUMU3AINH PACIUCAHUI BBHIIOIHEHUS IBYX (UKCHPOBAaHHBIX [13 B mByX
puOOPHON cHCTeMe TIOTOKOBOTO THIa ¢ OydepoM OrpaHHYEHHOTO
pa3mepa). [IpemnoskeHHast MOAETHs 00eCIIeYnBaET ONPeIeIEHNEe HHTEPBAJIOB
BPEMEHH, 3aTpadMBaeMbIX Ha BBINOJHEHHWE KaXXJIOTO W3 IIAKETOB Ha
npubopax KC (Mexmy MOMEHTOM BpeMEHH Hadaiga HACTPOWKH IIePBOTO
mpubopa Ha BBHINIOJIHEHHE 3aJaHUA B MAKeTe W MOMEHTOM BpEMEHHU
yJaJIeHUs! TIaKeTa CO BTOPOW MaIlInHBbI).

Paccmotpennbsie B [27 —29] cmocoObl BBIYUCIEHHS HHTEPBAIOB
BpeMeHH BbINOJHeHUsT [I3 MoOryT OBITH HMCIIONB30BaHbI TOJBKO B JBYX
npubopueix KC. B ToXKE Bpems 3TH CrocoObl HE TO3BOJISIIOT OIPEAEIISTh
MOMEHTBI BPEMEHH Hayaja BBITIOJHEHHs OTIENbHBIX 33/IaHNH, BKJIIOYEHHBIX
B TMAKeThl, Ha COOTBETCTBYIOIIMX MPUOOpPaX M MOMEHTHl BpEMEHH
HayaJia/OKOHYaHUS UCIIONH30BaHMS OIPAaHUYCHHBIX PECYPCOB XPaHEHH. JTO
JeTaeT  HEBO3MOXKHBIM  ()OPMHpPOBAaHHE  KPHUTEPHEB,  MO3BOJISIOIINX
ompenenaTs APQPEKTUBHOCTh HCIONB30BAHUA OTPAaHMYCHHBIX PECYPCOB
XpaHEHUS 3aJaHui. B CriTy cka3aHHOTO HWCIOJBh30BaHUE TPEICTABICHHBIX B
[27 —29] noaxonoB HE MO3BOJAET pelIaTh 3ajadyy ONTHMHU3ALUH COCTaBOB
I3 u pacmucanmii ux BemonHernss B KC. [lo stoif mpuumHe paspabotka
HOBBIX MoJiejeil npoieccoB BhinosnHenus 113 Ha npudopax KC npu Hannuun
MPOMEKYTOUHBIX OY(EepOoB OrPaHUUCHHOTO pa3Mepa SBISETCS aKTyalbHOM.

2. MaTteMaTH4eckass MoOJeJb MHOTOCTAAWNHBIX MNpoLeccOB
BBINOJIHEHUSI TIAKETOB 3a/laHUii B KOHBeliepHBIX CHCTeMax MHpH
3alaHMM  OTPAaHMYEeHMs] Ha pa3Mepbl NPOMEKYTOUYHBIX Oydepos.
[NocranoBka 3amaum mpexamonaraeT, uto B KC BBITONHSIIOTCS HaOOPHI
OHOTHUITHBIX 3a/IaHUH (KOJMYECTBO THIIOB 3amaHuii paBHO N). [lepexon ot
BEITIOJTHEHUSI 3aJJaHUH OJHOTO THIIA K BBHIIIOJIHEHHUIO 3aJJaHUN JPYTroro THIIA
Tpebyer mepenananku npudopoB KC. Jlnst noeimreHust 3¢ ¢GEeKTHBHOCTH
HCTONB30BaHus  pecypcoB mpubopoB KC, a Takke yMCHBIICHHUS
JUIMTCIIFHOCTH  BBITIOJTHEHWS BCEX 3aJaHUil, BXOIAIIUX B HAOOPHI,
(bopMHUpPYIOTCSI TAaKeThl. BBINOMHEHHE OJHOTHUITHBIX 33/IaHUH, BXOISIINX B
TaKeThl, OCYIEeCTRIsIeTcs 0e3 neperanaaku npubopoB KC Ha peamnzamnmio
neiictBuii ¢ HuMu. OcodennocTrio KC siBnsieTcss Hanmnume 0ydepoB Mexmy
oOpabarpIBafOmUMKU  MPUOOpPAMK, B KKIBIA ©3 KOTOPBIX 3aJaHUs
MOCTYMAIOT TIOCTIe OKOHYAHWS peanu3alid JeHCTBHH C HHMH Ha
MIPEAMIECTBYIOMUX UM npubdopax. [Ipu 3ToM pasmepsr OypepoB SIBISIOTCS
OrpaHWYeHHbIMH. B ToM cityuae, eciu B Oydepe HaxoauTCsl KOJINYECTBO
3aJjaHuif, paBHOE €ro pa3Mepy, TO BHINOJHEHWE 3aJaHuil Ha
MpeIIICeCTBYOMEeM Tpubope mpekpamaercs (mpubop OIoKUpyercs).
[MpenmecTBytomuit 6ydepy obOpadaTbiBaromuii npudop OJIOKUpyeTcs 10
TEX IMOp, MOKa CIEAYIOUHH 3a OydepoM MpuOOp HE HAYHET BBHIOJHEHHE
samanus u3 Oydepa. Takum obpazom, B KC peanusyercs BoimonHenue 13
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Pa3HBIX TUIIOB, MEXIy 00pabaTHIBAIOIIMMH MPUOOPAMHU UMEIOTCS Oydeps
OTPaHMYEHHBIX pa3MepOB, BBHITIOJTHEHHE 3aJaHUM, BXOIAMNX B ITAKETHI, HA
oOpabaTeIBarOmKX NpHUOOPax, MPEANIECTBYIOMUX Oydepam, OJIOKHpyeTCs B
CiTydae WX 3allOJHEHHUs 110 TeX IMOop, OKa CIeAyromuii 3a Oydepom npudop
HE HaYHeT BBHITTOJIHEHNUS 3a1aHus u3 Oydepa.

B pabote peamm3yeTcs CHHTE3 MaTeMaTHIECKUX MOZEJEH IIPOIeccoB
BemmosiHeHust [13 B KC mpu orpaHuyYeHHMH Ha pa3Mepbl MPOMEKYTOYHBIX
OydepoB mus cieayrommx 3agad: 1) AByX mnpuOOpHas 3ajada ¢ OJHUM
NPOMEXYTOUHbIM ~ Oydepom; 2) Tpex mnpubopHas 3amada C ABYMs
MPOMEXKYTOUHBIME  Oydepamu; 3) 0000IIeHHAs 3a7ada MOJICIMPOBAHUS
npoueccoB BbimoiHeHuss [13 B KC, copepxamux L npubopoB u (L-1)
npoMexxyTouHblid 0ydep. IloctpoeHne MaTeMaTHYeckod MOJENH MPOLECCOB
BemonHeHUss [I3 B KC obecreunBaercss BBeOCHHEM OOO3HAYCHUIA:
N — KOJIMYECTBO THUIOB 3aJaHUM, MakeTbl KOTOPbIX BbimosHsOTC B KC;
i — umeHTH(UKATOP THIA 33aJaHWH, MAKeTHl KOTOPHIX BEIMONHIIOTCS B KC

( i=1,N ); [ - wungenrudpukatopsl mnpubopoB KC ( I=LL )
7' — TocnenoBaTenbHOCTH BbiMonHEeHMs 113 Ha [-x npuGopax KC,
COOTBETCTBYIOLIIME  MOpPSAJIKAM  pealiu3allid  JEUCTBUA C  HUMU;

M = (m,,m,,..,m,)" — Bekrop komuuectBa 13 i-bix TunoB (i =1,N); N,-

N
KoJmaecTBO 113, pasMemaeMbIx B mocleaoBaTenbHOCTIX 7 ( N » = Zmi );

i=1

T= "tﬁ

,.y — Marpula JUIMTENbHOCTEH BBIOIHEHHS 3a/IaHHI PA3HBIX TUIIOB
Ha mpubopax KC; T’ :”ti’l.."N . (/=1L ) — MaTpumpl UIUTEILHOCTEH
X

MepeHanagoK /-Xx NMpHOOPOB C BBHINOJIHEHUS 3aaHUN i-X HA BBIIOJHEHHE
3a7aHui i -X TUIIOB (t,.’,. =0); j — HOMepa Mo3ULMii, KoTopble 3aHNMatOT 113 B

nocnenoBatensroctsx 7' ([=1,L ); P :" Dy "N y — Martpula Tmopsika
xN,

BeIMoNTHEHNA 13 B mocienoBaTenbHOCTAX 7' ( p; =1, ecimu 113 i-ro Tuna
3aHUMaer B 7' J-10 TIO3WILIUIO; )2 =0, ecm I3 i-ro Tuma He 3aHUMAaET

7' KC J-10 TIO3ULIHUIO); R:"r[j"N y — MaTpulia KOJIM4ecTBa 3aaHuil i-X
xN,

THUIIOB B IIaKCTaX, 3aHUMAOIUX B 7T ! j-e MO3UIHNH, N i T KOJIUYCCTBO

N
3aﬂaHI/II71 B IIaK€TaxX, 3aHUMAOIUX B 71'1 j—e TIO3HMIIUH (N/ :ZVM 5
h=1

J=LN,); TV :"t‘" — MaTpuibl MOMEHTOB BpEMEHHM Hayaja

i ||Np><Q
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BBITTOJTHEHUS ¢-X 3afanuii (g =1, N ; ), BXOJISIIUX B MAKETHI, 3aHIMAIOIINX j-€

NO3UIMHK B TIOCIE0BaTeNbHOCTIX 7' (Q = max(N,) ); b —pasmep Oydepos.
y .

B cooTBeTcTBHY C BBEICHHBIMH 00O3HAYCHUSIMHU TIOCTAHOBKA 3371441
MaTeMaTHIeCKOTo MO/ICITUPOBAHHSI MHOTOCTAIAITHBIX TPOIIECCOB
BemoniHenust [13 8 KC npu orpaHnueHMd Ha pasMepbl MPOMEKYTOUHBIX
OydepoB (GopMymHpyeTCs CIEAYIOUMM 00pa3oM. 3aJaHHBIMHU SIBIISTFOTCS:

Bektop M kommaectsa I13 i-x tumos (i = I,_N ); marpuna T mmTensHOCTEH
BHIONHEHMs 3ajaHuii Ha npubopax KC; wmarpumer T (7 :I,_L)
JUTHTEIEHOCTEH  TepeHanamok [-x mpubopoB; MaTtpuiia P mopsaka
BeimonHeHns [13 B 7 ; marpuia R konudecTBa 3a1aHuii i-X TUTIOB B MaKeTax,
3aHUMAIOIMX B 77 j-¢ TO3WIUHM; pasMephl b MPOMEXKYTOUHBIX Oydepos.

Tpebyercs onpenienmuts 3HaueHms snementoB £, (j=LN, ; ¢=LN, ;
[=1,L) matpunr T” MOMEHTOB BpeMeHH Hauana BBINONHEHHS 3aJaHUl B

NaKeTax, 3aHUMAIOIIHX j-¢ TO3HIIMH B TocieoBaTebHocTsX 7' (1=1,1).
Jnst 3amaum ¢ aByMs mpuOOpaMu M MPOMEKYTOYHBIM Oydepom
MEXy HIMH PacCy>KACHHUS C HENbI0 MOCTPOSHHUS MaTeMaTHIeCKOH MOJICITH
MHOTOCTamuHHBIX TporieccoB BemonHeHUs [I3 B KC peammsyrorcs B
COOTBETCTBUHU c 3a/ITaHHBIMH BHIAMHA MOCTIeIOBATEIHHOCTEH,
MpEeACTaBICHHBIMU Ha pucyHke 1. PaccmarpuBaercs 3a7a4a
MOJICIUPOBAHHUS BBITIOJTHCHUS JIBYX 13, 3aHUMAFOIIUX B
nocnesoBaTenbHOCTAX 7' ([ =1,2 ) COOTBETCTBEHHO (j=I)-10 U (j=2)-10

nosunuy. Tumbl 3a7aHuii B TaKeTaX, 3aHMMAIOIIMX B 77 YKa3aHHbIE
Hno3uLuM, 00O3HAueHbl Kak i, M i, . BuUABl mocienoBaTeNbHOCTEH U
COOTBETCTBYIOIIIME UM BBIPAXEHUS MOJENH (OPMHUPYIOTCS C ydeTOM

3HaYeHUi mapameTpoB f, (/=1,2) nnd 3anaHui B IakeTax 3aHUMAIOLIMX

J-X TIO3WLHUH B 7' (i -ro m i, -ro tunoB). PaccmarpuBaiorcs BHIBI

MOCJICIOBATEILHOCTEH ¥ (POPMHUPYIOTCS  BBIPAXKCHUS  MOJACTH  JJIs
CJIEYIOUINX COOTHOUICHUH yKa3aHHBIX MapameTposB: 1) Ly, Sty s by, <t

2i; 0 iy 2i, 2

2) b, St s 4, >t 3) b, >t t, Sty A) 1, >, >t

Iiy 2iy Ii; 2i Iiy 2iy *
Konunuectso 3ananuii B nakerax pasHo 5 (N, =5, N, =5), pasmep Oydepa
b pasen 3 (b=3). Ilpu ¢, <t, .t

2i;

1, Sty (pucyHok 1(a)) sananue ¢ g=1 B

nakere B (j=I)-it mosunuu B 7' mocie BhMONHeHHS Ha (I=1)-M mpubope

nepemeinaercs B 0ydep, a 3aTeM u3 Oydepa nepemeniactcs Ha 00pabOTKyY
Ha (I=2)-m npubope. Crnenyronme b 3aaanuii nociae oopabotku Ha (I=1)-m
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npubope pasmemarorca B Oydepe (3amomHenne Oydepa) u (/=1)-it mpudop

OIIOKUpYETCS B OXKHUIAHUH OCBOOOXKIEeHHS mo3uiuu B Oydepe. B Mmoment
N

BpeMEHH 1/, =1 + ZIZS - p,, 3ajaHue ¢ ¢=2 B akere B (j=1)-ii mo3umuu B
s=1

7' moctymaer s BemonHeHus Ha (I=2)-ii mpuGop (mosumusa B Gydepe

ocBoOoxaercs) U (/=1)-i npubop NpUCTYMAET K BBINOJHEHHUIO 3aaHus C

g=5 (torma t{ =t/; ). AHAJOTWUYHBIE DACCYXKIEHHS CTPOATCS IS BCEX

3a7aHuil ¢ ¢, ynoBineTBopsIomuX ycioBuio: b+l<g<N,. C yuerom

BBITIOJTHEHHBIX PAacCyXICHUH BBIPQKEHHS IS ONpEAETeHUs] 3HauYeHHH

tloql (¢ =L N,) nna (j=1)-ro naketa Ha (/=1)-M npudope NnonydeHsl B BUJE:

R S SsSsST S

 — = o2 I e = T 2 I = | I SSSSS M- S| IS S| ST

Puc. 1. Bug nocnenoBarensHOCTeN peanu3anuu aeiicteuii ¢ 113, ucnonszyemsix npu
MMOCTPOCHUHT MAaTEMaTHYeCKOH MOJIETI MHOTOCTAANHHBIX IPOLIECCOB UX
BeimonHeHus: B KC, cocTosmieit ux aByx npuOopos, Tpu:

a) tIi, < tzl', s by, St5,50) L, < Lyis by > 13,5 B) b, > t2i] > 1y, < t2i2 >

1iy = %20y

r) Ly >ty 5 1, >0,

q=1: )/ =0, M
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l<g<b+l:t! =4l 1)+th P> ()

b+1<q< Nt =t/ 4, (3)

rie (q-b) — npenruduxarop 3ananus B (j=1)-m I13 Ha (I=2)-m npudope.
Jnst g-x sananmiit (¢=2,N, ) B (j=1)-M nakete B 7° Ha (/=2)-m

npudope MOMEHTHI BPEMEHM Hadala WX BBINOJHEHHsS PaBHBI MOMEHTaM

BPEMCHH OKOHYAHMS peajlu3alud JeHCTBUA Ha 3TOM mpubope ¢
MPEIISCTBYIOMMMHA WM 3aJaHusMu (pucyHoK 1(a)), Torma 3HAYEHUS

tyy (¢ =1,N, ) BBIUKCIIOTCS B COOTBETCTBHH C BBIPAKEHUAMH BUIA:
N
g, 02 _ 01
g=1: t;; =1t +Zt1s'ps15 4
s=1

l<g<N;: tl{)q2 = 1{)511 l)+zt2s Dy - (5

Hpu ¢, <t, . t, <t, (pucynox 1(a)) (I=1)-it npuGop mpucrynaer

B BBITNOJNHEHMIO (¢=1)-T0 3ajaHMs B MakeTe B (j=2)-i mosumuu B 7'
B clIyyae Hadana BbINONHeHHS (q=4)-ro (( N,—b+1 )-ro) 3amanus u3

makera B (j=[)-ii mo3mumu Ha (/=2)-m mnpubope nmOO TPH YCIOBUHU
OKOHYaHUs TepeHanaaku (/=1)-ro mpubopa Ha BHITIOTHEHHE 3aJaHUN i,-TO
THma (B 3TOM Takere). AHaAMOTH4YHO, (/=1)-i mpuOOp MOXKET HMPUCTYIHTH

B BBITIONTHEHHUIO ¢-X 3ajanuit (1< ¢ <b) B makere B (j=2)-if MO3UIUHU B 7'
B cIyuae Hayaja BbinosHeHus ( N, —b+ ¢ )-ro 3ajaHus U3 HakeTa B (j=1)-i
no3uiuu Ha (/=2)-M mpubope JTuO0 MPH OKOHYAHWS BBITIOIHEHHS (g-1)-TO
3a/aHus B MakeTe B (j=2)-if mosuimm B 7' (OKOHYAHMS BBHITIOJHEHHS
3a7aHusl B (j=2)-M IIaKeTe, MPEIIECTBYIOLUIET0 PacCMaTPUBAEMOMY ¢-MY
3aJaHMIO M3 ATOTO K€ makera). Takxke, (/=1)-if mpuOOp MOXKET MPUCTYIHUTH
K BBITNOJHEHHMIO ¢-X 3afaHuil (b+1< ¢ < N, ) B makere B (j=2)-il no3uLuH B
7' B ciiydae Hauana BeITONHEHUs (¢ —b )-TO 3a7aHuA M3 MAKeTa B (j=2)-it
MO3MIMHM HA (1—2) -M mnpubope. Toraa BbelpakeHHS! Uit BBIYMCICHHS
3HAYEHUI t (g =1,N, N, ) s g-x 3ananuii u3 (j=2)-ro nakera Ha (I=1)-m

pubOpe UMEIOT CIETYIONTII BU;
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N
_ . 01 o1 L0
q=1: t,, = max {tl,N‘ + Ztls “Pa Hi s, —b+1)} > (6)
s=1
N
01 01 /02

l<g<bh: _maX{IZ(q—l)—i—z 1" Pas b, b+q)}’ @)

s=1

02

b+1<q < N zq t2,(q—b)' ()

Jlns g-X 3ajaHuii w3 (j=2)-ro MakeTa B MOCIEI0BATENLHOCTH 77 HA
— 02
(I=2)-m npubope 3naueHust £, (g =1,N,) ONpeleNsOTCA B COOTBETCTBUH

C BBIp@XEHHUSIMHE Buja (pUCyHOK 1(a)):

q:1: tglz = lN +Zt2v pcl +tt, Sy 2 (9)

N
1<q§N2: tzoj :tgiq_1)+zt2.S"p5'2 . (10)

Bripaxkenne (9) mo3BoiseT MACHTU(GUIIMPOBATH MOMEHT BpPEMEHHU
OKOHYAHUs TepeHanaaku (/=2)-ro nmpubopa Ha BHITIOTHEHHE 3aJaHUN i,-TO
tumna, BblpaxeHue (10) — MOMEHT BpEeMEHHM OKOHYAHUS BBITIOJHEHHS
HPEIIECTBYIONIETO (¢-1)-T0 3a1aHus B (j=2)-M MaKeTe B 7 .

HUpu 1, <t, ., >t, (pucyHox 1(0)) BEIpaXXCHHs ISl BBIYHCIICHIS

3HAYEHHUI 1, q’ u tf’j A7st g-X 3ajaHuit (g =1, N, ), BXOMSIUMX B [TAKeT B (j=1)-i

nosummu B 7 ([ :1,_2) , aHamormuHsl Belpaxkerus (1)—(3), (4), (5).

01

BLIpa)KeHI/Iﬂ U1 BBIYMCJIICHUA 3HAYCHUI t 29

Uil ¢-X  3aJaHuil

(1<¢ <b), BXOAAMHUX B NAKeT B (j=2)-if mosummu B 7' Ha (I=1)-m npubope
aHAJIOTUIHBI BBIPaKCHUSIM (6), . Js g-x 3aIaHuH

(b+1<g<N,), BXOIAUMX B TaKeT B (j=2)-ii nosuumn B 7' Ha (I=1)-m

01

pubope, BBIPa)KCHHE TUISt BBIYHMCIICHUS by

UMEET  BHUJ
02
t 2( . 1)+Z:th PD,, - BbIpaXeHME Ui BBIYUCIEHUSA {), AHAIOTUYHO

BBIp@)XEHHUIO (9), a BRIpa)KeHHUE TS BBIUYMCIICHHS t (1< g < N,)umeer Buz:
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N N
02 01 02
f,, = max {tZ,q + Ztlx "Dty t Zth "Dt - (11)
s=1 s=1
Hpu t, >t, ,t, <t, (puCyHOK 1(B)) BbIDXCHUS JUIsl BBIYUCIICHAS

3HAYEHUH 7] q’ i g-x 3amapaid (g =1,1<g<b+1), BXOIAMX B TAKET B
(j=1)-it nosummu B 7', ananorndHsl BeIpakenusM (1), (2) COOTBETCTBEHHO,
BBIPKCHUE JJI1 BBIUMCIICHUSI 3HAYEHUI tf’q’ (b+1<qg<N,) aHanoruuHo
BeIpakennio (2). Jlns g-x 3amammii (¢ =1,N, ) B (j=1)-M nakere B 7° Ha

(1=2)-m npubope BBIpaXKEHUS IS ONPEACITICHIS 3HAUCHHUH tloj HMEIOT BU;

N

02 01

th = th +Zt1x 'p.vl : (12)
s=1

HUpu ¢, >1t, , ¢, <t, (pUCYHOK 1(B)) BEIDQXKCHHE JUISl BBIYMCIICHHS
3HaueHus ¢ s (g=I)-r0 3ajaHus, BXOASALIETO B TaKeT B (j=2)-i

IIO3UIIMHU B 7Z'1 HUMCCT BU!

N
01 _ o1 1
Ly =ty +Zt1s ‘Dt (13)

iy ,0y
s=1

BripaxkeHue A0 BBIYHCICHHS 3HAYCHUUN t;’i UIS  g-X 3aJaHui

(1< g <£b+1), BXOOAMMX B 3TOT XK€ MAKET, MOIYICHO B BHUIE:

N
o1 _ o1
Ly =Lt Ztls Py s (14)

s=1

01

a BBIpAXCHUC [JIsI BBIYUCICHUA 3HAYCHUI t2q

UL g-X 3aJaHui

(b+1< g <N,)BOITOM K€ IAKETE UMEET BUJ!

N
o1 o1 .02
f,, = max {tZ,(q—l) + Ztls “Pyrs tz,(qu)} . (15)

s=1
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Taike mpu #, >, , 1, <f, BHPAKCHHS Uil BBIYHCIICHHS
3HAYEHHs £, U (¢=I)-TO 3amaHus, BXOASAWIETO B TAKeT B (j=2)-i

HO3HIMH B 7° , IOTy4eHO B BHAE (PHCYHOK 1(B)):

N N

02 o1 .02 2

t =maxit, + ztls "Dy by t ztz.r "Py +t[1,[2} > (16)
s=1

s=1

a BBIPAKECHHE Ul BBIYUCIIEHMS 3HA4YECHUN tg; UL g-X  3aaHui
(I<g < N,), BXOIAIUX B 9TOT K€ MAaKET, aHAJOTMYHO BeIpaxkeHu:o (11).

Ipu ¢ t

>t L >l (pucyHok 1(r)) BblpaxkeHue JuIs

1 2i)° 1i
OmpeneNeHus 3HAYEHHS f; IS (¢=1)-To 3amaHus B makete B (j=I)-i
NO3MIUU B 77' aHAIOTUYHO BhIpaxkeHuio (1), BHIpaKeHHE [T BHIYUCIEHHS
3HAYCHHI £, JUIA ¢-X 3aj[aHmil B 9TOM e makere (1< g < N,) aHaTOruaHO
BEIpakeHUIO (2). BoIpaeHHs U1 BBIYUCICHUS tl”; g (q=1)-ro 3amaHus
u g-x 3ananuit (1<g <N,), Bxonsuuux B (j=1)-it naker B 7° Ha (I=2)-m
npuGope ananornunbl (12). BelpakeHue mis ONpeeTeHUs 3HAYCHHUS Ly
1A (g=1)-To 3a1aHusA B TaKeTe B (j=2)-if mosurmu B 7' aHanoruuso (13), a
BBIPQKCHUC ISl BBIYHCICHUS 3HAYCHUH t;’; Ul ¢-X 3aJlaHui B DTOM XKe
nakete (1< ¢ < N,) Ha (I=1)-m npubope ananoruyHo (14). Beipaxxenue ais
BLIUNCIICHUS 3HAYEHUs f,. s (g=I)-ro 3ajamust B nakere B (j=2)-i
nosunuu B 7° Ha (I=2)-M mpubope aHaTOrMuHO BhIpaxenuo (16), a
BBIPQKCHUC ISl BBIYHCICHUS 3HAYCHUH tgj Ul ¢-X 33JlaHui B DTOM XKe
nakete (1< g < N,) na (I=2)-m npubope ananoruyxo (10).

OO6o0uieHne MONYYEHHBIX BBIPAKEHUA npu N, =2 MO3BOIMIO

chopMUpPOBATE MATEMATHUYECKYIO MOJICNIb MHOTOCTAJMIHBIX IPOLIECCOB
BemmonHeHws 113 B KC, cocTosmieii n3 nByx mpruOOpoB, IpH OTpaHUIIEHHOM
pasmepe b Oydepa B ciemyromeMm Buie (BBIPaXECHHS I BBIYUCICHUS

3Ha4YeHUi tfé mis g-x 3agamuii (¢ =1,N;), BXomdwMX B TaKeThl,

3anuMatonue j-¢ nosuuuu (j=1,N,) B MOCIENOBATENLHOCTAX 7' nx

BBITIONTHEHUS Ha [-X mpubopax ([ = 1,_2 )):
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1)  BBIP@KEHMs JUIS BBIYUCICHUS 3HAYEHWI 1, q’ (¢g=1N,) nna 113

B (j=1)-i1 MO3KMIIMK B MIOCNIEIOBATEIBHOCTH 7T :

g=1: 1" =0, 17
N
l<g<b+l:t) =t/ +>t p,, (18)
s=1
N
b+1<g <Nyt ty =maxiy, , + D 4, Pystitp) (19)
s=1

2)  BBIpaXCHUSA JUTS BBIYUCICHHS 3HAYCHUIMA tloj (¢g=1N,) nna I13

B (j=1)-ii O3HIIUH B TOCIIC0BATENEHOCTH 7°

g=1I: f’f—tf’f+2r1s Par s (20)

N
1<q<N ()Z_max{t()1+ztls psl’ 1(/5(1 1)+Zt2s.psl}; (21)
s=1

3)  BbIp@XEHMs JUIS BEIYUCICHHS 3HAYCHUH tfq’ (¢g=LN;) nna 113

B/-Xx nosnumsix (j =2,N, ; N, >2) B 0CIeI0BATENBHOCTH '

N
_ 1 . 402
qfl- t - max{t(] ~1),N,, +Zt1x P +t[j,.‘i,- ’ t(j—l)‘(NH —b+1)} ’ (22)
s=1
S 02
1<g<bh: —max{tj(q 1)+Zl? Pyt DN, lfmq)}a (23)
s=1
N
01 01 12 .
b+1<g<N,: t _max{tj(q b le Pyl b)}a (24
s=1

4) BBIpaXCHHS U1 BBIYUCICHUS 3HAYCHHNA tfj o 113 B j-x

nosnumsx (j =2,N, ; N, >2) B n0CIe10BaTeabHOCTH 7’
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N

qg=1I: t —max{t +Zt1Y Dyt (J DV +ths'px,(j—l) +t,i,)[/}a (25)
s=1

l<g<N,: —max{t +Ztn py’/(tl 1)"'25Y P (26)

Beipaxenus (17) — (26) sIBISIOTCS MATEMATHYCCKOM MOJICIBIO B 00IIIEM
BHUJIE MHOTOCTaJIMIHBIX TPOIeccOoB BhINoNHEeHMs [13 B nByx mpubopHoit KC
IPU HAJMYMK TMPOMEKYTOYHOro Oydepa orpaHuueHHOro pasmepa b wu

KOJIMYECTBE NaKeToB N, > 2 B IOCIE0BATEIbHOCTIX 7 (1=1,2).

PaccMOTpeHHBIH ~ MOAXOJ  WCIONB30BAaH  MPH  MOCTPOCHHH
MaTEeMAaTUYECKON MOJIEIM MHOTOCTAIUIHBIX MPOIECCOB BBITIONHEHUs 113 B
KC, comepxkameit Tpu mpubopa, KoTopas 3areM 000OIIeHa s
MPOM3BOJILHOTO KosiMuecTBa mpuOopoB. I[locTpoeHune MaTeMaTH4ecKon
MOJICIM MHOTOCTaJMHHBIX MPOLIECCOB BBIMOIHEHO TpH ycioBusix: L=3;

b=3; N,=2; N, =8 ( j:l,_2) . CuHTe3 BBIpaXCHHH MaTeMaTHYECKON
MOJENW  pPEalu30oBaH  C  WUCIONB30BaHMEM  3aJaHHBIX  BHIOB
nocnenoarensHocreit 7' ([ :l,_3 ) Bemonnenus I3 B KC,
NpEACTaBICHHBIX Ha pucyHKe 2 ((a) m (0), KOTOpBIE pa3IMyaroTcs
3HAUYCHUAMHU l‘,.ll 4, ). DBbIpaxeHHs MareMaTHYEeCKOH MOJEIM IPOLECCOB
BeinonHeHus [13 B KC nomyuens! B caenyromeM BUJE:

1)  BBIpaXeHU JUIsl BEIYUCICHUS 3HAYCHUH t " (g =1N, N, ) s g-x

3a/laHuH B TIAKeTe B (j=1)-¥ MO3HMIINN B TIOCIIEOBATEIHHOCTH 7'
- gq=I:t =0, 27)
—  1<q<b+1 (peanusyercs 3amonaHeHne Oydepa MexIy NEpBbIM
1 BTOPBIM IpUOOpaMu P YCIIOBHUH, UTO (¢=1)-e 3amaHue B (j=I)-M maxere

TIOCJIe OKOHYAHUS BRIMIOJTHEHMS Ha (/=1)-M nipubope HauMHAET BHITIOJTHEHHE
Ha (/=2)-m pubope, pucyHok 2(a, 0, B)):

0l
fy =g +Zfb Py s (28)

- b+1< g < N, (BbIIONHEHHE ¢-TO 3aJaHUs HAUUHAETCS IHOO B
MOMEHT BPEMEHH OKOHYAHUWS NEHCTBUI C MPEAIIECTBYIOIHNM eMy (g-1)-M
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3aJaHHeM B OJTOM T[1akeTe, JIM00O B MOMEHT BpEMEHH OCBOOOKICHUS
mo3unuy B Oydepe, CBI3aHHOTO C HA4aJIOM BBIOJIHEHUS (¢-b)-ro 3amanus
W3 ATOTO JKe makeTa Ha (/=2)-m npubope, pucyHoK 2(a, 0, B)):

N
l = max{tl (g1 +ztls “Past l(q b)} (29)
s=1

o 02
2)  BBIP@KEHHMS JUIAl BBIYMCIECHUS 3HaUeHui £~ (g =1,N, ) mus g-x

3a/laHuH B TIAKeTe B (j=1)-¥ MO3HMIINN B TIOCIIEOBATEIHHOCTH i
. 02 01
- g=lif =1 +Zt15 P s (30)

—  1<¢q<b+1 (3anonuenue Oydepa Mex1y BTOPHIM M TPETHHM

mpubopaMu TpH yCJIOBWH, 4YTO (¢q=I[)-¢ 3amaHue B (j=I)-M makere mocie
OKOHYAHUs BBITIOJIHEHUST Ha (/=2)-M mipuOope HAYWHACT BBHIMOJTHEHHE HA
(I=3)-m mpubope, pucyHoxk 2 (a, B)):

N N

02 01 .02

L, = max{t +Ztls “Dots b +zt25 “Palts (3D
s=1 s=1

- b+1< g < N, (BbIIIOJHEHUS ¢-TO 3aJaHUA HAauUHAETCs JUOO B

MOMEHT BPEMEHU OKOHYAHUS €T0 BBIMTOJIHEHUS Ha (/=1)-M mpubope, m1udo B
MOMEHT BPeMEHU OKOHYAHHUs BBITOJHEHHS (¢-1)-ro 3afaHusi B 3TOM IaKeTe
Ha (I=2)-m mpubope, MO0 B MOMEHT BPEMEHH OCBOOOXKIICHHUS IO3UIUU B
oydepe mexay (I=2)-m u (I=3)-m npubopamu, pucyHok 2(a, B, T, J1)):

02 o1 (0 .
L, —max{t +Ztls Pt l(q H +Zt25 Pt - b)}’ (32)

3)  BBIp@XEHWs Ul BEIYUCIICHHS 3HAYCHUH t ' (¢ =1N, N, ) s g-x

3aﬂaHHI>i B IIAKCTC B 0:])-1/1 MO3UIHUH B ITIOCJICAOBATCIIbBHOCTHU 72' .

N
= q=l) =t Y py =) Dy (33)
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- 1< g < N, (Hayajo BBINOJIHEHUS ¢-TO 3aJ]aHUs] BO3MOMKHO MO0
B MOMEHT BPEMEHH OKOHYAHUS €ro BBINONHEHUs Ha (/=2)-M npudope, 1160
B MOMEHT BPEMEHHM OKOHYaHHs BBINIOJIHEHUS (¢-1)-TO 3aJlaHusi B 9TOM K€
nakere Ha (/=3)-m npudope, pucyHok 2(a, x)):

N

Puc. 2. Bug nocnenoBarensHOCTe! peanu3anuu neiicteuii ¢ 113, ucnonszyemsix npu
[IOCTPOCHUHU MaTEMaTU4YECKOH MOJIEIM MHOTOCTaAUIHHBIX IIPOLIECCOB UX
BeimosHeHus B KC, cocrosimeit ux Tpex mpudopos, mpu:

a) 1, Sty b, St b, St b, <45 6) 1, <t .0, <ty .4, <t

3i, 0 Vi,

Ly Sty5 B) Ly >y sty Sty o0, Sty by St r) Ly Sty sty Sty

> b,

Ly, >0y 1y, < Ly, ) Ly > by s Uy, = Laiys Uiy > 1,5 By, < I,

N N

03 02 .03 .

L, = max{th + ths Doty T Zt3s “Pats (34)
s=1

s=1

~ 01
4)  BBID@XEHMs JUIs BBIYMCICHUS 3HAYCHUH £, (g =1, N, ) juis g-x

3a1aHui B (j=2)-M HaKeTe B MOCIeN0BaTeNbHOCTH 7' Ha (I=1)-M mpubope:
—  g=I (BbimoiHeHue (¢=1I)-ro 3a4aHus HAYMHACTCS B MOMEHT
BpPEMEHHM OKOHYaHus nepeHanaaku (/=I)-ro mpubopa Ha BBIIIOJHEHHE
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3aJaHuil i,-TO THMTAa B MakeTe B (j=2)-if mosuimm B 7', 1160 B MOMEHT
BpPEMEHH OCBOOO>KIEHHUS OIHOH no3utu B Oydepe mexay (I1=1)-m u (I=2)-m
npubopamMu, BBI3BAHHOIO HA4yajaoM BbINonHeHus (N, —b+1 )-ro 3ananus u3

makera B (j=1)-i mo3unun Ha (/=2)-m npubope, pucyHOK 2(a, 0, T)):

N
o1 o1 1L 02

L = max{tl,zv, + 2 l,tls Patlis tl,(Nl—b+l)} ’ (35
s=1

- 1< g <b (Hayano BHIIOJHEHUS ¢-TO 3aJaHUs B ITaKeTe B (j=2)-

il Mo3UIMM B 7' BO3MOXHO B MOMEHT BPEMEHHM OKOHYAHHS BBITIOJTHEHHUS
NPEALIECTBYIOIETO (¢-1)-To 3ajaHus B 3TOM K€ NakKeTe, JM00 B MOMEHT
BpEMEHH OCBOOOXKICHHUS MO3ULMH B Oydepe Mmexny (I=1)-m u (I=2)-m
npubopaMu, BEI3BAHHOI'O HayajuoM BbinosHeHus (N, —b + ¢ )-ro 3agaHus u3

makeTa B (j=1)-# mo3unmu Ha (/=2)-m npudope, pucyHoK 2(a, T, 1)):

N

o1 o1 .02

by =max{t,, +Zt1s D3t peg o (36)
s=1

—  b+1<¢g <N, (Hayano BBHINOJHEHUs ¢-TO 33JaHK] B IAKETE B

(j=2)-# mo3umMM B &' BO3MOXHO B MOMEHT BPEMEHH OKOHYAHHS
BBITTOJTHEHHSI TIPEIIECTBYIOIETO(g-1)-TO 3aJaHNs B 3TOM JK€ TaKeTe, JH00
B MOMEHT BPEMEHH OCBOOOXIEHHS OJHOW MO3HWINH B Oydepe Mexmy
(I=1)-m wu (I=2)-m mnpubopamu, CBSI3aHHOTO C HAYaJIOM BBITIOJHEHUS
( g—b )-ro 3amamms w3 dTOoro e makera Ha (/=2)-m mpubope,

PHUCYHOK 2(a, I)):

N
01 01 . 402 .
tz(, =max {t2,(q—1) + Ztlx *Psas t2‘(q—/7)} ’ (37)

s=1

= 02
5)  BBIpaKCHHs JUIsl BBIYUCICHUS 3HAaYeHUH £, (g =1,N,) 1t g-X

3a/laHuil B MakeTe B (j=2)-i MO3MIMK B MOCIEN0BATEIBLHOCTH 7° :

—  g=I (BbimonHeHHE (¢=I)-ro 3aJaHUsl HAYMHACTCS B MOMEHT
BpEMEHU OKOHYAHUS BBITIOJHEHUS OTOro 3amaHusi Ha (/=I)-m mpuoope,
7100 B MOMEHT BPEMEHH OKOHYAHWS TepeHaanku (/=2)-ro mpubopa Ha
BBITIOJTHEHNE 3aJaHUH ,-TO THUIA, THOO B MOMEHT BPEMEHH OCBOOOKACHUS
no3unuu B Oydepe mexnay (/=2)-m u (I=3)-m mpubopammu, CBS3aHHOM C
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HayajoM peanusanuu jeiictBuil ¢ ( N, —b+1)-M 3anaHuemM U3 nakera B

(j=1)-# no3ummu 8 7° Ha (/=3)-M npudope, pUCYHOK 2 (a, 6, 1)):
t —max{t +Zt1s Py 1 +Zt2v Pt 112 oo L 1(N, b+1)}a (38)

— 1< gq<b (BbIIONHEHHE ¢-TO 33[JaHUSI HAYNHAETCS B MOMEHT
BPEMEHU OKOHYAHUSI BBITIOJIHEHUS 3TOrO ke 3amaHus Ha (I=1)-m mpubope,
100 B MOMEHT BPEMEHHM OKOHYAHHS BBINOJHEHHS MPEAIIECTBYIONIETO
(q-1)-To 3amaHus U3 TOTO *Ke Makera Ha (/=2)-M mpubdope, MO0 B MOMEHT
BpPEMEHH OCBOOOXKICHHS MO3MIHH B Oydepe mexnay (I=2)-m u (I=3)-m
npubopaMH, CBA3aHHOM C HA4aJloM peanu3aluu aeictuil ¢ (N, —b+g )-M

3a7aHNEM U3 TaKeTa B (j=1)-il IO3UIHK B 7" :
N N
02 _ 01 .02 .03
by, max{t +Zt1s Pl t thS “Pos b, —b+q)} > (39)
s=1 s=1

—  b+1<g< N, (BbIIONHEHHME ¢-ITO 3aJaHUs] HAuyMHAETCA B
MOMEHT BPEMEHH OKOHYAHHS BBITTOJIHEHUS ITOTO K€ 3amaHus Ha (I=1)-m
mpubope, MO0 B MOMEHT BPEeMEHH OKOHYAHWS  BBIIIOJTHEHUS
MIPEIIECTBYIOMIETO (g-/)-T0 3amaHus M3 3TOro Xe mmakera Ha (/=2)-m
npubope, MO0 B MOMCHT BpPEMEHH OCBOOOXKICHHS OJHOW IO3WIUH B
oybepe mexny (/=2)-m u (I=3)-m npubopamu, CBSI3aHHOM C HA4ajIoM
peanusaryu neiictBuil ¢ (¢ —b )-M 3aJaHHEM K3 ITOTO XKe MaKeTa B (j=2)-i

TNO3UIMK B 7, pUCYHOK 2 (a, T, 1T)):

N

02

b, :max{t +Ztn D2t 2(q 1>+Z 25" Piast 1<q /7)} (40)
=1

s=1 s

~ 03
6)  BBIpXKCHHS JUISl BBIYUCICHUS 3HAaYCHUH 4, (g =1,N,) 1 g-X

3a/1aHuil B MakeTe B (j=2)-if MO3HMIMH B OC/IENOBATENLHOCTH 7" :

—  g=I (BbimonHeHHWE (¢=I)-ro 3aqaHUsl HAYMHACTCS B MOMEHT
BpEeMEHU OKOHYAHWsI BBITOJIHEHHUS ATOTO e 3ajaHus Ha (/=2)-m mpuodope,
m1M00 B MOMEHT BPEMEHH OKOHYaHWS TepeHananku (/=3)-ro mpubopa Ha
BBITIOJTHEHHE 3a/IaHUH i,-TO TUTIA, PUCYHOK 2 (B, T, 1)):
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t —max{t21 +Zt2\ Pyt 1Nl +Zt3s Pyt ,z} (41)

s=1

— 1< g <N, (BBIIOJIHEHHE ¢-TO 3a/laHUs HAYMHAETCS B MOMEHT

BpPEMEHH OKOHYAHUsI BBIMIOJIHEHHS 3TOTO 3a7anust Ha (I=2)-m npudope, m1bo
B MOMCHT BPEMEHHM OKOHYAHHS BBITIOJIHCHUS MPEIIICCTBYIONMIETO (¢-1)-r0
3aJ[aHusl U3 3TOTO Ke Makera Ha (/=3)-m npudope, pucyHoK 2 (a, T, 1)):

N N

03 02 .03

Ly, = max{tzq + thx “Dors by thx ‘D - (42)
s=1 s=1

Breipaxkenust (27) — (42) npenacTaBisIOT COOOM MaTeMaTHYECKYIO
MO MHOTOCTaINHHBIX MporieccoB BoimonHeHus [13 B KC, conmeprkanieit
Tpu ipubOpa ¢ MPOMEKYTOUHBIMU Oyhepamu Mexxay HUMH pasMepoM b. Ha
ocHoBe wMojenu (27)—(42) cuHTE3WpOBaHA MAaTEeMAaTHYECKas MOJIENb
MHOTrocTasimitHeIX npoueccos BoimonHenust [13 B KC B obumem Buzne (npu
NPOU3BONIHOM ~ KoJmuecTBe mpubopoB L ( L=3 ), mnpousBoIbHOM

KOJIMYECTBE MaKkeToB N, >2 B MOCIENOBATEIBHOCTAX 7' (I=1,L) ux

BhIMoHeHNs Ha npudopax KC). BupaxkeHus mareMaTHyecKoil MoOIeIH B
oOmem BuJEe MHOroctajuitHbIx npoueccos BeimonHeHus [13 B KC mpu
KOJM4ecTBe npubopoB L >3, orpaHnueHuu Ha pa3Mepsl b 6ydhepoB MexIy
npudopamm, IIPOU3BOJIBLHOM KOJIMYECTBE N,22 113 B

nocnesoBatenbHocTAX 7' ([ =1,L ) ux BumoiHeHus Ha Tpubopax KC
HUMEIOT CJIEAYIOIIUNA BU:
1)  BBIpaXKeHU JUIsl BEIYUCIICHHS 3HAYEHUH t (¢= LN, N, ) s g-x

3aJlaHuH B TTaKeTe B (j=1)-i MO3HMIINU B TIOCIIEOBATEIHHOCTH 7'

_ =1 =0, (43)
— l<g<b+l:{"= l(q1)+2th Dy s (44)
c 02
- b+l<g<N;: _max{tl(q 1 ztls'psl;tl,(q—b)}; (45)
s=1
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& 01 _
2)  BBIp@KEHHMS JUIA BbIYMCIEHUS 3Hadenuit ¢, (¢ =1,N ;) ms g-x

3a/laHuii B MakeTax B j-X nosumusx ( j =2,N, ) B MOCIEI0BATENBHOCTH '

Ha (/=1)-m npubope:

- g=I
o 1 02
t = max{t(_/ DN, +Zt1x “Ps i +tij,, ) t(j—l),(Nj,, —b+1)} > (46)
s=1
— l<g<b:
< i
g =max{t], ., + 20, p, 1) DN brg) ) o (47)
s=1
- b+l<g<N;:
N
01 01 ()2 .
= max iy, + D4 Dt ) (48)
s=1

3)  BbIp@XEHMs VISl BBIYUCICHUS 3HAYCHUH t](’; (g=LN,) s g-x

3ajaHuii B (j=1)-M nakete B nocienoBatensaocTsax 7' (I =2,L—1):

ol o/ 1
Ly = +Zt(1 s Pst s (49)
- l<qg<b+1:
0l- ol c
0l-1 /!
t —max{t +Zt<1 s Psi> o Z i Dst} s (50)
-  b+l<g<N;:
ol PR - o1 . (0
i ) .
th = max{th +Zt(171),x 'pxl’tl,(qfl) +Z Is pv]’ 1,(g— [J)} (51)
s=1 s=1
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Can _
4)  BbIpaKEHHMs JUIAl BbIUKMCIEHUs 3Havennit ¢, (¢ =1,N; ) ms g-x

3a/IaHuii B TIAKeTax B j-X no3uiusx ( j =2, N, ) B MOCIEN0BATENBHOCTSX '

Ha [-x mpubopax ([ =2,L—-1):

N
01-1 L L0i4]

t —max{t Zt(l s " Pgs b (, DN, ztk Po-nt i Ii/’t(jfl),(Nj,lfbH)}’ (52)

- l<g<bh:

TR ol % "
_ 1 . +1
g = Max{ty’ + > 1 Pys i+ Dt Dy DN big) ) o (53)
s=1 s=1
- b+1<qg<N;:
ol IR ol S s
- . + .
g = Max AL+ D 0,0, Pyi g 2t Pyt ) (54)
s=1 s=1

> 0L
5)  BBIpaKCHMs ISl BEIYMCICHUS 3HAaYeHui 4, (g =1,N, ) it g-x

3aJaHUi B MakeTe B (j=/)-il MO3UIMK B MOCJIECIOBATEIHHOCTH 7" Ha L-M
npubope:

N L-1 N
- gq=IL t = OL ! +ZI(L*1),S Py = Zztls P (55)
s=1 I=1 s=1
-  1<g<N;:
PRI - oL o
t = max{t Zt(L—l),s “Das by t Ztm “Dats (56)
s=1 s=1

6) BBIp@XEHWS JUI1 BBIYUCICHUS 3HAYCHHH t‘,’; (g=LN, ,
J=2,N, ) i g¢-x 3ajaHuii B NakeTax B j-X NO3ULMAX B

nocIen0BaTeNbHOCTH 7 ):
- g=I
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N N
0L OL-1 . 4,OL L
t; = max{r,” + Z’(L—n,s Py Ly, +Ztu Pogon b (57)
s=1 s=1
— l<g<N;:
N N
0L OL-1 . 4OL
1y, =max{r,” + Zt(H),s Pyl t Z lPat- (58)
s=1 s=1

CcopmupoBannsie BelpaxkeHus (43)—(58) mpencraBnsror coOoi
MaTeMaTHYECKYI0 MOJeJib B OOIIeM BHAE€ MHOIOCTaAMHHBIX IPOIECCOB
BemmonHeHws [13 B KC npu Hammanm Mexay npudopaMu MPOMEXYyTOTHBIX
OydepoB oOrpaHHYeHHOro pasmepa Jjis MPOU3BOJBHOTO KOJW4ecTBa L
00pabaTpIBAIONTNX MPUOOPOB M MPOU3BOJIBHOTO HX (IMTAKETOB) KOJUYECTBA B

nocnesoBaTebHOCTAX 7' ([ =1, 1) peanusanuu JeHcTBUi ¢ HUMH.

3. Anroput™ BbIMHCIeHHs 3Havenmii 1) (¢=1LN,, j=LN, ,

I=1,L ) MOMEHTOB BpeMeHH Hauajla BbINOJTHeHHs ¢-X 3aJaHMii,
BXOJISIIHX B NMaKeTbl, 3aHUMAaWIIHe  j-e MO3UINHU B
MOC/IeI0BATEILHOCTSX 7' HX BbINOJIHeHHs Ha npudopax KC. C yuerom
BU/a TIOJNYy4YCHHBIX BblpakeHnd (43) —(58) paspaboran anroputm

BBIYMC/ICHHs 3HAueHui onmemento 7, (¢=LN, , j=LN, , [=1L)
marpury 7" MOMEHTOB BpeMeHM Hauala BBINOIHEHHS ¢-X 3aJaHMIA,

BXOOAIIMUX B ITAKCThI, 3aHUMAKOIIUC j-e IO3UIUHU B IIOCJIEAOBATCIBbHOCTAX

7' ux BwimonHeHus Ha Tpubopax KC, KOTOpble SABIAIOTCA PE3yMbTATOM
BBIUUCIICHUH C MCHOJB30BAHMEM pAcCMAaTPUBAEMOH MOJENU. ANTOpUTM

BbIYMCICHHA 3Hauenmit £ (¢=LN, , j=LN, , I=1,L ) Ha ocHOBe
BeIpakeHuit (43) — (58) numeeT cieayronuii HOpsI0K Iaros:
1. 3amate HOMep mo3uIUM j, B KOTOpOH pa3MelleH B

nocnenoatenbHocTsX 7' ( [=1,L ) paccmarpuBaemslii 113, paBHbIM 0

N
(=0). Beruncnurs 3uavenne N,: N, = Zm,. .
i=1
2. 3anmats HOMep [ mpubopa, IS MaKeTOB B MOCIEI0BATEIHLHOCTH
7' KOTOpOTO peanusyercs BEIYMCIEHHE 3HAYCHHIA tj'; MOMEHTOB BpPEMEHH

HayaJjia BBINIOJTHCHUA 3a,uaH1/1171, PpaBHbIM 1.

3. MO,HI/I(l)I/IIII/IpOBaTL HOMCED j O3 B IIOCJICAOBATCIBbHOCTHU

7', B KOTOpOil pa3melieH paccMarpuBaemblii 113: j=j+1. Onpenenuts
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KOJIMYECTBO 3amaHuii N , B IaKeTe, 3aHNMAIOLIEM J-10 TMO3MLHKI0 B

nocnesoBatenbHoCTAX 7' (I =1,1). 3a1aTh 3HaYeHHe HOMEpPA ¢ 3a[aHUs B
paccMaTpUBaeMOM  MakeTe,  3aHMMAIONIEM  j-I0  TO3UIHUI0 B

II0C/IEI0BATENBHOCTSX 7', paBHBIM 1: g=1.
4. Ecmu [=] u j=1, TO BBIITOJIHATH:

a. MHHIMAIH3ALMIo 3Ha4eHus ¢, no Gopmyine (43) npu g=1;
0. BbIYKMCIICHHUE 3HAYCHUS 1, qI no popmyne (44) mpu 1< g<b+1;
B. BbIYUCIICHHE 3HAYEHUS [, qI no dopmyine (45) mpu b+1<g < N,.

[Tepeittn Ha myHkT 10 .
5. Ecm/=Iwu 2<j<N,, TO BbIIOIHUTE:

a. BBIYMC/ICHHE 3HAUCHNS 1) 1O hopmyre (46) mpu g=1;
0. BBIYKCIICHUC 3HAYCHUS tloql o ¢popmyne (47) mpu 1< g <b;
B. BbIYUCIICHHE 3HAYEHUS [, qI 1o popmyrie (48) ipn b+1<g< N,.

ITepeiitn Ha myHKT 10.
6. Ecmum 2</<L-1 uj=I, T BBIIOIHATE:

a. BBIMMCIEHME 3HAYeHHus f; 10 Gopmyre (49) npu g=1;
6. BBIYMCICHNE 3HAUCHHS £, 110 Gopmyre (50) mpu 1< g <b+1;
B. BBIYMCJICHHE 3HAUECHUS 110; no dopmyine (51) mpu b+1<g < N,.

ITepeiitn Ha myHKT 10.
7. Eem 2<I<L-1n2<j<N,, TO BBIIOJIHUTS!

a. BBIYMCIICHHE 3HAUYEHNs 1), 110 Gopmyue (52) npu g=1;

6. BbIuMCICHHE 3HAYCHNS 1) 110 Gopmysie (53) mpu 1< g <b;
ol

B. BbIYACICHUE 3HAYeHUs ¢, 110 popmyne (54)mpu b+1<g< N, .

ITepeittn Ha yHKT 10.
8. Ecmum [=L u j=1, TO BBINIOJIHATE:

a. BBIMHMCIEHHE 3HaueHus f; mo dpopmyse (55) npu g=1;
0. BBIUKCIIEHUE 3HAYCHUS tl"qL no Qopmyie (56) npu 1< g < N,.

Ilepeiitu Ha myHKT 10.
9. Ecm/=Lu 2<j<N,, TO BBIIOJIHHUTH:

OL —7-
a. BBIMMCIICHHE 3HAYeHUs ¢, 1o dopmyue (57) npu g=1I;

6. BbIUMCIICHHE 3HAUCHNS {10 popmye (58) mpu 1<g< N, .
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10. Momudunuposars 3HaUeHHEe HOMepa mpubopa [: [=/+1. Eciu
[ <L, 10 mepeiitn Ha myHKT 6. MomupunupoBars 3HadeHue q: q=q+1.
Ecim g < N, 1o [=1], nepeiitn na nyuxr 4. Ecim g > N, T0 nepeiitu Ha

myHKT 11.
11. MonmudpumupoBaTs 3HAYCHHE HOMEpa TO3UIMH j, KOTOPYIO
sauumaer I13: j=j+1. Ecim j< N, , TO HMHHIMANM3UpOBaTh HOmep [

npubopa KC: /=1 , mepeiitn Ha nynkr 3. Ecnmu j> N, , 10 nepeiitn na

MyHKT 12.

12. OctaHoB anropurMa.

Pa3zpaboTanHass ~ MaTemarHdeckass  MOJEIb  MHOTOCTaJAMHHBIX
nporieccoB BeimoaHenuss 113 B KC npu kommuectse mpubopoB L >3 u
KojMYecTBe MmakeroB N, >2, a TaKKe paspabOTaHHbIA —AIrOPHTM

MOJETUPOBAHUSl YKa3aHHBIX MPOLECCOB, OCYILECTBISIONINI BBIUYKCICHHUE
3HAYCHUH tj’f[ Ha OCHOBE BBIPAKEHHUI MOJEIH, PeaTn30BaHbl MPOTPaMMHO.

Ha ocHOBe BBIYMCIECHHBIX 3HAUCHUIH tfé ¢dopmupyrorcst nuarpammMel ['anra,

KOTOpBIE OTOOpakaloT MPOIECC BBIMIONHCHHUA 3aJaHWi, BXOAANINX B
naketsl, mpudopamMu KC, BKIIOUAIONINI KaKk WHTEPBAIBI OJOKHPOBAHUS U
MPOCTOCB TPHOOPOB B OXHIAHWUM Hadajla pealn3alid JCHCTBUH ¢
3aJaHUAMH, TaK U WHTEPBAJBl HETIOCPEICTBEHHO (YHKIMOHUPOBAHUS TPH
OCYIIECTBIICHUH JeiicTBuil ¢ HUMH. Ha muarpammax ['anTa oToOpakarorcs
MOMCHTBHI BPEMCHHM Hadyalla BBITIOJHCHUS 3aJaHWi, BXOJSIIIUX B IMAKETHL

C nenpro GpopMupoBaHus auarpaMMm 'aHTa M OTOOpaskeHHSI 3HAUCHHUH t;’; ,
COOTBETCTBYIOIINX IPOIIECCY BBINOJHCHUS 3aaHUH, BXOJIIINX B MaKeTHl,
pa3paboTaHHOE MPUIIOKEHHE HCIOJIb3YeT JHUCTHI B mporpamme Microsoft

Excel. Bun hopMupyeMbIx nprioKeHHeM Ha OCHOBE MOJEIH M alrOpHTMa
o ol
pacyera 3Ha4yeHWH f;, jauarpamMMm I'aHTa npejACTAaBICH Ha PHCYHKE 3.

Ananmu3 (QopMUpYeMBIX TPHIOKEHHEM M pa3IHYHBIX IapamMeTpoB
MHOTOCTaJMHHBIX TPOIECCOB AuarpamMM [aHTa mMOKa3anx KOPPEKTHOCTh
CHHTE3MPOBAaHHBIX MOJENeH M aJrOpUTMa BBIYNCICHHUS 3HAYCHHUNA tj"; .

PazpaboTanHble MOAENM W aJNrOPUTM BBIYNCICHHUS 3HAUYCHUH tj'f[ B

JanbHeHIeM OyAyT IOJO0KEHBI B OCHOBY IPHMEHEHHS pa3paboTaHHOTO
HEePapXHYecKOro MoAXOoAa K ONTHMH3AlMU pemeHui nmo cocraBaMm I13 u
pacnmcaHMsAM HMX BBHIIONHeHHs Ha mnpubopax KC s pemenus
paccMaTpuBaeMoii 3a1auy INIAHUPOBAHUS MHOTOCTAIUHHBIX TIPOLIECCOB IPH
ydeTe MPOMEeXXYTOYHBIX Oy(epoB OTPaHUICHHOTO pa3Mepa.
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Puc. 3. Buasl nocnenoBarensHocTei BeimoaHeHus [13 Ha Tpex nmpubopax KC u
3Ha4YEHHS] MOMEHTOB BPEMEHH Havaia peajn3aluu 1eicTBuil ¢ HUMH,
copMHUpPOBaHHBIE IPOTPAMMOI MOJEITUPOBAHHS MHOTOCTaJUIHBIX IIPOLECCOB

4. 3akil0ueHue. IIpumenenue COBpPEMEHHBIX METOJI0B
MaTeMaTH4YeCKOr0  MOJEIUPOBAaHUS M ONTUMHU3ALUU  paclUCaHUI
MHOTOCTaJMUHBIX mpoueccoB BeimonHenus [I3 B KC, Bxirouarommx
Oydepsl 3alaHHBIX pa3MepOB, OTPaHUYECHO Pa3MEPHOCTHIO PEIIaeMBbIX 3a1a4
(orpaHMYeHHOE KOJIMYECTBO MakeToB 3ananuil 1 npudopoB B KC). B toxe
BpeMsl IPUMEHEHHE MPEJIOKEHHOTO aBTOPOM HEpapXU4ecKoro moaxoja K
onTtuMu3anuu coctaBoB 113 u pacmucanmit mx BemonHeHus B KC (mpu
HamYud ~ OypepoB  OTpaHMYCHHBIX pa3MEpoOB) OCHOBBIBaETCS  Ha
MaTeMaTHYECKUX MOJEISIX IPOoIeccoB BRIMOIHEeHUS nakeToB B KC. B cBszn
C OTHM BHITIOJHEHBI HCCIENOBAHUS, ITO3BOJIMBIINE MOJIYYHUTH CIIEAYIOIIHE
HOBBIC Hay4YHBIC Pe3yNBTATHl: 1) CHHTE3MpOBaHA MaTeMaTH4yecKas MOJIENb
nporeccoB BemonHeHus [13 B KC, cocrosmeit m3 aByx mpuOOpoB mHpH
MIPOU3BOJBHOM (HE OTPaHWYEHHOM, B OTIMYHE OT CYIIECTBYIOLIUX
METONOB) uX  (makeroB) KommdectBe N, >2;  2) CHHTE3UpOBaHa
MareMaTHueckas Mojenb mnpoueccoB BoinosHeHus [13 B KC, coctosmieit u3
TpeX TpHUOOPOB MpPH MPOHU3BOJLHOM (HE OTPAaHMYECHHOM) KOJIHUYECTBE
nakeToB N, >2; 3) CHHTE3UPOBaHA MaTeMaTHYECKas MOJEIb MPOLECCOoB
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BeimostHeHust 113 B KC, cocrosimeit u3 L > 3 npuOOpOB NpH KOJIMYCCTBE
naketoB N, >2; 4)pa3paboTaH airoputM  BBIMUCJICHHS 3HAYCHHH

MOMEHTOB BPEMEHH Hadaja BHITIOIHEHUS 3a/JaHU, BXOIIIINX B MTaKETHl, HA
npubopax KC. Taxxe pa3paboraHa mporpamMma, HHTEPIIPETHPYIOIIAS
MOJyYCHHBIE MAaTEMAaTHYECKHE MOMIETH MHOTOCTaJUHHBIX IPOIECCOB U
NTOPUTM BBIYUCIICHHSI MOMEHTOB BPEMEHH Hadajla BBHITOJHEHUS 3alaHHH,
BXOJSIIIUX B makeTel, Ha mpubopax KC. PesynbraToM BBINOTHEHUS
MpOorpamMMBbl  SBISIOTCS  (OpPMHUpPYEMbIe €0 auarpaMMbl [ aHTa,
OTOOpaXarolue XOJI MOJCTUPYEMBIX MHOTOCTAJUIHBIX IPOIECCOB
BeimoniHeHus [13 B KC. Mcnonp3oBanue pa3zpabOTaHHBIX MaTeMaTUYECKUX
mozeneit  mpomeccoB  BemoaHenws [I3 B KC, Bximouaromumx
MIPOMEXyTOUHBIe Oydepsl OrpaHMYEHHBIX Pa3MepoB, MMO3BOJSET MOIYYaTh
HE TOJIbKO MOMEHTHI BpEMEHHM OKOHYaHHUs BblosiHEHUS Beex 113 B KC, HO u
HHTEpBAIBl MPOCTOST TNPHOOPOB, CBSI3aHHBIE C WX OJOKHPOBAaHHEM IIO
MpUYHHE 3amoTHEeHUs OydepoB, a Takke 3((HEeKTUBHOCTh HCIOIH30BAHUS
OydpepoB mpu BemomHeHHH [I13. DTO nemaeT BO3MOXKHBIM TIPH CHHTE3€
MaTeMaTHYEeCKUX MOJIENeld ONTHMHU3ALMU peweHuil mo coctaBam I13 u
pacnucanwuii ux BeinoiHeHus B KC GpopMupoBaTh KpUTEPUH, TO3BOJISIOIINE
yuyecTb  3(QQEKTHBHOCTh  HCIOJIB30BAHMA  PA3IMYHBIX  PECYpCOB,
HCTIONB3YEMbIX ~ CHUCTEMOW TMpH  BBIMOJHEHWH  TAKETOB  3aJaHUil.
JlanbHelme uccieIoBaHms B pacCMaTpUBAEeMOM HAmpaBJICHUH CBSA3AHBI C:
1) mocTpoeHreM  MOJENM  JOBYXYPOBHEBOW  HMEpPapXW4ecKoil  Hrpbl
ONTUMU3AINK PpEIIeHUH, MO3BOJIIIOMEH ompenesITs cocTaBsl [I3 Ha
BEpPXHEM YPOBHE U PACIIHCAHUAM BEIIOJHECHUS TAKETOB HA HIDKHEM YPOBHE;
2) CHHTE30M METOJIOB JIOKAaJbHON ONTHMH3ALUHU PCIICHUH HA KaXXIOM W3
YpOBHEH; 3) MONy4YeHHEM pPe3yJIbTaTOB MOJCIUPOBAHHUS W ONTHMHU3AINH,
KOTOPBIE TO3BOJIAT ONPEACIUTE OCOOCHHOCTH MHOTOCTaIUHHBIX IIPOLIECCOB
BemmonHeHus [13 B KC npu Hammunm wMexny npubopamu Oydepon
OTPaHUYCHHBIX Pa3MEPOB MEXY PUOOPAMH.
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K. KrROTOV
MATHEMATICAL MODELING OF THE PROCESSES OF
EXECUTING PACKAGES OF TASKS IN CONVEYOR SYSTEMS
WITH INTERMEDIATE BUFFERS OF LIMITED SIZE

Krotov K. Mathematical Modeling of the Processes of Executing Packages of Tasks in
Conveyor Systems with Intermediate Buffers of Limited Size.

Abstract. Modern methods of process planning in conveyor systems with buffers of a
certain size between processing devices allow optimizing schedules for single tasks or fixed
task packages with a limited number of them and a limited number of devices. The use of
mathematical models of the processes of performing single tasks (task packages) used by these
methods in optimizing the composition of packages and schedules for their execution in
systems with an arbitrary number of packages and devices is impossible. At the same time,
mathematical models of the processes of executing task packages in conveyor systems in the
presence of buffers of limited sizes between devices are the basis for the development of
methods for optimizing their (package) compositions and schedules for the implementation of
actions with them on the devices of conveyor systems. In this regard, the article develops
mathematical models of multi-stage processes of performing an arbitrary number of task
packages in conveyor systems in the presence of intermediate buffers of limited sizes for two
and three devices, as well as for an arbitrary number of devices. The use of these models makes
it possible to determine the time points of the start of the execution of task packages on the
devices of conveyor systems, taking into account the limited size of intermediate buffers, as
well as the duration of time intervals for the use of these resources and the efficiency of their
use over time. An algorithm has also been developed for mathematical modeling of the
processes of executing task packages in conveyor systems in the presence of intermediate
buffers of limited size, which calculates the time characteristics of these processes based on a
given order of implementation of actions with task packages on the devices of conveyor
systems. An application has been developed that implements synthesized mathematical models
of the processes of executing task packages in conveyor systems with intermediate buffers of
limited sizes and an appropriate method for modeling these processes. Versatile testing of the
developed application has shown that the obtained mathematical models and the modeling
method adequately describe the course of multi-stage processes of task packages in pipeline
systems, set using different values of their (processes) parameters.

Keywords: pipeline systems, schedules, buffers of limited size, mathematical modeling of
multi-stage processes for the execution of task packages.
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B.1. BOPOTHHKOB
O YACTUYHON YCTOMUYUBOCTHU HEJIMHEMHBIX
JTUCKPETHBIX CUCTEM C 3AIIA3IbIBAHUEM

Bopomnukos B.M. O 4acTH4YHOH YCTOHYMBOCTH HeJHHEHHbIX JHCKPETHBIX CHCTEM C
3anasbIBaHHEM.

AnHHoOTammsi. PaccmatpuBaeTcst cHCTeMa  HEJIMHEHHBIX  JUCKPETHBIX  (KOHEYHO-
Pa3HOCTHBIX) ypaBHEHUH OOMIEro BUa ¢ OrpaHUYCHHBIM 3ama3jbBaHueM. MHTepec k 3agauam
YCTOHYHMBOCTH TAKUX CHCTEM B MOCIEAHHE TOAbI 3HAYUTEIHHO BO3POC; B YAaCTHOCTH, 3TO
CBSI3aHO C aKTyaJIbHBIMM IpOOJIeMaMH YIpaBlIeHHs 4epe3 CeTh. B OCHOBHOM aHaIM3HpyeTcs
3a7a4a YCTOHYHMBOCTHU IIO BCEM IIEPEMEHHBIM HYJIEBOTO MOJIOKCHHUS PABHOBECHS, IIOCKOIBKY
3aMeHO MepeMEHHBIX K TaKOH 3amade CBOAUTCS 3aJada yCTOMYMBOCTH IO BCEM IIEPEMEHHBIM
JI000T0 pelleHust paccMaTpuBaeMoii cucteMbl. OJJHUM M3 OCHOBHBIX METOZIOB MCCIICZIOBAHMS
SIBIACTCSI IUCKPETHO-(DYHKIIMOHANBHBIN BapHaHT HPSMOro MeTona JIAmyHOBa, MOIyYHBIIMH
CYIIECTBEHHOE Da3BHTHE B TEOPETHYECKOM M IIPUKIAJHOM acleKkTax. B maHHOH cratbe
NpeqroyaraeTcs, 4YTO paccMaTpHBaeMasi CHCTEMa YpaBHEHHI IONMYyCKaeT «JacTHYHOE»
(HyeBoe) MOJIOXKEHHEe PAaBHOBECHS, M CTABUTCS 3a7ada yCTOHYMBOCTH MO OTHOIICHHIO K YacTH
OIIPeIeIAIONINX ATO TOJOXKECHHE PaBHOBECUs IepeMEHHbIX. Takas 3aada OTHOCHTCA K Oolee
o0IMM 3a/la4yaM YaCTHYHOH YCTOHYMBOCTH, KOTOPBIE HCCIEIYIOTCS JUIl HEIHHEHHBIX
JIUHAMAYECKHX CHCTEM pa3IHYHOH (GOpMBI MaTeMaTH4eckoro omucaHus. IlpemmoxeHnas
MIOCTAaHOBKA 3aJayl YAaCTUYHONW YCTOMYMBOCTH IOMOIHSECT KPYr YKa3aHHBIX MCCIIEIOBAHUN
MIPUMEHUTENBHO K KJIAacCy pacCMaTpUBAaeMBIX cHCTeM. J[Is pelleHusl MOCTABICHHOH 3amadu
npuMensierca Metoq (yHkuuonanos JlamynoBa — KpacoBckoro B IpoCTpaHCTBE AUCKPETHBIX
(yHKLMIT IPU COOTBETCTBYIOIIEH KOHKpETU3auuy TpeOdoBanuii K ¢pyHKiroHanam. OciaabneHus
TaKUX TPeOOBaHMH MOXKHO JTOOUTHCS BBEJCHHEM IONOJHHUTENBHBIX JUCKPETHBIX (YHKIHIA,
IIOCPEICTBOM ~ KOTOPBIX: 1) IPOBOAMTCS KOPPEKTHPOBKA 0OJNAaCTH  (DYHKIMOHAIEHOTO
MIPOCTPAHCTBA, TAe cTposATcs (yHKuuMoHanb! JismyHoBa — KpacoBckoro; 2) HaXonsITCsl OLEHKH
(YHKIMOHAIOB M WX pasHOCTeH (NpUpalleHuii) B CHIYy pacCMaTPHBAeMOH CHCTEMBL.
B pesynbrate mcnonb3yeMmble (QYHKIMOHANBI M WX PasHOCTH (IPHpAIEHHs) MOTYT OBITh
3HAKOIEPEMEHHBIMH B 00J1aCTH (QYHKIIMOHAIBHOTO IPOCTPAHCTBA, OOBIMHO paccMaTpUBAEMOH
NpU aHAJIU3€ YaCTUYHOM ycroiumBocTH. Ha OCHOBE NpENIOKEHHOro MOJAXO0JA MOTYyYEHbI
JIOCTAaTOYHBIE YCIIOBHS YaCTHYHOH YCTOHYMBOCTH (QCHMIITOTHYECKOH YCTOHYHBOCTH)
ykazaHHoro Buaa. OcoOGeHHOCTH HOJXO/a MOKa3aHbl Ha IpUMepe ABYX KJIACCOB HETMHEHHBIX
CHCTEM 3aJaHHOU CTPYKTYpBHI, JUII KOTOPBIX YacTHYHAs YCTOWYMBOCTH aHAIU3UPYETCs B
mpocTpaHCTBe TapameTpoB. Ilpm »>TomM oOpamaercs BHUMaHWE Ha IEIE€COO0OPa3HOCTH
UCHOJIb30BaHUS CEMEHCTBA (PYHKIMOHAIIOB.

KiroueBble cj10Ba: cucreMa HEIMHEHHBIX IMCKPETHBIX ypaBHEHMIl ¢ 3ama3s/ibIBaHHEM,
YacTHYHas yCTOHYMBOCTH, MeTol (yHKIMOHANOB JlsmyHoBa — KpacoBckoro B mpocTpaHcTBE
JICKPETHBIX (ByHKIMH, OJJHOIIapaMETPUIECKOE ceMeiicTBO DYHKIMOHAIIOB.

1. BBenenune. HenuHeillHble CHCTEMBI JTUCKPETHBIX (KOHEUHO-
Pa3HOCTHBIX) YpaBHEHUU HIMPOKO HCIIOJB3YIOTCS B COBPEMEHHOW TEOPUH
yIpaBJICHUs], MATEMAaTUIECKOM MOJICITUPOBAHUN B PAa3JIMYHBIX 00IACTIX, a
TaK)K€ B BBIUUCIUTEILHON MaTeMaTUKE U €€ MPUI0KESHUSIX.

Teopun 1 MeTomaM Ka4eCTBEHHOTO HCCIIEIOBAHMS TAKUX CHCTEM K
HACTOSIIIEMY BpEMEHH TIOCBSIICHA OOMMpHAs JHUTepaTypa, B KOTOPOH
3HAYUTEIEHOC BHUMAHHE YJEISIETCS BaXXHBIM B TIPUKIATHOM CMBICIE
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3aa4aM yCTOWYMBOCTH; yKakeM MoHorpadwuu [1 — 4], Haunbosee Omu3kue
10 TeMaTHKe K JaHHOW ctaTthe. Hapsmy ¢ Hambojee dacTo H3ydaeMoit
3amadell yCTOWYMBOCTH IO BCEM MEPEMEHHBIM HYJIEBOTO IOJOXKEHUS
paBHOBECHsSI ~ TakK€  PAacCMATPUBAIOTCA  €CTECTBEHHBIM  00pa3oM
BO3HHUKAIOIIAE B TPWIOKEHWSIX Ooylee O0OIIMe 3amadd  YdcimuyHou
yemotiyueocmu [5, 6]: yCTOHYMBOCTH IO YacTH IIEPEMEHHBIX HYJIEBOTO
MIOJIOKEHHSI PABHOBECHsS, @ TAaKXKE YCTOWYMBOCTH II0 BCEM W IO YacTH
MEPEeMEHHbIX  «YaCTHYHOTO»  (HYJIEBOTO) TMOJOXEHHS  PAaBHOBECHS.
HpI/IMeHI/ITeﬂbHO K HEJUHEHHBIM CTaHAAPTHBIM OJHOMIArOBBIM CHCTCMaM
JIUCKPETHBIX YPABHEHUI:

x(k+1)= F(k, x(k)), 1)

yKa3aHHBIC 3aJa4ydl YaCTUYHOW YCTOWYHMBOCTH H3YYallUCh B KOHTCKCTE
mnpsimoro meroaa Jlsmynosa [2, 4, 6, 7 — 11].

B nocnenaue 30 JieT cTamu WHTEHCUBHO pa3pabaThIBATHCS TTOIXOIbI
K Ka4eCTBCHHOMY aHaiu3y (BKIIOYAsl aHAJIU3 YCTOMYMBOCTH) Oosiee 0Ommx
CHUCTEM OUCKPemHbIX ypaeHenull ¢ 3anaszovieanuem [12 —14]. B cmyuae
HOCMOSIHHO20 ~3ala3/lbIBaHUs TaKUE CHUCTEMBI SIBISIIOTCS  CHCTEMaMHu
OOBIYHBIX JMCKPETHBIX YPAaBHEHUH MOPSIKA BBIIIE IepBoro (m > 1):

x(k+ 1) = F(k, x(k), x(k = 1), ..., x(k — m)), ©)

KOTOpBIE MOKHO CBECTH K CTaHIAPTHBIM JHCKPETHBIM cucteMaM Buaa (1)
BBE/ICHHEM HOBBIX IIEPEMEHHBIX U PACHIMPEHHEM MPOCTPAHCTBA COCTOSIHHUIA.
CucTeMbl TUCKPETHBIX YPABHEHHUI C nepeMeHHbIM 3aTa3[bIBAHHEM:

x(k+ 1) =F(k, x(k), x(k — 1,(k)), ... ,x(k — 7, (k))), 3)

rae GyHkuuu t,(k) IPUHHMMAIOT OJHO U3 LIENOYMCIEHHBIX 3HAYEHUH M3
npoMexyTka 0 < 1,(k) < m, BOBHHKAIOT B 3aJa4axX YIpaBJICHUs 4EPe3 CETh

(networked control). Cuctemsl ypaBHeHMI (3) MOXHO paccMmarpuBaTh [15]
KaK CHCTeMBl ¢ mepexmodeHmsiMH (switched systems) mexay Habopom
cucreM Buaa (2), COOTBETCTBYIOIIMX BCEM IOMYCTHMBIM 3HAYCHHSIM
3anasablBaHui T, (k) M nx KomMOuHauusAM B cucteme (3).

Bo3mokHOCTH aHanM3a ycToMunBoCTH cucteM Buja (2) u (3) MOxkHO
PacUINpUTh, WCHONB3YS AUCKPETHO-(ODYHKIIMOHATBHYIO TPAKTOBKY JSTHX
CHCTEM W COOTBETCTBYIOIIMH ammapar mpsMoro wmeroxa JlsmyHOBa.
K Hacrosmemy BpeMeHH B JaHHOM HAIIPaBIICHHUH IIOJIYYEH PSJI TEOPEM IS
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obmiero kiacca CHCTEM HEJIMHEHWHBIX  (YHKIHOHAIbHO-PA3HOCTHBIX
ypaBHEHHH ¢ 3ama3fpiBaHueM [16 —24], a Takke HalAeHB KOHCTPYKTHBHO
MpOBEpsIeMbIE YCIOBHS YCTOHYMBOCTU JHHEHHBIX IMCKPETHBIX CHUCTEM C
MepEeMEHHbIM  3ala3[bIBAHUEM Ha OCHOBE [IMCKPETHBIX  aHaJOroB
¢yukumoHanoB  JlsmyHoBa — KpacoBCKOro ©  MaTpUYHBIX HEPaBEHCTB
[15, 16, 25 —30].

Nmerotest Takke Apyrue 3QQEKTHBHBIE IMOAXOAbI K 3THM 3ajadaM,
paccMOTpeHHEe KOTOPBIX BBIXOAWT 32 paMKH [aHHOM CTaTbU; YKaXeM,
Hanpumep, padotst [31, 32], rae MoxxHO HalTH OudIHOrpaduio.

Kpyr ykazaHHBIX HCCIlieOBaHHH HEOE3BIHTEPECHO JOIOJHUTH 32
CYET MOCTaHOBKH 3aJlaudl ¥acmuyHOol YCTOMYMBOCTH JUIS OOIIEro Kiacca
HEJIMHEHHBIX JAMCKPETHBIX ypaBHEHMH C OTpaHMYEHHBIM 3ara3/bIBAHUEM.
A ¥MeHHO, Jaiee MPEANoaraeTcs, YTO CHCTeMa JOMYCKAeT «4aCTUYHOEY
(1Mo YacTH MEepeMEHHBIX) HYJICBOE MOJOKEHHUE PABHOBECHS U YCTOWYHUBOCTD
paccMaTpUBaeTCs TAKXKE TOJBKO MO YaCTH ONPEACISIONIUX TO MOJ0KEHHE
paBHOBECHSI TEPEMEHHBIX. AHAIU3UPYETCS BO3MOXHOCTh  PEIICHHS
MOCTABJICHHON 3aJayll Ha OCHOBE BCIIOMOTATEJbHBIX (DYHKIIMOHAJIOB,
SIBJSIFOLIMXCS  TUCKPETHBIMKM ~ aHAOraMu  QyHKIHOHANOB JlsnyHoBa —
KpacoBckoro, kotopble A(Q(EKTUBHO HCIONB3YIOTCS TPHU  aHAJIU3e
(byHKIMOHANBHO-TU(pQepeHINaIbHbIX  ypaBHeHud. [y pacmmpenus
BO3MOXKHOCTEH HOCTpOeHHs1 (DYHKIMOHAJIOB MpeaiIaraeTcss IMPOBOJHUTH
KOPPEKTHPOBKY O0JAaCTH MPOCTPAHCTBA JAUCKPETHBIX (PYHKIMH, B KOTOpOU
(YHKIIMOHAJBI CTPOSITCS, & TAK)Ke OLEHUBATH (DYHKIIMOHAIBI U UX PA3HOCTH
(mpupatieHus) B CHIy  pacCMaTPUBAaeMONl  CHCTEMBI,  HUCIOJB3Ys
MOJIXO/ISIIHE JOTMOTHUTEIbHBIE BCIIOMOTaTeIbHbIE (DYHKIIHH.

2.MocranoBka 3amauu. Ilycte R" — jumHeiiHoe n-mepHOe
HPOCTPAHCTBO BEKTOPOB X C €BKJIMJIOBOM HOPMOH | X |; Z, = {O, L2, .. } -
MHOJKECTBO HENBIX HEOTPULATENBHBIX Yucel; Z, ={-m,—m+ 1, ..., 0} ,

™ — 3aJTAaHHOE 11€J10€ TIOJIOXKUTEIBHOE YUCIIO.
Bynem paccMaTpuBarth OOmMiI KJacC CHCTEM  HEIHMHEHHBIX

JUCKPETHBIX YpaBHEHUI ¢ OrpaHUUYEHHBIM 3alla3/bIBAHUEM, OIpeIesieMblil

CHUCTEMOH (PYHKITMOHATILHO-PA3HOCTHBIX ypaBHeHHH Bua [17 — 24]:

x(k+1)=F(k, x,), “)

COCTOSIHUE CHUCTEMBI (4) Ha KaXIOM Iiare (B KaKIbIH TUCKPETHBIH MOMEHT
BpeMeHH k €Z,) ompenensercs  OUCKPETHOH  BeKTOp-(yHKIHei

x, =x(k+j), jeZ,, a HauaIbHOE COCTOSHHE X( — AUCKPETHBIM HabOPOM
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3naveHut X, = {x(k,),x(k, — 1), ... ,x(k, —m)}, o0OpasylolUX MaTpHILy
pasmepa nx(m+ 1).

ITycts oneparop F(k, y): Z x4 — R", onpenensomuii 0paByro 4acTb
cucTeMbl (4) B IpOCTpaHCTBE 4 AUCKPETHBIX (CETOYHBIXK) BEKTOP-(PYHKLIMHA

v Zo — R" ¢ nopmoit || /= max{|y(0)|, [w(-Dl, ... ,|wCm) [}, npn
KaXIOM k € Z. nenpepuvigen 1o \y B obnacti ||y || < oo. Torma anst mro0bIx
ky, >0, Xo CyIecTByeT eAMHCTBEHHBIN TUCKPETHBIN npouecc x(k,, X,) , IpH
BceX k >k, oONpenensolMi pelleHHe ITOH CHCTEMBI C HayaabHBIM
cocrosinueM Xg. O6osnauum x(k) = x(k;k,,X,) 3HaueHus BeKTOp-QyHKIUH
x(k,,x,) Ha k-oM mmare mpouecca.

Iposons pasduenne x =(y',z")" dasosoro Bextopa cucremsr (4)
Ha JIBE TPYIIIbI IEPEMEHHBIX, IPEICTaBUM cucTeMy (4) B BUJe:

ylk+1) = K (k,y,, z,), 2(k+1)=F,(k,y;,2,).

Ecin  semonneno  ycnosne K (k,0,2z,)=0, TO MHOXeCTBO

M= {x(k):y, =0} ompenenser «4acTUYHOE» MOJIOXKEHUE PABHOBECUS

cucteMbl (4), sSBISIONICECS WHBAPUAHTHBIM MHOXXECTBOM OTOH CHCTEMBI.
[penmonoxeHnss O CYyNIECTBOBAHUS «IIOJHOTO» TOJIOKEHUSI PaBHOBECHS
x, =0 cucremsl (4) He TpeOyeTcs.

HNmess B Buay aHamM3 YCTOWYMBOCTH «YACTUYHOIO» MOJOKCHHUS
paBHoBecuss 'y, =0 cucrembl (4) He IO BCEM OINPEAEAIOIMM €0
TIepEeMEHHBIM, a TOJHKO IO OTHOIICHUIO K UX HEKOTOPOH 3a1laHHON 4acTH [6],
npennonoxum, uto y =(y,’,y,’ )’ M ycTOHuMBOCTb paccMaTpuBaeTCs MO

MepeMeHHBIM, BXOIINM B BekTop y;. Hus pacmmpeHHs Kpyra MOHATHH
y|-YCTOMYMBOCTH BBEIEM TakXKe IPOM3BOJBHBEIM 00pa3oM paszOneHue

z=(z,",z,")" BexTOpa Z Ha [IBE rPYMIIbI EPEMEHHBIX.

O06o3HauuM yepe3 Ds 00acTb 3HaYE€HMH X, Takux, 4To ||y, || <9,
|z, ||<L,||Zy || <o ; obmacte D, momydaercss 3aMeHoif & Ha A. 3xech
1y, || = max | y(k, + )| (12, | = max|z,(k, + /)| (i=1,2) npn j€Z,.

Onpeoenenus. «HacTuaHoe» monoxkeHne pasHoBecHs y, =0
cUCTeMSI (4) npu 60abUIUX SHAYEHUAX Z,, 8 YENOM NO L,

1) yi-yemoiiuueo, ecimu s Kaxporo k,€Z,, a TaKke Uil
NPOU3BOJILHOTO 4Mcia € >0, Kak Obl Majo OHO HE ObLIO, W JUIs JIIOOOro
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Hamepesl 3ajaHHoro uucna L >0 wHadinercs O(e,k,,L)>0 Takoe, 4ro
HepaBeHCTBO |y, (k,k,,X,) | < & nmMeer MecTo 1d Beex k >k, , ecmu X, € Dy;

2)  pasHomepHO yi-ycmotiyugo, eciu 0 =0(g, L);

3) pasHomepno acumnmomuyecku yi-ycmouuugo, €ciu OHO
PaBHOMEpPHO Yy;-ycTolumBOo u cymectByeT A(L)>0 Takoe, 4ro s
HpPOU3BOJIHOTO  pelleHus cucrteMsl (4), a1 KoTtoporo X, €D,,
npenensHoe cooTHomenue |y, (k;k,,X,)|=0, k—>oo BoImONHAETCSA
paBHOMEPHO 110 ko, Xo U3 obnactu k, =20, x, € D, .

3a0aua. Haiitn ycnoBus Yy -yCTOHYMBOCTM W paBHOMEPHOH
ACUMITOTHYECKOH Y-yCTOHYMBOCTHU NpH OOJBIINX 3HAYEHUSX Zj) B LIEJIOM
N0 Z) «4aCTUYHOTO» TOJIOKEHMs paBHOBecuss y, =0 cucremsl (4) B
KOHTEKCTE TUCKPETHOTO BapHaHTa MeToAa (yHKIHOHANOB JlsmyHoBa —
Kpacosckoro.

JlanHyro 3amady MOXKHO paccMaTpHBaTh W KaK BCIIOMOTATEIHEHYIO
IPU aHaJIW3€ YCTOWYMBOCTH TIO0 6CeM TEPEMEHHBIM «JaCTUIHOTOY
nonoxeHus paBHoBecus y, =0 cucremsl (4), KOHKPETH3UPYS IPH 3TOM
WCTIONB3YIOMIYIOCS B HENWHEHHON TEOpPHH YHPAaBICHHS KOHIIETIIHIO
neTekTupyeMocTi anHammdeckux cucteM [33]. Ecmum  cucremy (4)
paccMaTpuBaTh KaK 3aMKHYTYIO CHCTEMY YIIPaBICHHA, TO BO3HHUKAET
COOTBETCTBYIOIIAs 3amada YaCTUIHOU crabuim3anuu TUTS
paccMaTpUBaeMOro B CTaTbe Kilacca CHCTEM IIOCPEACTBOM YIIPABICHHHA
Buga u=u(k,x,).

3ameuanue 1. Hanbonee OMM3KUMH K BBEIEHHBIM  SIBIISIOTCS
MOHATHUS YCTOWYMBOCTH 10 BceM [4] U 1o vacT mepeMeHHbIX [11, 34, 35]
«JaCTUYHOTOY» TIOJIOKEHUSI PABHOBECHS CHCTEM IHCKPETHBIX, a TaKke
¢byHKIHOHATBHO-TU( GEepeHITNaTbHIX  ypaBHeHHH [36, 37]. CnemanHoe
pasouenne z=(z,',z,”)’ MOXHO KOHKDETU3MPOBATL C  LEJIBIO
MUHUMU3AIHA TPEOOBAaHUHA K MCIOIB3YyEMBIM JUIS PEUICHUS MOCTaBICHHON
3aa9d TUCKPETHBIM aHajioraM (yHKnoHaioB JlsmyroBa — Kpacosckoro.

3. YcaoBuss 4yacTH4YHOH ycToiuMmBOCTH. B mpocTtpanctse
JIMCKPETHBIX BeKTOp-QyHKIMA . Z, — R" Oymem paccMarpuBath
OJHO3HAuYHbIE, HEMNPEPHIBHBIE II0 Y MpHU KaXKIOM k € Z, CKalsipHbIE

¢byakuuonansl V =V (k,y), V(k,0)=0, onpenencHHbIC B O0JIACTH:

k20, [y, lI<h, [y, [+]w,][<ow. (3)
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T T TN\T
Pasbuenne y = (Y, ,W¥,, ,¥, ) COOTBETCTBYET CACIAHHOMY Pa3sOHEHHIO
x=(y, .y, .z")" dazosoro BEKTOpa X CHCTEMBI (4);

Iy, [1=max |y, (0)] (1=12). |, ||=max|w,(0)| nmpu 0 € Z,.

AHanorom Nnpomu3BOAHON paccMaTpUBAEMbIX (DYHKIHMOHAJIOB B CHILY
cucTeMsl (4) SBISIIOTCS MX pasHocmu (NPUPAILEHUS) B CHITy 3TOW CUCTEMBI
AV (k) =V (k+1,X(k,¢))] -V (k,y). NUMeeT MeCTO COOTHOIICHHUE:

Vikow) = Vik. ) + S AV(. ). ©)

J =k

Just  aHanu3a  y;-yCTOWYMBOCTH  «YaCTHYHOTO»  TOJIOKESHUS
paBHoBecus y, =0 cucrembl (4) NONOJIHUTENBHO OYOYT HCIOJIB30BATHCA

CJIeIYIOIIME BCIIOMOTaTeIbHbIE (PYHKIMOHAIIBI ¥ (DyHKIIUH.
1) CxamspHble HenpepbiBHbIe B obOsactd (5) (yHKIMOHAIBI

Vikw,,w,), V (W,,,) A8 yKasaHus oyeHKu céepxy JIs OCHOBHOTO
V-bynkunonana, HeEOOXOIMMOCTb KOTOpoW oOycioBieHa crenudukon
ITOCTAHOBJICHHOHM 3a7adll YaCTHYHOHN YCTOWYMBOCTH. BEKTOP-QYHKIIS Wy
onpenensiercss  pasbuenumem  y, =(y,”,y,,")’,  cooreercTByIoOmMUM
pas6uenmio z=(z,",z,")".

2) HenpepsiBHass B obmactu (5) Bekrtop-byHkmus —p(k, y),
p(k, 0) = 0, mocpecTBOM KOTOPOH KOPPEKTHPYeTCss 00TacTh, TAE CTPOUTCS
V-dynxuuonan. Onpenenum ||k, y)|| = sup |u(k, w(0))|npu keZ,, 0€Z,.

3) HenpepoiBHBIE = MOHOTOHHO  Bo3pacTapomme 1o » >0
ckanspaele Gyakmuu a(r), a(0) =0 (i =1, ... , 4) byaxuuu tina Xasa,
MO3BOJIAIOINNE YKa3aTh IJIsl OCHOBHOTO V-(pyHKIMOHama HEoOXOIMMYIO
OYEHKY CHU3Y.

Beenenue BcriomoraTtenbHON W(Z, ) -QyHKIMM CBSI3aHO C TEM, YTO
aHaJIU3 Yy -yCTOMYMBOCTH «4acTHYHOIO» IOJNOKEeHUs paBHOBecus y, =0
cucreMsl (4) B 00OBIYHO paccMaTpUBaEMOM 00IaCTH:

k20, [wy [[<h <h g, [ +]w, <o, (7

MPOCTPAHCTBA S HE BCErJa IO3BOJSICT BBIIBUTH JKEIaeMbIC CBOWMCTBA
HCTOJIB3YeMOro V-(hyHKIIMOHAIA WK HAJACIUTh €r0 STUMH CBOWCTBAMH.

[MosTomy 1esIeco00pasHo HnepenTH K PacCMOTPEHUIO
V-dbyHk1moHana B 6ojee y3Koi 001acTu:

1456 Undopmaruka u asromartuszanus. 2023. Tom 22 Ne 6. ISSN 2713-3192 (nieu.)
ISSN 2713-3206 (ommaiin) www.ia.spcras.ru



MATHEMATICAL MODELING AND APPLIED MATHEMATICS

k20, [[wy [+ I nte W)l < <h llwy, | +[lw, <o, (8)

YUYHUTBIBasl, YTO (PAKTUUECKH Y|-yCTOHYMBOCTh «HACTHYHOTO» IIOJIOKEHHUS
paBHOBecus y, =0 cucremsl (4) 03HauaeT BBITIOJHEHHE COOTBETCTBYIOINX
OIIEHOK HE TONBKO [UII KOMIOHEHT BEKTOpa Y;, HO M IS KOMIIOHEHT
HEKOTOPOH BEKTOPHOH, BooOme roBops, N(k,X) - GyHKIOHH (Ha30BBIX
MIEPEMECHHBIX CUCTEMBI (4).

Opnako yka3aHHyI0 p(k,X) - QYHKIMIO HE BCer/a BOSMOXKHO YKa3aTh
3apaHee M COOTBeTcTByomyto el pu(k,y) - QyHKIMIO B paccMaTpHBacMOM
MIPOCTPAHCTBE S TUCKPETHBIX BEKTOP-(DYHKIMI €CTECTBEHHO TPAKTOBAThH KaK
JIOTIOJTHATENIFHYIO0  BEKTOp-(QYHKIWIO, KOoTOpas (Kak W caM TIOIXOMSIINA
V-byHKIIMOHAT) OIpeAeNnseTcss B TPOLECCe PpEImIeHUs HCXOTHOW 3amadd
¥1-YCTOHUMBOCTH «4aCTMYHOTO» I10JI0%EHHs paBHOBecus y, = 0 cuctemsl (4).

VKkazaHHbIe ~ OOCTOSITENHCTBA  NPHUBOAAT K LEJIECOOOPa3HOCTH
KOPPEKTHPOBKH 0071acTH (7) (yHKIMOHAIBHOTO MPOCTPAHCTBA <, B KOTOPOH
MPOUCXOAUT TIOCTPOCHUE V-(hyHKINOHAIOB (SBITIOMINXCSA JAUCKPETHBIMU
aganoramMu  (yaknnonHanoB  JlsmyHoBa — KpacoBckoro), mocpeacTBoM
00noHUmMeIbHO BCIOMOTaTeIbHON W(k, ) - DYHKITHH.

Teopema 1. Tlycte mis cuctemsl (4) Haiinercs V-dyHKiuoHan, a
Taroke BekTop-pyHkims p(k,y) , p(k, 0) = 0, 115t KOTOPBIX IIPU AOCTATOYHO
MajoM />0 B obmacT (8) BHITIOTHSIIOTCS YCIOBUS:

Vik,w) > a,(|w,, (0)|+|ntk,w(0))), )
Vik,w) <V (k,wyow,), V(k,0,y,)=0, (10)
V(k,w)<0. (11)

Torna «uactuuHOe» mojoxkeHue paBHoBecus y, =0 cucremsr (4)

Y 1-YCTOWYHBO NpH OOJBLUIMX 3HAYCHHUSX Z1g B LEIIOM I10 Zy.
Jloxazamenvcmeo. J{ns mobsix € > 0, ky € Z. u 1100010 3aJaHHOTO
gucia L >0 B cuny HenpepbiBHOCTH —(yHkunoHasnoB V(k, )
u V(k, Yy, Y1), ycnosus V(k, 0) = 0 u ycnosuii (10) MoxHO HalTh
O(g, ko, L) > 0 Takoe, uto u3 X € Dscienyet V(ky, Xo) < a;(€).
[lpuHUMas BO BHUMaHHE COOTHOIICHHE (6), TPU BBHIMOIHCHUH
yenoBus (11) umeem Vk, xi) < V(ko, Xo). [ToaTOMY, yunTBIBasi HEPABEHCTBO
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(9), s npousBosbHOTO penienus x(ky, Xq) cucteMsl (4) ¢ Xy € Ds ipu Bcex
k > ko cipaBeUTMBBI HEPABEHCTBA:

a,(ly, (ksky,xo) |+ [k, x(ks ky, x0) [) <V (k, X, ) < a, (8) (12)

B cuny cBoiictB dynkimn XaHa (), HA OCHOBaHHH ITOJTyYCHHBIX
HepaBeHCTB (12) 3akmodaem, uto |y (k; ko, Xo)| < € Tpu Bcex k > ky s
MIPOU3BOJILHOTO pelIeHus: cucTeMsl (4), eciu Xy € Ds. Teopema nokazana.

Cnedcmeue. Ecnn ycnoBus (10) Teopems! | 3aMEHUTD YCIOBHAMU:

VW) <V (wyw,), V(0,y,)=0, (13)

TO «4aCTHYHOE) I0JI0KEHUE paBHOBecus y, =0 cuctemsl (4) paBHOMEPHO

Y1-YCTOMYHBO IpH OOJBIINX 3HAYCHUSIX Z1o B LIEJIOM IO Zy.

Joxazamenvcmeo. Ipu BeimomHennn ycnosus (13) s mo0bix € > 0,
ko > 0 n st mroboro Hamepes 3amaHHoro yucna L > 0 Haiimercs d(e, L) > 0
Takoe, uto V(ky, Xo) < a;(€) npu Xy € Ds.

Torna n3 coorHowennit (12) cnenyer, uro |y, (k; ko, Xo)| < € mpu Bcex
k> ko, eciin X € Ds.

3ameuanue 2. OcoOEHHOCTH yCIOBHH TeOpEMBI | U cIeCTBUS U3 Hee
B TOM, 4YTO paccMarpuBaeMblii V-QyHKUMOHam M e€ro pasHoOCTh
(npuparmenue) AV B cuny cucteMsl (4), BOOOIIE TOBOPS, 3HAKONEepeMeHHbl B
obnactu (7). Ilpm stOoM Hapsgy ¢ V-(QyHKIMOHAJIOM JIONOJIHUTEIbHAS
BCIIOMoOTaTenbHast M-QyHKIUS mombupaeTcss ¢ Helnblo  Hambosee
pammoHanpHON 3amMeHbl obmactu (7) obmacteio (8). Ycmomms (10), (13)
BBIACISIIOT ~ Jonycmumyio  cmpykmypy — V-OyHKOHOHama,  KOoTopas
onpeaenseTcs crienupuKon THOCTaBIECHHOMN 3a7a4u YJaCTHYHON
YCTOWYHBOCTH; JIOITyCKaeTcst nPOU360IbHbI HETIPEPBIBHBIA
V*—(l)YHKIII/IOHaJ'I, JUist KoToporo V' *(t, 0, ;1) =0 ummu V *(0, y,) =0,
1 OTPaHUYMBAIOIINN V-(yHKIIMOHAI CBEPXY.

3ameuanue 3. B KadecTBe IOMYCTHMBIX V-(QYHKIIMOHAIOB MOXKHO
UCIIOJB30BaTh 3HAKOONPEETICHHbIE (110 BCEM IEPEMEHHBIM) K8AOPAMuuHble
¢yukmonansr Vik, y) = V(k, Yy1, Wk, W), ecam BeIGOp p-yHKUMIA
cornacoBats ¢ ycnousiMu (10), (13): Bo3MOKHBI, Harmpumep, H-QyHKIMN
Buta p=p(y,,v,), p0,y,)=0. Tawke HOMyCKAETCS HCIOIb30BAHHUE
COOTBETCTBYIOIIMX  3HAKOOMNPENENCHHBIX IO  BCEM  IEPEMEHHBIM
(YHKIMOHAIOB 00JIEe BHICOKOTO ITOPSIIKA.

3ameuanue 4. Ilycts cuctema (4) JIOIYCKaeT «IOJIHOE» IOJOXKEHHE
paBHoBecust X, =0. Ecnu p(k,y) =0 (obnacts (7) HE KOppEeKTHpYyeTCs), a
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TpeboBaHue X, € D; 3ameHsercs TpeboBaHMeM ||X,||<8 , To mnpu

BhInoiHeHNH ycnoBuit (9), (11) mmeem auCKpeTHO-(YHKIMOHAIBHBINA
BapuaHT Teopemsl B.B. PymsHiesa [5] 00 ycTOHYMBOCTH 110 OTHOLICHUIO K
YacTH IepeMeHHbIX (Y -yCTOWYMBOCTH). B naHHOM ciydae BBIIOJIHEHUS
ycioBuid (8) miu (13) He TpebyeTcs.

4. YcaoBusi YaCTHYHOH acCHMMNTOTHYECKOW ycroiumBocTH. [[nd
aHaJ M3a AaCUMIITOTHYECKOH Y|-yCTOWYHMBOCTH «H4AaCTHYHOTO» IIOJIOKCHHUS
paBHOBecHs y, =0 cuctemsl (4) JOIOIHUTENBHO OYAyT MCIIOIb30BATHCS:

1) B mpocTpaHCTBe J AMCKPETHBIX BEKTOP-(QYHKIMI Y HOpMa!

Il = 2 lw()I%

j=-m

2) wHempepsiBHas B obsactu (5) Bekrop-¢pyHkuus w(y), w(0) = 0,
HOCPEICTBOM KOTOPOH 3amaloTCsi He0oOXOAUMBbIE OLEHKH V-(yHKIHOHANa
€ro pa3HoOCTH (MPHPAIEHHS) B CHCTEMY CHCTEMEI (4).

Teopema 2. Tlyctb nmnst cucteMsl (4) Halimercs V-¢GyHKOHOHAN, a
TaKkke  HENpEepBIBHBIE  BeKTOp-GyHKIMH  p(k, W), nk,00=0 un
w(y), w(0) =0 rtakue, yto B obsactu (8) Hapany c ycmoBusmu (13)
BBITIOJIHEHB! YCIIOBHS:

a, (|, (0) [+ [k, w(0) ) <V(k,w) <a;(|u(0) D +ay([lull,),  (14)
Vk,g)<-a,(Ju(0)]), (15)
u=[y_, w(y)], u(0)=[w, (0), w(y(0))].

Torga «wacTU4yHOE» MONOXKEHUE paBHOBecus Y, =0 cuctemsl (4)
PaBHOMEPHO aCUMITOTHYECKH Yy1-yCTOMYINBO NMpH OONBIINX 3HAYCHUAX Zjo B
TCIIOM IIO Z3.

Hoxazamenvcmeo. PaBHOMepHas Y -yCTOHUMBOCTH NpU OOJBIIMX
3HAYEHUAX Z,, B LEJIOM O Z,, «JaCTUYHOrO» IIOJIOKEHHS DPaBHOBECHS
y, =0 cucremsl (4) UMeeT MECTO HA OCHOBaHUH CJIEJICTBHS U3 TEOPEMBI 1.

PaBHOMepHasT acHMMNTOTHYECKast Y|-yCTOMYMBOCTH OyIeT HMeETh
MecCTo, ecinM nai mMoObiXx €>0, k, €Z, Haiinerca IeN0e YHCIO
N = N(g, L) > 0 taxoe, uto |y (k; ko, Xo)| < € TIput Bcex k > ko + N(g, L), ecnn

X € Ds; 3mech O(g, L) HaXOAUTCS B CHITY pABHOMEPHOH y-yCTONYHUBOCTH.
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ITycts & > 0 3amano. O003HAYNM:

u, = [y, (ky, %)), W(x, (ky,X,))],
u(k) = [y(k;k,,x,), w(x(k; ky, x,))].

Beibepem ¢, <& Tak, uro a(e)) < Yeai(¢). Ilockombky mpu
llu, ||, <&, cupaBeminBo HepaBeHCTBO a3(||ukll,) < as(ex(m + 1)), To Taxxke
BBIOEpEeM TaKoe &, < €, uTo az(|[ug],) < Yaa,(€).

[Tomoxum €3 = min (g, &,).

IokaxeMm, uTo cymecTByer nenoe uucio Ni(e, L) > m Takoe, 4to
HepaBeHcTBO |u(k;k,,X,) |2 &,, rue Xy € D;, HapylaeTca A1 HEKOTOPOro
3HAUCHMS k B KaXIOM HMHTepBajie UMHbBI N). [lelicTBUTENBHO, pH Xy € Dj
3Hauenue V' (k,,X,) B cuiy ycnosuit (13) orpanuueno uucinom »(8,L) > 0.

IMoatomy, ecmu |u(k;k,,X,)| =€, Ha BCEM YyKa3aHHOM MHTEpBaye, TO Ha
9TOM HHTEpBaJje B CITy yciIoBuA (15) OyAyT BEINOIHEHBI COOTHOIICHHUS:

k
V(k+1,x) = V(ky,X,) + D, AV(j, X,) < r —Nya, (&),

J=ko

uV(k+1,x;51) <0 npu Ny > r/ay(es), 9T0 IPOTUBOPEIUT yCiIoBuIo (14).

B pesysibraTe MOXHO yKa3aTb MOHOTOHHYIO [OCIIEIOBaTEIbHOCTh
3HaueHud {k;} — oo Takyro, uro |u(k;k,,X,)|<e,. Bpibepem u3 stoii
MIOCJIEI0BATENILHOCTH MOATOCIIEI0BATEIbHOCTh 3HaYeHnH {k;} Tak, 4TOOBI
kiv1 — k; > m. Takum obOpasom, ecinm X, € Ds, TO HaWAETCS MEI0E YHCIIO
Ni(g, L) > m takoe, uto [u(k; ko, Xo))| < & mpu k; € [ko + iNy, ko + (i + 1)N{].

PaccmoTpuM nociie1oBaTesIbHOCTh (DYHKIUH {uy}, COOTBETCTBYIOLLYIO
BBIOpaHHOM noxnocnenoBarenbHocTr {k;}. [lokaxem, uTo Haijercs uenoe
qucno p >0 Takoe, 9to az(|[ugll,,) < V2a;(e) mpu k =k, (1<i < p).

[Ipennonaras mpoTwBHOE, TpH Jr0O00M p > (0 paccMOTpUM Te
sHayeHus k = k;, s kotopsix az(|[wl,) > Ya(¢) 1 MoxkHO mOmOOPaTh
takoe uucio y > 0, uro az(ju(k;)]) > v.

B nannom ciyuae B cuity yenosust (15) npu k > k; nmeem:

k
Vik+1,x)=V(ky, X))+ > AV(j,x,) < r = (k —ky)v,

J =k
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unpu k = k; > ko+ r/y nonygaem V(k + 1, X; 4+ 1) < 0, 9TO IPOTUBOPEUUT
ycnosuio (14).
Takum 00pa3zom, HaleTcs mesoe 9Yucio p > 0 Takoe, 4To:

a,(|y,(ksky, xo) [+ (e, x(ks kg, X)) [) <V (k,x, ) <V (kL x,) < ay(e),

npu k > k, u, cneposarensHo, |y;(k; ko, Xo)| < € s Beex k> k.

VYuuteBas, uto k, < ky + 2N,p, nonoxum N = 2Np. Torna npu Beex
3HaueHWsX k > ky + N cmpaBemsTMUBO HepaBeHCTBO |y (k; ko, Xo)| < € mms
MIPOU3BOJILHOTO pelleHus cucteMsl (4), eciu Xy € Ds.

Takum 00pa3soM, «4acTM4HOE» MOJIOKEHHE paBHoBecus Yy, =0

cucteMbl (4) paBHOMEPHO aCHMIITOTHYECKH Y|-YCTOWYMBO HPH OOJBIIMX
3HAUEHMSIX Z;o B LIEJIOM T10 Zy). Teopema gokazaHa.

3ameuanue 5. BcromoraTensHBIN V-(pyHKIIMOHAT W €ro pa3HOCTH
(mpupamenue) B cmiry cuctemsl (4) B Teopeme 2, BooOIIEe ToBOpS,
3HakonepemenHvl B 0b6mactu (7). Beibop momomHNTENTHBIX W-(GYHKINH (Kak
U JOTIONHUTENBHBIX  pP-QYHKOWH) JODKeH OBITh  COTJIacoBaH ¢
ycnosusimu (13). Ycnosus TEOpPEeMEI 2 SIBIISTIOTCSI JIUCKPETHO-
(YHKIIMOHAIFHBIM BapHaHTOM paHee NOIyYeHHBIX YCIoBHi [6,36] mist
cucTteM OOBIKHOBEHHBIX JU(depeHInaTbHEIX, a TaKkKe (YHKIMOHAIBHO-
mddepeHInanbHBIX YpaBHEHUH C MOCIEIeiCTBIEM (3ana3AbIBaHIEM ).

3ameuanue 6. Hanuume HE TOJNBKO Y|-yCTOMYMBOCTH, HO U
«pacmupeHHon»  (y;, M)-yCTOMYMBOCTH  «4aCTUYHOTO»  MOJIOXKEHMS
paBHOBecust y, =0 cucrembl (4), dakTuuecku uMerLmEH MeECTO IIpU

BBINIOJIHEHUM YCIIOBUM TeopeM | m 2, oOecrmednBacT NPaBOMEPHOCTh
IpUMeHsieMoro nepexoza ot obnactu (7) k obnactu (8).

5. Ilpumepsbl. TlokaxkeM 0COOEHHOCTH MPEIUIONKEHHOTO IMOJX0Ja K
aHaIM3y  YaCTUYHOM  ycTOMYMBOCTH  cucTeMbl (4), a  TaKxke
LIeNIecO00Pa3HOCTh  UCIIOJIb30BaHHUS  OJHOINAPaMETPUYECKOro CceMelcTBa
(YHKIIMOHAJIOB [UIsl paCIIMPEHUS BO3MOKHOCTEH TaKOro aHaIn3a.

Ipumep 1. IlycTb cucrema (4) COCTOUT U3 ypaBHEHHUH:

yilk+ 1= ay,(k)+a y,(k =D+ Iy, (k= Dz, (k - 1),
Y (k+1) = [b+dy,(k = Dy, (%), (16)
z,(k+ 1) = [c + ey, (k= DIz, (k), z,(k+1)= Z,(k, x,),

.
B KOTOPHIX @, @ , b, ¢, d, e, | — OCTOSIHHBIC MApaMETPhI, omneparop Z,
YJIOBJIETBOPSIET TOJIBKO OOLIMM TpeOOBaHUSIM K cucteme (4).

Cucrtema (16) nonyckaer «4aCTHYHOE» MOJI0KEHUE PABHOBECHSI:

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1461
ISSN 2713-3206 (online) www.ia.spcras.ru



MATEMATHUYECKOE MOJEJIMPOBAHUE U ITPUKJIATHA L MATEMATHKA

Vi =Yy =0. (17)

Jis  anHanu3a  3ajaud );-yCTOWYMBOCTH J@HHOTO  IIOJIOKEHUS
paBHOBECUsS] B NPOCTPAHCTBE < JIUCKPETHBIX BEKTOP-QYHKIMH
paccmoTpuM ¢yHKroHan Buaa (M, By, B, = const > 0):

V(y) = \Vil )+ M‘Vi-z (O)WEI 0)+ Bl‘llil )+ Bz\foz (9)\4/51 (0), (18)

SBISIOIIMNACS  IUCKPEeTHBIM aHasoroM ¢QyHkiuoHana JlamyHoBa —
KpacoBckoro, a Taxke JIBE BCIIOMOTaTelbHBIC CKAIAPHBIC IHUCKPETHBIC
¢GbyHKIHN:

() =w (w)=v,0)y,,0), Z, ={k=-1 0. (19)
MMeroT MecTo COOTHOIICHMS

¥5,(0)+ M3 (0) <V (w) < 3, (0) + M (0) + B ul],
V(y) = V*(\Vy]s V)25 V), V*(O, 0,y.)=0,
u=[y,,w ()] p=max(B,, B,),

u, ciepoBarenbHO, V-pynkunonan (18) ynosnerBopsier ycnosusm (13) n
(14), a ero pasHocTh (mpupamienue) AV B cuiy cuctems! (16) mpu Bcex
k € 7, U Zy onipenensieTcs CAeIyIONIM 00pa3oM:

AV = {[a\l/yl 0)+ a*\lfyl =D+ l\Vyz Dwv, (_1)]2 +
+ My, (02 (0)[b+dy, (~DI[c +ey,, (D]} -
- \szl (0) - M\Viz (O)W; (O) +
+ B[ (0) =3, (= D)1+ By [w3, (02 (0) — v, (=D (- D)] =
= ("= 1+ B3, (0)+2aa v, (), (=D + (a” = By, (-1 +

+ 24l (<D, (<1)+ 2aly,, (O, (1) +

+ (Mb*c* =M + B, (0) + (7= B )i (=D + 7y, (—1) 1 (0) +
+r,W3 (CDR (0) + 7y, (<D (0) + Md ey, (=D (0),
1 (0) =y, 0y, (0), p=D=vy, Dy, (D),
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rae 7; (i = 1, 2, 3) — MOCTOSIHHBIE, 3aBUCSIIIME OT 3HAYCHHS M U TIapaMeTpoB
b, ¢, d, e cuctemsl (16).

Hcnone3ys A ynpolieHys NOoCIeIyOUero aHajlu3a Y -yCTOMUMBOCTH
«JaCTHYHOTOY TIOJIOXKEHHS paBHOBecHsI (17) HepaBeHCTBA:

2aa’y,, (0)y,, (1) < [aa’” |- [y}, (0)+y}, (=D,
2a’ly,, (-1, (=D < @] [y}, (=D +p; (=D,

JuIsl KBaapaTuyHOW 4acTH (AV), momy4eHHOTo BBIpaXeHHs Uit AV MOXHO
MOJYYUTh CIEAYIOLIYIO OLEHKY:

Aar),< (az + ad’ |- 1+ B])Wi] 0)+
+ 2aly , (O, (=) +(+]d’l| - B (1) +
+(@?+ad [+]d’l| = By, (=D +(Mb*c® =M + B, (0).

IIpu BBINIOJIHEHUU YCIOBHM:

a+lad |-1+B,< 0,
(@ +|ad’ |- 1 +B)-(P+|d'l| - B,)>a’l’,
a’+|aa’ |+|a’l|-B, < 0, Mb’c* ~M+B,< 0.

(AV), sBiseTcss ONpENETIeHHO OTPHLATENbHONW (yHKIMEH NepeMeHHBIX
V,1(0), W,1(—1), 1y (0), py(—1) Ha ocHOBaHKUM KpuTepHsi CulbBECTpa.

[TosTOMY B TaHHOM Cily4yae IIpH JOCTATOYHO MajioM /; >0 B obiactn
(8) ms paznoctu (npupaunienus) AV gynkuuonana (18) Oyner umers Mecto
clleyIoIas OLeHKa:

AV < —aly}, (0)+ ), (=D +pf (0) + i} (-D] <
<—afy?,(0)+p; (0)] (o = const > 0).

[Tycts mapameTpsl cucteMsl (16) yIOBIETBOPSIIOT YCIOBHAM:

(lal+la )" +|a'l|<1,

20
[(la|+|d" [Y+|d'l|=1]-[I*+|d'T| +M B¢ - D)]>a*l’, 20)

a mmapameTpsl By, B, B pynkunonane (18) BeiOepeM ciieryrommm oopazom:
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B,=a’+|ad |+|a'l|+¢, B,=M(1-b’c’)—¢,

(g,,&, = const > 0).

VYuuteiBast, uto p(y) = wi(y), 3aKJI04aeM, YTO MPH JOCTATOYHO
MaJbIX 3HAYCHHUAX €, & U Ay > 0 mis pasHoctu (npupamienus) AV
¢dyHKIMOHaNA B 001acTH (8) mpy JI00BIX 3HAYEHUSX [TApaMETPOB d, € UMeeT
MECTO OlleHKa (0. = const > 0):

AV <=a(|u(0)]). u(0)= [,,(0). w,(0)]. @1

3naunt U V-dpynkuuonana (18) B obnactu (8), moMuMo yciioBHd
(13) u (14), Taxoke BeITOTHSIETCS yemoBHe (15).

Ha ocHoBanmm TeopeMbl 2 3akir0odaeM, YTO IPH BBIOJTHEHHH
ycrmoBuid (20) w mpu MOOBIX 3HAYCHHAX IAPAMETPOB d, € «JaCTUIHOE)
nojiokeHne paBHoBecHs (17) cucremsr (16) paBHOMEPHO aCHMITOTHYECKU
V1-yCTOMYUBO TIpH OOJBIINX 3HAYCHHAX Zjg B LEJIOM IO Zpy. OTMETHM, YTO
MTOCKONBKY ycnoBue (21) BermomnasieTcs B obmactu (8), Ho He B obmactH (7),
TO pasHocTh (mpupamieHue) AV paccmarpuBaemoro QyHkumoHana (18) B
cuty cucteMmsl (16) snakonepemenna B obnactu (7).

PagenctBo (18) onpenensier cemericmeo gynxkyuonanos, 3aBucsIIee
ot napameTpa M > 0, 4To, B CBOIO OuUe€pe/b, IPUBOJIUT K 3aBUCHUMOCTH OT
napameTpa M u HalineHHO# 00xactu ycroitunBoctH (20). B pesynbrare, 3a
CYeT BHIOOpA ITOIXOJIAIIEr0 3HaueHHs1 M, B 001acTh YCTOHYMBOCTH MOKHO
BKIIIOYATH (WM HWCKIIOYNTH) HEKOTOpBIE 3aJaHHBIE KOMOWHAIINU
napamerpoB cuctembl (4). Tak, Hanpumep, ecim [> + |a'l| = 1, To s
Ka3aJIoCh OBl «ECTECTBEHHOTO» BBIOOpa 3HaueHWs M =1 B (QyHKIHOHaiE
(18), mpm mr00BIX 3HAYCHHWAX TmapameTpoB a, b, ¢, d, e obmactb
ycroitunBocti (20) OKaspIBaeTCs IYCTHIM MHOXKECTBOM, IIOCKOJBKY B
naHHOM ciydae ycrnosus (20) mpexmonaraor TpeGosamme b’c’ < 0.
OpnHako MOXXHO M30€KaTh YKa3aHHOW CUTyanuu, monaras M =2.

IIycTb a" =0 . Iokaxem, 4TO npu M =1 o0nacTe paBHOMEPHOMH
ACUMITOTHYECKOH yj-ycToitumBoctH (20) MOXKHO HM3MEHHTh 3a CYET
U3MEHEeHHUs OleHKU AV . JIeHcTBUTENBHO, NP JOCTATOYHO MayoM /; >0 B
obmactu (8) mHepaBeHCTBO (21) Takke OyIeT cCHpaBemINBO, €CIIH
BBIMONHEHB yeIoBust a” + |all — 1 < 0, I* = B, + |al] < 0, b*c* — 1 < 0.
[To3Tromy ob6macts (20) MOXKHO 3aMEHUTH 00JIACTHIO:

(lal+[1])* +b°c* <2,b°c¢* <1. (22)
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B ormmmune ot obmactu (20), mpu M = [* = 1 obnacts (22) He SBISETCS
IMycTBIM MHOXecTBoM. Hampumep, mpu M = 1, b’¢* = 0 obuactu
yeroitunBoctr (20) u (22) MMEIOT COOTBETCTBEHHO BHA a° + [* < 1 u

la| + /] < V2 , IprueM obnacTs (22) oxBaThIBaeT ciiydail [ =1.

OTMeTHM, 4TO TIpH ¢ =0 aHATOTHYHAS 3a/]aYa };-yCTOHUHBOCTH
aHanmmsupoBanack [35] mia cucremsr (16) mpm orcyrctBEm 3¢ dekra
3ama3pIBaHus mmocpencTBoM ¢yHKuuu JlsmyHoBa, mMeromnei Bux (18) npu
B,=B,= 0, M =2. CpaBHeHue NOKa3bIBAET, YTO IIOJyuYeHHas 00JacTh

¥1-YCTOHYNBOCTH COBMAAAET ¢ oomacTsio (20) mpu a” =0, M =2.

Jlnst  9uciieHHOW  XapaKTepUCTHKU Pe3ysbTaToB B Tadmuie 1
MPUBOJSATCS PE3YNIbTAThl BBIYUCICHHN MO PEKYPPEHTHBIM COOTHOILICHUSM
(16) Ha otpeske k € [0, 30] mpu HawambHBIX maHHBIX y(—1) =y4(0)= 0,1
(i=1,2) uz(-1) = z,(0)= 1, 1 Py 3HAYCHHUAX APAMETPOB @ = /5, a = 0,
b="h,c="hd=e=1=1.

Tabmuna 1. Pe3ynbraThl BEIYUCICHUI

k i(k) Ya(k) zy(k)
-1 0,1 0.1 1

0 0,1 0,1 1

1 0,15 0,16 0,4333
2 0,1750 0,2560 0,1877
3 0,1568 0,4224 0,2094
4 0,1264 0,4288 0,0954
5 0,1517 0,7104 0,0468
6 0,1168 1,1554 0,0215
7 0,0916 1,9084 0,0104
8 0,0706 3,0854 0,0060
9 0,0551 4,9107 0,0025
10 0,0461 7,7127 0,0004
15 0,0050 65,557 5,5%x10°°
20 0,00039 504,13 2,4x10°®
30 1,9x107 3832,1 4,7x107"°

Ilpumep 2. PaccMOTpUM CUCTEMY AUCKPETHBIX YPaBHEHHIM:
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yilk+1)=[a+ly,(k= 1z, (k= D]y, k),
Y, (k+1)=[b + dy,(k= D]y, (k), (23)
z)(k+ )= [c+ ey (k=D]z,(k), z,(k+1)= Z,(k, x,),

KOTOPBIE MPENCTABISAIOT CTPYKTYPHO M3MEHEHHBIN BapHaHT CUCTEMHI (16).
Jns aHanM3za acHUMNTOTUYECKOW )j-YCTOMYMBOCTH «YaCTHUIHOTO»
nonokeHust paBHoBecHs (17) cuctemsl (23) ucnonbzyem V-pynkuuonan (18),
B KotopoM B; = 0, 1 1Be BcriomorarenbHble GyHKIuH (19).
KBagparnunas wacte (AV), pasHoctn (mpupamieHus) AV
BHIOpaHHOTO (PyHKIIMOHAJIA B CHITY CUCTEMBI (23) nMeeT BUA:

ar),= (az _I)Wi«] (0)+ (M P -M+ B, )H]2 (0) - Bz“]z (=D,

a 4JeHsl OoJiee BBHICOKOTO IOPsAKA B BeIpaXeHUH AV sBistorcst popmamu
nepeMeHHbIX ,,1(0), pi(0), wi(=1).

Ilycts BmMoONMHsIEoTCs yerosust a” < 1, M(b*c* — 1) + B, < 0. Toraa mpu
JocTaToyHo MaysoM h; > 0 B obOmactu (8) mpu JIFOOBIX 3HAYCHUSIX
napameTpoB /, d, e nns pasHoctu (npupamienus) AV ¢ynknuonana (18), B
xotopoM By = 0, By = M(1 — b*c*) — &, (rne €, = const >0 — IOCTaTOYHO
MaJloe YHMCJI0) B CHILy CUCTeMBI (23) nMeeT MecTo oneHka Buna (21).

B pesynbTaTe, NpU BBIMOTHEHMH YycnoBui a° <1,  b*c> <1

«JacTUYHOE» ToJiokeHne paBHoBecus (17) cuctemsr (23) paBHOMEpHO
ACHMITOTHYECKH y;-yCTOHYNBO MPH OONBIINX 3HAUYEHHSAX Z19 B LIEJIOM IO Zpg
Ha OCHOBaHMH TeopeMsbl 2. PasHocTs (mpuparuenue) AV paccmaTpuBaeMoro
¢dynkimonana (18) B cuiy cucremsl (23) snaxonepemenna B oobnactu (7).
IMpu orcyrcrBun 3dexra 3anaznpiBanus B cucteme (23) aHanmornyHas
3aja4a )|-yCTOMYMBOCTH aHanmsupoBaiachk [11] mocpeactBoM  ¢yHKIMK
Jlamynosa, umeromed Bup (18) mpu B, =p, =0, M =2. IlomyyenHas

0671aCTh |-yCTOHUMBOCTH cOBMAnaeT ¢ obmacteio a” < 1, b’c* <1.

6. 3axJrouenue. /{5 cCCTEMbI HETUHEHHBIX TUCKPETHBIX (KOHEYHO-
Pa3HOCTHBIX) YpaBHEHHUH OOIIETo BHAA C OTPAHWYCHHBIM 3alla3IbIBaHHEM
JlaHa I[IOCTaHOBKA 3aJayd YaCTUYHOM YCTOWYMBOCTU: YCTOMYHMBOCTH
«JaCTHYHOTO0Y» (HYJIEBOTO) ITOJIOKEHHS PABHOBECHS I10 OTHOIICHUIO K YacTH
ONPEIEINAIOIIUX €T0 IEPEMEHHBIX.

Haiinensl  goctaTouHble  YCHOBHS ~ YaCTUYHOM  yCTOMYMBOCTH
(acMMOTOTHYECKONW YCTOWYMBOCTH) YKa3aHHOTO BHJA, OCHOBAaHHBIE Ha
BBIOOpPE  MOAXOAAMICTO  V-(YHKIMOHANA, SBISIOMIETOCS TUCKPETHBIM
aHanorom (QyHkimonana Jlsmynoa — KpacoBckoro, B coueTaHuu ¢ JBYyMs
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JIOTIOJTHUTEITLHBIMU ~ (BEKTOPHBIMH, BOOOIIE TOBOps) (YHKIUMSIMH. OTH
(YHKITNH BBOASATCS U KOPPEKTUPOBKH 00JIACTH MIPOCTPAHCTBA AUCKPETHBIX
(GYHKINA, B KOTOpOW CTPOUTCS V-(QYyHKIMOHAN, a Taroke Ui HaXOXKICHUS
TpeOyeMbIX OIEHOK caMoro (YHKIFOHATa M €T0 Pa3HOCTH (IpHpAIIeHNs) B
CHITy M3yJaeMoii cucteMsl. B pesymiprare kak cam V-(hyHKIMOHAJ, TaK B €ro
pasHOCTh (TIpHpaIieHre) MOTYT OBITh 3HAKOIEPEMEHHBIMH B O0JACTH
MPOCTPAHCTBA JUCKPETHBIX (DYHKIMH, KOTOpash OOBIMHO paccMaTpuBaeTcs
IIPU aHAJIU3€ YaCTUYHOM yCTONYUBOCTH.

Pesynbrarhl CcTaTbu SBISAIOTCA DPA3BUTUEM HMJIEH U PE3yJIbTaTOB
[6,11,34—36,38] mnmo pemeHuto 3agad YacTUYHOH  yCTONUHMBOCTH
NPUMEHHUTENILHO K PacCMaTpUBaEMOMY B CTaThe KJIACCY IHCKPETHBIX
CUCTEM C 3amas3abiBaHueM. HaliieHHble yCcI0BUs YaCTUYHOU YCTOMYMBOCTH
MOTYT HUCIIOJIB30BaThCA MPH aHAIN3E KaK COOCTBEHHO CHUCTEM AMCKPETHBIX
YpaBHEHHI BBICOKOTO TOPSAIKA, TaK W Oojiee OOIIMX CHCTEM IHCKPETHBIX
YpaBHCHHIA C IIEPEeMEHHBIM 3aI1a3/IbIBAaHACM.
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ON THE PARTIAL STABILITY OF NONLINEAR DISCRETE-
TIME SYSTEMS WITH DELAY

Vorotnikov V. On the Partial Stability of Nonlinear Discrete-Time Systems with Delay.

Abstract. A system of nonlinear discrete (finite-difference) of a general form with a
bounded delay is considered. Interest in the tasks of qualitative analysis of such systems has
increased significantly in recent years. At the same time, the problem of stability with respect
to all variables of the zero equilibrium position, which has a great generality, is mainly
analyzed in domestic and foreign literature. The main research method is a discrete-functional
analogue of the direct Lyapunov method. In this article, it is assumed that the system under
consideration admits a “partial” (in some part of the state variables) zero equilibrium position.
The problem of stability of a given equilibrium position is posed, and stability is considered not
in all, but only in relation to a part of the variables that determine this equilibrium position.
Such a problem belongs to the class of problems of partial stability, which are actively studied
for systems of various forms of mathematical description. The proposed statement of the
problem complements the scope of the indicated studies in relation to the system under
consideration. To solve this problem, a discrete version of the Lyapunov— Krasovskii
functionals method is used in the space of discrete functions with appropriate specification of
the functional requirements. To expand the capabilities of this method, it is proposed to use
two types of additional auxiliary (vector, generally speaking) discrete functions in order to:
1) adjustments of the phase space region of the system in which the Lyapunov—Krasovskii
functional is constructed; 2) finding the necessary estimates of the functionals and their
differences (increment) due to the system under consideration, on the basis of which
conclusions about partial stability are made. The expediency of this approach lies in the fact
that as a result, the Lyapunov-Krasovskii functional, as well as its difference due to the system
under consideration, can be alternating in the domain that is usually considered when analyzing
partial stability. Sufficient conditions of partial stability, partial uniform stability, and partial
uniform asymptotic stability of the specified type are obtained. The features of the proposed
approach are shown on the example of two classes of nonlinear systems of a given structure,
for which partial stability is analyzed in parameter space. Attention is drawn to the expediency
of using a one-parameter family of functionals.

Keywords: nonlinear delay discrete-time system, partial stability, Lyapunov-Krasovskii
functional, one-parameter family of functionals.
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A.C. CTEIIAHOB, E.A. ®OMUHA, JI.B. IJUIAPUOHOBA, K.H. JIVEPOBHH,
J1.B. ®EIOCEEB
AIIITPOKCUMAIIUSA BPEMEHHBIX PSIZIOB UHIEKCOB
BETETAIIUU (NDVI A EVI) JUISI MOHUTOPUHT A
CEJIBXO3KVYJIBTYP (IIOCEBOB) XABAPOBCKOI'O KPAS

Cmenanoe A.C., @omuna E.A., Hurapuonosa JILB., [lyoposun K.H. ®edocees JI.B.
AnnpoxkcuManMsi BpeMeHHbIX PpsigoB HHAekcoB Bererauun (NDVI u EVI) aas
MOHHTOPHUHIA CeJIbX03KYJILTYP (moceBoB) XabapoBcKkoro Kkpas.

AHHOTaNMsA. ANNPOKCHMALMS PSJOB CE30HHOIO XOJa HMHJEKCOB BEreTalMd SBISETCS
OCHOBOH Uit 3(P(EKTUBHOIO MOHHTOPHHTA  CEIbCKOXO3SHCTBEHHBIX KyIbTYp, HX
MICHTH(HUKALMY U aBTOMATH3UPOBAHHON KIACCH(MKAIMK IMAXOTHBIX 3eMelb. [l MaxoTHBIX
3eMenb XabapoBCKOro Kpasi B EPHOJ ¢ Mast 1o OKTsA0pbh 2021 roza mo MyJIbTHCIIEKTPaIbHBIM
caumkam Sentinel-2A (20 M) ¢ HCIONB30BaHHEM MAcCKH OONAYHOCTH OBUTH IIOCTPOCHBI
Bpemennsbie pagpl NDVI u EVIL s npuOnmkeHuss BpEMEHHBIX PSI0B OBUIM HCIIONB30BAHBI
ISITh BH/IOB alPOKCHMUPYIOINX (GyHKuMA: (pyHKuus I'aycca; aBOMHas rayccuaHa; JBOHHAs
cunycouna; pan Dypbe; ABOWHAS JOTUCTHYECKas. bBbUIM TMOCTpOEHBI M pacCUMTaHBI
XapaKTEePUCTHKH IKCTPEMYMOB allPOKCHMUPOBAHHBIX BPEMEHHBIX PSIOB JUIsl Pa3HBIX THIIOB
MIaXOTHBIX 3eMeJIb: TPEUMXH, MHOTOJIETHHX TPaB, COH, 3AJIEXKH M napa. beuto mokaszaHo, 4To It
Ka)XIOH CENbXO3KYIbTYPHl AaNNpPOKCHMHUPOBAHHBIE KPUBBIE CE30HHOTO XOJa HMENH
xapakTepHblii BuA. Kak Obputo nocroBepHo ycranosieHo (p<0,05), HanmOonee BBEICOKYIO
TOYHOCTh ammpokcumarmu psgoB NDVI u EVI mokasan psg ®ypse (cpenssst ommbka
cOCTaBUNa, COOTBETCTBeHHO, 8,5% wu 16,0%). Anmpokcumanus psgoB NDVI ¢
HCIOJIb30BaHUEM MBOMHON CHHYCOM[BI, ABOIHOM rayccuansl M JABOMHOM JOTHCTHUYECKON
(yHKIMY TIPUBOAMIA K YBENMYEHUIO ommokn 10 8,9-10,6%. Anmpokcumarus psgos EVI Ha
OCHOBE JIBOIHOMW rayCCHaHbl U IBOMHON CHHYCOU/IBI CIOCOOCTBOBAJIA POCTY CPEIHEH OLTMOKH
10 18,3-18,5%. IIpoBeneHHBIH anoCTEPHOPHBIH aHAIN3 C UCIIONb30BaHUEM KpuTepus Thioku
TI0Ka3aJl, YTO UL MOJIeH ¢ COeH, MapyIONIMX U 3aJISKHBIX 3eMellb UL PUOIIKEHNS HHIIEKCOB
BereTallii JOCTOBEPHO JIy4Ille UCIONb30BaTh pan Pyphe, ABOHHYIO rayCCHaHy WIIH ABOHHYIO
CUHYCOUIY, IUISl TIOJICH C Ipeurxoi 1enecoo0pa3sHo NpUMEHATh psaa Pypbe WK ABOHHYIO
rayccuany. B menom, cpennss ommbKa anmpoKCHMAIMi CE30HHBIX BpeMEHHBIX psgoB NDVI B
1,5-4 paza meHbliie, 4yeMm omubKa annpokcumanuu psagos EVI

KiroueBble cji0Ba: HHIEKC BereTanun, Xa0apoBCKHUI Kpal, alIpOKCHMAIHs, TaXOTHbIC
3eMJIH, CENbCKOXO03SHCTBEHHAs KyIbTypa, BPEMEHHOU psiJl.

1. BBenenue. DHPeKTHBHBI MOHUTOPHHT CEIBLCKOXO3STHCTBEHHBIX
KyIbTyp C WCHOJB30BAaHWEM JaHHBIX JAWCTAHIIMOHHOTO 30HIMPOBAHUS
3eMiIH SBIISICTCS OCHOBOW YCIIEIIHOTO IEPexojia K TOYHOMY M IH(PPOBOMY
3emyenennio. OMHO M3 BaKHEHIINX HaNpaBJIeHM MOHUTOPHHTA CBS3aHO C
pa3paboTKoil MOAXOJ0B MO MPUMECHCHHIO BETreTAMOHHBIX WHIEKCOB (VI)
JUTS aBTOMAaTHU3UPOBAHHOMN KiacCU(UKAIIMK IMaXOTHBIX 3EMEITb, BBISBICHUS
3aJICKHBIX 3€MEJb, OIICHKH COCTOSIHHS TOCEBOB, MPOTHO3UPOBAHUS
ypoxaitnoctu [1 — 4].

K HaI/I60Hee NnonyJapHbIM HMHJACKCAM BEreTanun, pacuyeT KOTOPbLIX
0asupyercss Ha aHajgM3e MYJbTHCICKTPAIbHBIX H300paKCHUN, OTHOCSTCS
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Normalized Difference Vegetation Index (NDVI) u Enhanced Vegetation
Index (EVI) [5 —8].

OTMmeueHo, dYTO Ui pEHIeHHs 3a4ad  aBTOMAaTH3WPOBAaHHOMN
KiIaccu(UKaMM  TMAaxXOTHBIX  3€MeNb  BaXHEHIIYI0  pOJIb  HMEET
uccleioBaHNe TpauKOB BPEMEHHBIX psAoB VI pasHBIX KymnbTyp,
IIpeaBapUTEIbHOE BEISIBICHHE HX CXOJCTBA MEXKAY COOOH, a TaKkke BEIOOP
mapamerpa — Tuna VI, KOTOpBIM NPOAEMOHCTPHPYET CaMyl0 BBICOKYIO
ToYHOCTh Kinaccupukanuu [9 — 10]. Tak, Hampumep, ObLTO MOKA3aHO, YTO
JUIs BEpHOW WJICHTU(UKAIMM IIOJIEH C pUCOM B TNPOBHHIMHM XyOel
(Kurait) nenecoobpasno npumenstb He NDVI u EVI, a cneunansnyro
KOMOHMHAIINIO KPACHOTO, OJMKHEr0 HHPPAKPACHOTO, U KOPOTKOBOJIHOBOIO
uHppakpacHoro kanaioB [9]. B ngpyroii pabote, MOCBSIICHHON
KapTorpaMpoOBaHUIO MaxXOTHBIX 3E€MeNb CEBEpHbIX NpoBUHOMN Kwuras,
Op0  yctaHoBimeHo, u9rto NDVI mnpeesomen EVI B TOuHOCTH
pacro3HaBaHMS XJIOTKA, MIIEHHUIIBI, KyKypy3bl, mockoinbky NDVI obnanan
Tydmed pasfenseMocThI0 AT pasIMYeHUs KyJIbTyp Ha 3Tamax
cozpeBanust [10]. Ha npumepe cenbCKOXO3SIMCTBEHHBIX  3€MEIIb
uHAniickoro mraTta Onuima OBLTH MCCIIEOBaHBI BpeMeHHbIe psinbl NDVI
n EVI g 3epHOOOOOBBIX, XJIOMKa, pHca, a TakXke NapyIIuX
3emens [11]. Beum  ompeneneHsl XapaKTepHBIE MapaMeTpsl KaKIon
KPUBOH — 3HAYCHHUS MaKCHUMYMOB, IPOJIOJKUTEIBHOCTD (hEHOIOTUIECKUX
IUKJIOB, a TaKXXE€ pPAacCYMTaHa CTEIEHb CXOACTBA MEXIY BpPEMEHHBIMU
pAoamMu pa3HBIX BHIOB CEIBXO3KYJNBTYp, a TaKkKe BapHallid BHYTpPU
onHoro kiacca. MopnenupoBaHue ()EHOJIOTMYECKHX IHKIOB KYJIBTYp C
MOMOIIBI0 BpeMEHHBIX psinoB VI Taxke mMeeT Ooiblioe 3HaYCHHE NPHU
NIPOTHO3UPOBAHWU ypOXKaifHOCTH. B  wacTHOCcTH, paccMaTpUBaINCh
noka3zareiu, ocHoBaHHbIe Ha 3HadeHUsIX NDVI u EVI s passueix ¢as
pocta cou B jgosuHe Muccucunu [12]. Moxenu NporHO3UPOBAHUS
ypokailHOCTU cou, ocHoBaHHble kak Ha NDVI, tak u na EVI, umenn
TOYHOCTh OKOJO 95%. YTBepxknmaercs, 4To pa3pabOTaHHBIE MOAXOIBI K
MOJEIUPOBAHUIO YPOXKAMHOCTH TOJE3HBI IS MOHUTOPHMHTA Pa3IMUYHBIX
CEJIbCKOXO3SICTBEHHBIX PETMOHOB MHMpa M MOTYT OBITh HNPUMEHEHBI K
pa3IM4YHBIM KyJbTYpaM JUIS COCTABIEHHS KapT YpPOXXaWHOCTH WIH
MOJEIUPOBAHUS KU3HEHHOT0 LUKJIAa KylbTyp. B npyroMm mccineaoBaHum,
IIpY U3y4YCHHMHU TOJIel KyKypy3bl u cou B mrtate Hebpacka (CLIA), 6puta
MOCTPOCHA CHCTEMa, ONMCHIBAIONIAasl CBSI3b MEXIYy (EHOIOTHIECKHMHU
MOKa3aTesIMKM,  TIONYYEHHBIMH € TIOMOLIbIO  JUCTAHIMOHHOTO
30HAMPOBaHUsA — Ha OocHOBe uHAekca NDVI, u kitoueBbIMH CTagusIMU
pocTa cembCKOX03IiCTBEHHBIX KynbTyp [13]. B memom, 3To uccienopanme
MIPOAEMOHCTPHUPOBANIO, UTO pa3paboTaHHAs cHCTeMa oOsafaeT OOJbIINM
MOTEHIIMAJIOM JUIS OLIEHKH CPOKOB PA3IMYHBIX CTAAMH pocTa KYKypy3bl U
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COM C TIPUEMIIEMOH TOYHOCTHIO (OmmMOKa MoOAeTN He mpeBbimana 8%).
IIporHo3upoBanve  1aT  HACTYIUIEHMS  pa3HbIX  CTagud  pocrta
CEIbCKOXO3SANCTBEHHBIX KYJIBTYp C ONEPEKEHHEM IO BPEMEHH BeCbMa
MOJIE3HO JUIsl YNPAaBICHHS POCTOM KyJBTyp M MOHHTOPHHIA B TEYEHUE
cesoHa [14]. [ng cozmanus oOmieeBpomeiickoi 6a3bl (EHOIOTHIECKIX
JaHHBIX TI0 PAa3sHBIM  CENbCKOXO3SANCTBEHHBIM KyNbTypaM TaKke
TECTUPOBAJIACh BO3MOXKHOCTH Hcmosb3oBaHud NDVI u  EVI kak
BpEMEHHBIX  IOKa3aTelel,  XapakTepHU3YIOUIMX  HAcTyIUIEHHEe U
MIPOAOIDKUTENBHOCT (peHosornueckux ¢as. bouto ycranosneno, uro EVI
uMen 0OoJiee TECHYIO KOPPEISAIHOHHYIO CBsA3b C (DEHOJOrHYECKUMU
LIUKJIaMU ¥ MEHBIIYI0 omKOKy, B cpaBHeHuH ¢ NDVI s GonbuinHCTBa
KYJIBTYD.

B kadecTBe BaxkHeWIIel 3aauu, CBA3aHHOM ¢ 00pabOTKOM 3HAUCHUI
VI, mnomydeHHBIX B XOA€ OJHOTO CE30HA, 4YacTO pacCMaTpUBAETCA
MOJTyYeHHUEe ITIafKOW (OpMBI BPEMEHHOTO psijfia WHICKCOB M IIOJaBIICHHC
myMa [15—-16]. DTO [maeT BO3MOXXHOCTb PACCUMTHIBATH IApPaMETPhI
BPEMEHHOT'O PsAa ¥ UCIIOJIb30BATh UX Ha MPAKTHKE (HAIPUMEp, ONPEEIUTh
TOYKY HACTYIUIEHHS W 3aBEPLICHUs, MAIUTEIBHOCTh BEreTallHOHHOIO
neprosa u npoure GpeHojorndeckue xapakrepuctukn) [15, 17]. Taxxe npu
OTCYTCTBUM HEKOTOPBIX 3HAUEHWH BPEMEHHOTO psiia MpUMEHSeTCs
aNmNpOKCUMAIlUs TP ToMouu pasHbiX (yskiui [16]. [Ipumenenue
ANMPOKCUMUPYIOMNUX (QYHKIMN Ui 00pabOoTKH BPEMEHHBIX PSAIOB MOXKET
OBITh HCIOJH30BAHO B JalbHEHIIEM JIsl TOCTPOCHUS KOMIIO3UTOB U
AQHAJIUTUYECKOTrO ONUCAHMA U3MeHeHus VI B Xoze 0JHOro ce30Ha.

Hawnbonee npocTeIM cIOCOOOM SIBIISICTCS CIIIaXKMBAHUE CKOJB3SIINM
CPeIHUM; J0CTaToOyHO dYacto mnpumensiercs (uibtp CaBuikoro-I'omres,
SIBIIIIOIIMIACSA O CYTH Pa3BUTUEM METOAA CKONB3SIEro CPEeJHEro ¢
UCTONB30BaHUEM IIOJIMHOMOB PpAa3HBIX CTENEHEH; TaKkkKe MCIOJIb3yeTCs
BeiiBneT-npeobpazoBanne u  Quubtp Yurrakepa [18]. Ilpm stom
IMIPUMEHEHHE AITOPUTMa CKOJIB3AIIETO0 OKHA C 3alOJHEHUEM IIPOITyCKOB
OJHOBPEMEHHO pelIaeT 3a1a4u HHTePHOuY U prmsTpanuu [19]. dpyrum
MOJXOMOM K CIJIaKMBAHHUIO ABIIETCS UCIIOJIb30BAHHUE AMTPOKCUMHUPYIOMIUX
¢byHKIMH (acMMMeTpudYHas TayccoBa, ABOMHas joructuueckas (DL) u
nonmHOMHaNbHEIe (yHKIMK) [20 —23]. Hanpumep, cpaBHEHHE TOYHOCTH
KIacCHU(PUKAMK CENbXO3KYJIbTYp INPH MPEABAPUTEIBHOM CIIIAXKHBAaHUU
BpeMeHHBIX psagoB  NDVI  nmuckpernsiM  mpeobpasoBanueM ®Pypee,
acuMMmeTpu4HOi QyHKumei ['aycca, NBOHHOI norumctuueckoil GyHKIMen
(DL), a Taxke ¢punprpamu CaBunkoro-I'omiest 1 Yurrakepa nokasaio, 4To
HauMeHblIas omubKka Kiaccudukanuum Obula JOCTUTHYTA C TOMOIIBIO
npeoOpazoBanust Pypbe u GuiabTpa YUTTaKkepa (TOYHOCTh KiIacCH(UKAINN
BbIpocia Ha 2-6%) [18]. BmecTe ¢ TeM, HCMONB30BaHHE ACHUMMETPUYHOMN

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1475
ISSN 2713-3206 (online) www.ia.spcras.ru



MATEMATHYECKOE MOJEJIMPOBAHME U ITIPUKJIAIHAS MATEMATHKA

¢yakmuun T'aycca m DL HampoTuB, cIOCOOCTBOBANO Jaxe HEKOTOPOMY
CHIDKEHHIO TOYHOCTH KIACCH(HKAIMK MaXOTHBIX 3eMelb. B  cxoxkeMm
WCCIICIOBAaHUH, BBINOJHEHHOM B  VHAomm, mpoBoAMiach  OIEHKA
MIPUMEHUMOCTH YeTBIpEX METOJIOB (mpeobpazoBaHus Dypee,
aCUMMETPHYHOHN TayccoBoil Momenu, DL-momemn n ¢unbTpa Yurrakepa)
IUII MOJENUPOBAaHMUS Ce30HHBIX Koiebanmit VI [20]. AcuMmerpudHas
¢ynkums 'aycca u DL nokasanm xoponime pe3ysbTaThl TOIBKO Uil KPUBBIX
C OJIHUM BBIPA)XEHHBIM JKCTPEMYMOM (B TOM YHCIE IJII PETUOHOB, TJ€ B
roJi MOJIy4alroT TOJIBKO OJUH ypodkait). C npyroil cTOpoHbI, HEKOTOPBIMU
aBTOpaMHM OTMEYaJIOCh IPEUMYIIECTBO HCIONb30BAaHUS JIOTUCTHYECKHX
¢bynakumuidi s moxenupoBanus  EVI m NDVI He  TosbKO
CeJIbCKOXO3SHCTBEHHBIX KYJBTYp, HO M €CTECTBEHHBIX JIyrOB, a TaKke
3anexHbIX  3emenb [21,22]. Tak, Hampumep, Uid MOJEIUPOBAHUS
BpeMeHHBbIX psAaoB NDVI, nonydeHHbIX AJis nosiel Kykypy3sl u cou B CLITA
MPUMEHSITACH JIBE JIOTUCTUICCKHUE KPUBBIC, OJTHA JJIs HAYAIBHOTO TIEPHOAa,
a Ipyras nocleayrolero nepuoga pocra [22]. s 3anexeil npeiaraics
WUTEPATUBHBII METOJl JIOTUCTUYECKON MOATOHKHU [uis MonenupoBaHus EVI.
Bruto  ycraHOBIEHO, YTO WMEHHO YCTOWYHMBOCTH JTOTO MeToda K
M3MEHEHHIO ypOBHS IIyMa ofecrmeunBana emy mnpeumyinectBo [21]. s
BpPeMEHHBIX pAnoB 3HaueHuil NDVI, paccuntannsix nmo manasiM MODIS
JUUTsl OCHOBHBIX CeNbX03KynbTyp Camapckoi 06JacTH, MPOBOIMIACH OLIEHKA
TOYHOCTH ANNPOKCUMAIIMM IpPH TOMOIIHM KYCOUYHO-ITHHEHHBIX (QYHKIHI,
acumMeTpuuHbIX ¢yHKmi ['aycca u DL, psagoB ®@ypse, MHOTOWICHOB U
KyOmdeckoro crmraiiHa [23]. Beiio moka3aHo, 94TO HamOoiiee BEICOKas
TOYHOCTH aNPOKCUMAIINU JOCTHTAJIACh MIPH UCIOIB30BaHUU KYOHUYECKOTO
cruiaitHa. B apyrom uccnenoBaHuu, JUIs MONABJICHUS IIIyMa B JOMOJHEHUE K
acumMeTpudHbIM  QyHKIHAM [aycca w DL  wucnonp3oBamm  QuibTp
Caurkoro-l'omnes, a Takke Tpu MOIUGPUIMPOBAHHBIX (GUIBTpA LIS
anmpoKcUMalud BpeMeHHbIX psgoB NDVI B kaHajckoil npoBUHLMU
AnpbepTa (IIpu 3TOM YIUTHIBAJICS THII TIOBEPXHOCTH — TOPBI, Jieca, MaIlHH,
nyra u T.1.) [24]. B cpenHeM 1o pervoHy HCIIOJIb30BaHHE aCUMMETPHUIHBIX
¢ynkuit ['aycca 1 DL HammydmmM 006pa3oM CHHXKAIIO YPOBEHB IITyMa MpH
COXpaHEHHH COOTBETCTBYIONIECH IesiocTHOCTH curHana NDVI. OpHako B
HEKOTOPHIX ~OCOOBIX ciy4asx (HampuMmep, B TOPHBIX pPETHOHAX)
albTepHATHBHBIE (QIIBTPEI obecredmBanyd 0Oojee BBICOKYIO TOYHOCTH
annpokcuMaiuu. Bmecte ¢ TeMm, IpyrumMu aBTOpamMH OBUIO OTMEYEHO, YTO
npuMeHeHne acuMmMeTpuyHoil QyHkumum [aycca um DL, a Taxke
TapMOHUYECKOT0 aHaJIN3a U HEKOTOPBIX MPOYUX METOJOB BOCCTAHOBJICHUS
JTaHHBIX BpeMeHHoro psjaa NDVI rapanTupoBano XOpoIlyr TOYHOCTb IJIst
Masioo0nauyHbIX TeppuTopHid [25]. B To e Bpems MojelupoBaHHE PsIOB
NDVI c¢ wucnomnb3oBaHuMEM pa3HbIX alpOKCUMHPYIOIMX (yHKuuit B
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palioHaX, MOABEPKCHHBIX OOJIAYHOCTH, B TOM YHCIE FOKHOW YacTh
POCCHUICKOTO JansHero BocToka, TpedyeT JIOTIOJIHUTEIIbHBIX
uccienoBaHuil. B dacTHOCTH, paHee OBUIM TPOBEAEHBI HCCIEIOBaHMA,
CBsI3aHHBIE C OIICHKOI BO3MOXHOCTH HCIONB30BaHus (yHkmmu ["aycca, DL
U TIOJIMHOMOB BTOPOHM M TPEThEH CTETEHH ISl PELICHUs 3a7ady PaHHETO
MPOTHO3UPOBAHUSA  yPOXKAMHOCTH COM  UII  AMYpPCKOH  OOJacTH,
Xabaposckoro u IIpumopckoro kpaeB, a Takxke EBpelickoit ABTOHOMHOM
oomactu  (EAO) [26,27]. bBbulo  yCTaHOBICHO, YTO  TOYHOCTh
MIPOTHO3UPOBAHMSI HEIMOCPEJICTBEHHO CBsI3aHA C OIMMOKOW anmpoKCHUMAalUu
BPEMEHHBIX DSJ0B, a MOJUHOMHAIbHBIE (YHKIUH HPOJEMOHCTPHUPOBAIN
HEIOCTaTOYHYI0 TOYHOCTb. BMecTe ¢ TeMm, B CBA3M C OCOOEHHOCTSIMHU
ceB00OOPOTa, TAKMMH KaK IOCEB OBCAa C IIOJACEBOM MHOTOJIETHUX TpPaB,
MO3THAM CEBOM TPEUYHXH, 00€CIeYNBAIOIINMH O0Jiee OJHOTO MaKCHMyMa
Ha KpUBBIX CE30HHOro xoma VI, memecooOpa3HO paccMOTpeTh
aNMpOKCHMAIIMI0O BPEMEHHBIX DAIOB B MOJEIBHOM peruoHe JlampHEro
Boctoka Ha ocHOBe mepmommyeckmx ¢(yHkmuit (psg Dypbe, nBoIHas
CHHyCOWJIa), a TaKKe [BOMHON JOTHCTHYECKOW (YHKIMH ¥ IBOWHOU
¢yakunu [aycca.

TakuM 00pa3oM, OCHOBHOHM LEJIbIO MCCIIEOBAHMS SIBUJIACh OLICHKA
BO3MOKHOCTH AaNNpPOKCUMAI[MM BPEMEHHBIX PAIOB HHICKCOB BETeTalluu
MAXOTHBIX 3eMeNlb Xa0apoBCKOTO Kpas ¢ HCIONb30BAaHHEM HEIMHEHHBIX
¢byHknuid. s DOCTHKEHUS 3TOW IIEM B paMKax HACTOsIIeH pabOThI
pelajgnch ClenyIolue 3a1adu: MocTpoeHue BpeMeHHbIX psigoB NDVI u
EVI s pa3HBIX CENbCKOXO3SHCTBEHHBIX KYJIBTYp XabapOBCKOTO Kpas;
ONMCAaHUE OCHOBHBIX XapaKTEPUCTHK CE30HHOTrO xoxa VI mns kaxnoi
KyJIBTYpBI; pacueT amipoKCHMHPOBAHHBIX 3HAY€HHH BPEMEHHBIX PSI0B
NDVI u EVI ¢ nomompio HelMWHEWHBIX (QYHKIHMH; OIEHKa OIINOKH
ANMPOKCUMAIMU ISl PA3HBIX CENBCKOX03SHCTBEHHBIX KYJIbTYp M (QYHKIHH,
a  TaKkKe  ONpe/esieHHe  CTAaTHCTHYECKMX  pas3iniyuii  CrocoOoB
annpoKCHMAIN{; BBHIOOP ONTHMAJIBHOH MOJENN AaNIPOKCUMALUM IS
MAXOTHBIX 3eMelNlb XabapoBCKOTO Kpasi; OLEHKAa MPHUMEHUMOCTH MOJEIH B
JIPYTUX CEJIbCKOXO3SMCTBEHHBIX pETHOHax [OKHOM uactu [lampHero
BocToka.

2. Marepuajbl U MeToAbl. B KadecTBe 00JacTH HCCIIECTOBAHUI
paccMaTpHUBaIUCh MTaXOTHBIE 3eMJT XabapoBckoro paiona (2021 r): 6onee
3500 ra (155 otneneHBIX mOJei), B ToM umciae noceBel cou (1260 ra),
rpeuuxu (238 ra), MHoronetHux tpas (114 ra), a Taxxe napyrouue (496 ra)
n 3anexxHble 3eman (1613 ra). B nepuon ¢ 1 mast mo 31 oxrsiopst 2021 r quist
ucciaenyemMoit obnactu Obln noydensl 37 cHUMKOB (Sentinel-2A, pasmep
nkcens 20 M). BeiOpaHHbIi BpeMEHHON MHTEpBaI SIBISETCS JOCTATOYHBIM
JUIL  MCCIICIOBaHUsT ~ W3MEHEHMH B (DEHOJOTMUECKMX  LUKJIAX
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CeNBbCKOXO3SHUCTBEHHBIX KyNbTyp Xa0apOBCKOTO Kpas — IEPBBIE BCXOIBI
MOSIBIIAIIOTCSL HE paHbllle TEepBOH JeKaapl Mas, YyOopka OOBIYHO
3aKaHYMBAETCS HE IOIKE CepenuHbl OKTAOps. [l KaIoro MHKCems
¢dbopmupoBasicy BpeMeHHBIe psinsl NDVI m EVI, rme 3nadenuss VI
onpenersuIick mo hopmynam [28]:

NDVI — NIR—RED’ (1)
NIR+RED
EVI =25 NRoRE )
NIR+6RED—-7,5BLUE+1

rne NIR — otpaxenue B OnmkHel nHdpakpacHOW 006JacTH CIEKTPa;

RED, BLUE — otpaxeHHs B KpacHOM M CMHEH 00JacTsIX CIIeKTpa.

C  wucronb30BaHMEM  Mackd  OOJNAaYHOCTH  OCYIIECTBIISUIACH
¢dunbTpanys moiaydyeHHbIx BpeMeHHbIX psoB NDVI u EVI. Ha crenyromem
3Tare pacCYUTHIBAINCH cpeiHne 3HaueHus VI nns 155 otnensHbIX moseit.

Jmnsa  anmpoxkcumanuu BpeMeHHBIX psamgoB NDVI m EVI Oemmn
WCTONB30BaHbl cienyromue ¢yaknun: [aycca (G); nBoiiHas rayccmaHa
(DG); mBoitras cunyconna (DS); psax @ypre (DF); nBoitHas JorucTmdeckas
(DL). AnmpoxcuManusi IpoBOAWIACH HEMTHMHEHHBIM METOIOM HAaUMEHBIITIX
KBaJpaTOB, Ha OCHOBe anropuTma JleBenOepra-Mapxsapara [29].

Oynkius ["aycca npeacTaBiseT BeIpaxkeHue ciexyromero suaa [30]:

()

G: ae 202 (3)

rae a, b, ¢ — mapameTpsl.

DG mpencraBnseT cyMMy IBYX TaycCHaH:

{emy )

(x*bl)]z
+a,e ,

DG:alei[ “

rae a,, b, ¢, a,, b,, c, — mapameTpsl.
3naueHus pyHKIuU DS paccuuThIBarOTCS MO CIICAYIOMICH hopMmyIie:

DS =aysin (b1x+cl)+azsin (b2 x+cz), (5)
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raea,, b, ¢, a,, b,, ¢, — napameTpsl.
DF Beruncnsiercs no gpopmyse:

DF =a, + a,cos (xw)+bysin(xw)+ a,cos (2xw)+ b,sin(2xw) (6)

rae a,, a,, w, b, a,, b, — napamerpsl.
DL mosxeT OBITB 3a1aHa cleaytomei popMyInoi:

DL=c +c, L] , (7)

a - x ay —x

a

1+e
rae ¢, ¢,, a,, a,, d;, a4, — IapaMeTpsl.
st CpaBHUTEIBHON OLIEHKH TOYHOCTH AIIPOKCHMAIUH PAa3HBIMH

(GYHKOMSAMH pacCUMTHIBANIACH CpenHsAs aOCoNIoTHas OImMOKa MO,
MAPE, % (Mean absolute percentage error) mo ¢popmyie:

i i

m

1 n
MAPE =— 100, (3

= 7

rJe N — KOJIMYECTBO YWICHOB BPEMEHHOTO psza, Y' — peanbHoe 3HaueHue VI,
Y! — annpokcMMHpOBaHHOE (CMOIENMpOBaHHOE) 3HaueHue V1.

m

B JambHenIeM, c HCTIOIb30BAHUEM IBYX(paKTOPHOTO
JIUCIIEPCHOHHOTO aHAM3a C aloCTEPHOPHBIM MOMAPHBIM CPABHCHHEM Ha
ocHoBe kputepus Trroku (p=0,05) mo paccumtaHHBIM it 155 monei
MAPE ana NDVI u EVI, omnpegensiics onTUManbHBIM — THI
annpokcuMupymoomed (QyHKIMM s KaXIOro BUAA MAXOTHBIX 3€Melnb, a
TaKke THI (YHKIUM, HAWIYy4YIIUM 00Opa3oM MOJEIHMPYIOMINI BCE THIIBI
CeJIbCKOXO35ICTBEHHBIX KYNbTYP.

3. PesyabraThl. s kaxporo moist XabapoBckoro paiiona B 2021
roay Obutn chopmupoBansl psapl cpeauux 3Hauennii NDVI u EVI. [lanee
Uil KaXIOW KyIbTyphl II0 YCPEIHEHHBIM BpPEMEHHBIM psafgam VI
mpoBomwiack ammpokcumarus  ¢yskmmsimua DG, DS, DF, DL, G
(pucyHok 1).
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0.s 250

== horoneTHAE TRABH === uHoroneTHue TpaRy

07

z 0.5 S 150
] @
04 125
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Puc. 1. Annpokcumanus BpeMeHHbIX psioB VI rpednxu, 3aiexu, MHOTOJIETHUX
Tpas, napa, cou (2021 r, Xabaposckuii paiion) pasusiMu pyHKunsMHU: a), 6) DG;
B), ) DS; n), e) DF; x), 3) DL; n), x) G

Kak BumHO U3 pucyHkoB 1(a) u (0), Ui COM XapaKTepeH OJWH MUK
Ha  anmpoxkcuMupoBaHHOM  kpuBoii NDVI u  omaun mnumk Ha
annpokcuMupoBanHoi kpuod EVI (mpm ucnosnp3oBanuu ¢yskuunu DG).
JleHp HacTyIUIEHHsT MaKCHMyMa JUIi COM Ha rpaduKe CE30HHOrO XOAa
NDVI — 233 kaneHnapHbIil AeHs ¢ Hadana roga, EVI — 226, a yucneHHbIe
sgauenuss NDVI,,. u EVI,,« cocraBuin, coorBercrBenno, 0,78 u 2,81.
Taxoke Haludue BBIPAKCHHOTO THKA OBIIO XapaKTEpPHO VIS MapyFOIINX
3eMellb, IPU 3TOM HACTYIICHHE MAaKCHMyMa SBJSUIOCH JOCTATOYHO PAHHUM,
B cpaBHeHHE ¢ coeli: MmakcumyM NDVI mpuxonnics Ha 191 xanennapHbIi
neup u gocruran 0,75, a wmaxkcumym EVI cootBerctBoBanm 205
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KaneHgapHomy aHi0 W npesbiman 2,80. Cesonnsiéi xon EVI 3amexHbIX
3eMellb, anmpoOKCUMUPOBaHHBIX DG, B 1enoM cxok ¢ auHamMukoil EVI
PacTUTEIBHOIO MOKpOBa Hapyouux noseid: makcumyM EVI mpumencs na
198 neHp ¢ Havama rojaa, HO, TIPH OTOM, B TEUCHHE S5—7 KaJCHIAPHBIX
HeJens Habmroanock miato. Eme Gonee BBIpaKeHHOE IIIATO B TIEPHOJ CO
184 mo 247 xaneHmapHBIA JEHb COOTBETCTBOBAJIO ce30HHOMY xoxy NDVI
Ce3onnbiif xonq NDVI 1 rpeunxu 1 MHOTOJIETHHX TpaB (pHCYHOK 1(a))
HMeJl IBYXIIMKOBBIN XapakTep, YTO B IEPBOM cCllydae OTpaykano MO3AHUM
CeB Tpeunxu (KOHEL HWIOHS — Hayajlo HIoJsi), a BO BTOPOM — YKOC
MHOT'OJIETHUX TPaB, B YaCTHOCTH, THMO(EEBKH JIyTOBOH, B KOHIIE HIOJISI.
HeobOxoqumMo OTMETHTb, YTO TrpaduK amnmpoKCUMHUPOBAHHOTO psijia
cesoHHoro xoma EVI mns mHorometHux TtpaB mpu mnomomu DG umen
OIHOMMKOBEIH BuA (pucyHok 1(0)), B To Bpems kak mpuMeHeHue DS u DF
(pucynok 1(t, €)) Wi ammpOKCUMALNH TIPUBOIMIIO K JABYXIHKOBOH (opMme,
4yro O0JIee TOYHO OTpaXkajao OCOOCHHOCTH KyJIbTHBUPOBAHMS MHOTOJETHHX
TpaB B XabapoBckoM kpae. Bmecte ¢ TeM, ammpokcumanus GyHkmmsamu DS u
DF ce3oHHOTO X0/1a MHIECKCOB BETETALMN COM ITOKA3alla, YTO BUJ KPUBBIX U
XapaKTEPUCTUKH IKCTPEMYMOB BIIOJIHE COOTBETCTBOBAIM IIOKa3aTENsAM JUIs
DG (pucynok 1(8, 1, 1, €)). Hactynnenne maxcumyma NDVI com mpu
ammpokcuMarm DS u DF Ttarkoke mpunuiocs Ha 233 KaleHIapHBINA IEHb
(uucnennsie 3HaueHus coctamwm 0,76 u 0,78), a makcumyma EVI con — Ha
226 nenb (EVI., cooTBeTcTBEHHO, 2,90 1 2,98). Takke CX0KUE PE3yIIbTATHI
HaOmonamiucs npu anmpokcumaruu ¢ynkumsima DG, DS, DF unnekcos
BEreTaly IPeynxu U napyromux nojiei. Bropoit makcumym NDVI rpeunxu
TIPUXOWIICS Ha 254 xaneHAapHBIN AeHb, 3HaYeHuss NDVI,,,, Haxoauivch B
mnamnazone 0,67-0,69 mpu ucnons3oBarnu DG, DS, DF. Bropoit makcimym
EVI cootBercTBOBai 240 MHIO OT Havaja rona, MpHU 3TOM pa3dpoc 3HAYCHUI
EVI,ax 661 Gonee 3HauuTened — ot 1,91 mpu ammpokcumammu DS mo 2,20
npu ammpoxcumanun DG. Kak BuaHo w3 pucynka 1(B, n), mis rpaduka
ce3onHoro xona NDVI 3anexu, annpokcuMmupoBanHoro ¢yHkumsmu DS n
DF, Tamke XapakTepHO Hamuuhe IUIaTo B mepuong co 177 mo 247
KajeHAapHbeli aeHb. 3HaueHus NDVI Ha mnmaro mpu ammpokcumarmu DS
Haxogumuchk B uHTepBane 0,68-0,74, a mpu ammpoxcumamuu DF — B
muanazone 0,67-0,75. Kak crnemyer m3 pucyHka 1(kx), ammpokcumanus ¢
ucnonb3oanueM DL s psanos cezonnoro xoga NDVI napyromux 3emens,
MHOTOJIETHUX TpaB M TPEYNXH CIIOCOOCTBOBaJa OOpa30BaHMIO IUIATO Ha
rpaguke. AHamormgHO, mnpuMeHeHHe DL i1  anmpokcuMarmu psaoB
ce3oHHOr0 xona EVI mpuBomuino k morepe BBIPaKEHHOTO MaKCHMyMa JUISt
BCEX M3y4YaeMbIX THIIOB TIAXOTHBIX 3€MeENb XabapoBCKOro paifoHa
(pucynok 1(3)). B pesynpraTe ammpoxcumanuu ce3oHHOTo xoma NDVI com ¢
momompio DL cpexmee 3HaueHWe MakcHMyMa, TpHIieqmerocs Ha 233
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KaJleHIapHBIA JeHb, Takxke coctaBwio 0,77, xkak u B ciaydae DG, DS, DF.
Hcnonp3oBanne s criaxkuBanus ce3oHHoro xona NDVI u EVI ynkiuun
l'aycca npuBoaMiO K MHOTEPE OOHOTO SKCTPEMyMa Il TPEeUuxXu U
MHOTOJIETHUX TpaB, a TaKK€ K MCUE3HOBEHUIO IUIATO JUI  3aJIEKH
(pucynok 1(m, x)). Anmpokcumariust ce3oHHOT0 X01a NDVI con Ha ocHOBEe G
mpuBeNla K CHIDKCHHWIO 3HaueHHs Makcumyma 1o 0,72 B cpaBHEHHH C
JIBOMHBIMU (DYHKIMSMU, aHAJOTWYHO, YUCIeHHOe 3HadeHue NDVI,. s
napyomux noiueit cocrasuno 0,70, mpu 3ToM MakcuMyM gocturaics k 205
JIHIO C Hayasna roja.

Kak BuaHO U3 amarpaMMbl pasmaxa, OIIMOKA anmpoKCHMAIM{
cesonHoro xoxa NDVI BbiOpaHHbIMH (YHKIMSMH 3aBHCHT OT BHAA
npouspacraromeil KyiabTypsl (pucynok 2). Tak, mpu ucnoiszoBanun DG,
DS,DF u DL ommbka ammpokcuMaruu ce3oHHOro xoga NDVI rpeunxu
HaxoImiack B quama3oHe ot 10 mo 25%, 3anexu ¥ MHOTOJICTHHX TPaB — OT
4 no 13%, con u mapa — ot 5 no 18%. MAPE npu npumenenun ¢yHKmn
laycca maxomumace B mpemenax 10-30% mins cesonHoro xoma NDVI com,
15-30% nns rpeunxu, 12-28% s mapa. YcpemHeHHE MPOBOIIIIOCH TIO
[OJISIM € pa3HbIMU  KyJIbTypamH, IIO3TOMY JJIsi MHOTOJIETHUX TpasB,
MPENCTaBICHHBIX IBYMs MOJISAMH OOJIBILIOrO pa3Mepa, Ha [uarpaMMme pazmaxa
3HaueHnss MAPE ortoGpaxanuce Toukamu. MakcumasnbHas BapHaTUBHOCTH
MAPE nHa6monanack pu anmpoKcuMaIui ce3oHHoro xoaa NDVI rpeunxu
¢yukumsimu DS, DF — pa3max cpeanux kBapTHiieit npesbiman 5%.

Median; Box: 25%-75%, Whisker: Non-Outlier Range
35

30
25 i
= |[HDG
N i = DS
E [ W DF
= 5. [= DL
= 15 | e
" H
10 - L u
] I T :
[ | 5 L]
5 = -
0 \ . \
Mpeuuxa  MHoroneTHue Tpaesl Con Janews Map

Puc. 2. lnarpamma pa3Maxa OIIMOKH alIPOKCHMAIH BPEMEHHBIX PSI0B
ce3onHOr0 X012 NDVI st maxoTtHsIx nosieit Xabaposckoro kpast B 2021 T.
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Kak BumgHO w3 pucynka3, B cpemHemM 3HadeHus MAPE
anMpOKCUMAIUi ce30HHOro xoma EVI Opum cymecTBeHHO BEIIE, B
cpaBHeHnn ¢ NDVI. Ommbka anmpokcuManuyd BpeMEHHBIX psagoB EVI
ToJIeH ¢ 3aexbto coctaBmiia ot 8 1o 18%, a It MHOTOJIETHUX TpaB — OT 15
mo 24% mnpu ucnone3oBanun DG, DS, DF u G. Ilpumenenne DL mis
00pabOTKH HMCXOTHBIX PSNOB B CPEJHEM CIIOCOOCTBOBAIO YBEIWYCHHUIO
CpemHel OINMOKH, IMPH 3TOM MOXHO OTMETUTH JOCTATOYHO OOJBIIYIO
BapuatuBHOCTH MAPE 10 oTAensHbIM ToJsiM — OT 22 110 54% nmst 3anexu,
ot 28 no 48% nans rpeunxu, ot 33 no 58% st cou, u ot 28 g0 82% nys
Hmapymomux  3eMenb. Amnmpokcumanus —ce3oHHoro xoxa EVI ¢
ucronb3oBaHueM ¢GyHkuu [aycca Takke NPUBOAMIA K JIOCTATOYHO
0oJbIION cpenHell omuOKe W BapUATHBHOCTHA OSTOrO IMOKAa3aTels: Ui
rpeuuxu B uHtepBaie ot 18 1o 52%, nns cou — ot 21 no 43%, a nyis nmapa —
ot 20 no 48%. IIpu stoMm MAPE anmpoxcuManuu BpeMeHHBIX psiaoB EVI
Haxonwiack B auamna3one 11-33% mpu npumenenun DG, DS u DF (momns ¢
coeit), 11-40% (map), 13-48% (rpeumnxa).

Median, Box: 25%-75%, Whisker. Non-Outlier Range
90 . T .
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lpeuuxa  MuoroneTHue Tpaekl Con 3anexs Map

Puc. 3. Jluarpamma pazmaxa OMNOKH alpOKCHMAllMU BPEMEHHBIX PsIJIOB
ce3onHoro xona EVI mi1s naxotHsix noneit Xabaposckoro kpas B 2021 1.

Ha cneayromem »srtame s KaXIoro BHJA Mpou3pacTaroleit
KYJBTYpBI MIPOBOJWIACH OIICHKA BIMSHUSA TUMAa (DYHKIUM B COYCTAHHH C
NDVI mnu EVI Ha TouHOCTH anmpokcumanui. MeTogamu ABYX(paKTOpHOTO
JIUCTIEPCHOHHOTO aHaji3a OBUIO yCTAaHOBJICHO, YTO 3HAYMMO HA OINUOKY
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ANMpoOKCHUMAIMU Ul KaXKIOW KyJNbTYPhl BIHSIOT M TAN GYHKUHH, U
nokasarens VI (tabauma 1). IIpu 3ToM, Kak BHIHO W3 TaOIHUIIBI, BKJIAJ
¢aktopa VI B TOYHOCTH anmmpokcHManuu B 2-4 pasa BbIlle, 4eM (akTop
Tuna (GYHKIUHU ISl TPEYNXH, MHOTOJIETHHX TpaB M mapa, u B 1,1-1,4 pasa
BBILIE JJISI 3aJI€XKH U COU.

Tabnuua 1. Ouenka 3HaunmoctH ¢axropos (VI u Tvn GyHKUNH) Ha TOYHOCTh
annpOKCUMALIMK Ce30HHOTO X012 VI juis pasHbIX KyJIbTyp

XapaKTepUCTHKH ABYX(aKTOpHOro aHanm3a

Bun xyneTypsl ®daxTop ss MS F P
VI 6402,0 6402,0 | 1351 | <0,05
T'peanxa DynKuus 3012,4 753,1 159 | <0,05
Muoronerame | VI 12546 12546 | 506 | <0,05
TpaBbl DyHKIUS 319,6 79,9 3,2 <0,05
VI 23660,9 23660,9 | 4443 | <0,05
Con Dymxua 17027,3 42568 | 799 | <0,05
VI 17658,5 17658,5 | 3774 | <0,05
3anexe DyHKLUs 15665,8 39164 | 83,7 | <0,05
VI 33669,0 33669,0 | 501,0 | <0,05
Map DynKuus 15621,6 39054 | 58,1 | <0,05

ArmnocTepruopHbI aHAJIM3 Ha OCHOBE KpuTepus ThIOKH IS MOJeil ¢

Irpeyuxoil Mokasal,

yTo HcHoib3oBanue DF JaBajio  CyHICCTBCHHO

MEHBIIYI0 OWmMOKYy amnmnpokcumanuu B cpaBHeHun c¢ DS, DL u G
(tabnmua 2). B nesoM, A anmpokcuManuu ce3oHHOro xona VI rpeunxu
nenecoobpasno ObuT0 Menonb3oBatek DG (ommbka 21,5%) i DF (ommbka

17,5%).

Tabmmma 2. AnocrepHopHsIi ananu3 (KpuTepuii ThIOKH) 10 alNPOKCHMHPYIOLIHM
GYHKUUSIM 1715 TIOJIeH ¢ TPeYHuXOoi

DL

p>0,05

p<0,05

DS p>0,05
DF p>0,05
DL p>0,05
G p<0,05

MAPE,% | 21,5
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Kak crmenyer w3 Tabnwmbl 3, 3HAYMMBIX pas3iiHuMd  MEXIY
anmnpoKCUMalen Cce30HHOTO Xoja VI  MHOroneTHuX TpaB MATHIO
pa3TMYHBIME (QYHKIMAMA BBIABICHO He ObuTo. OYeBHIHO, YTO B CBS3H C
TeM, 9TO B CpelHeM omuoka anmmpokcuManud NDVI MHOroNeTHHX TpaB B
2-5 pasa mensire, veM EVI, HE0OXOIMMO OIICHUTh 3HAYMMOCTBH PAa3IAIHN
otaenpHo g NDVI u EVIL

Tabmuna 3. AnoctepuopHslii aHaIu3 (KpuTepuil ThIOKH) 1O alIpOKCUMHUPYIOLINM
(YHKIMSAM 17T HOJIeH ¢ MHOTOJIETHHMH TPaBaMy

DF DL G
p>0,05 | p>0,05 | p>0,05

DS
DF p>0,05
DL p>0,05

G p>0,05

MAPE,% | 14,1

C nomonipro Kputepus: ThIOKA OBLIIO YCTAHOBJIICHO, YTO JUIS TTOJICH C
coell CTaTUCTUYECKH 3HAYMMBI Pa3IMYUsi TOUHOCTH amnmpokcumanuu VI c
npumeHerneM ¢yHkuuit G u DL (MAPE cocraBmna 26,3% u 28,2%), ¢
oxHoi croponsl, 1 DG, DS, DF (ommbxka ot 12,7% mo 16,4%) (Tabnmma 4).

Tabmuma 4. AnocrepuopHsIil ananu3 (kpuTepuii ThIOKH) 10 alNPOKCHMHPYIOIHM
(YHKIUSAM I TOJISH ¢ coei

DF DL G
p>0,05 | p<0,05 | p<0,05

DS p>0,05
DF p>0,05
DL p<0,05

G p<0,05

MAPE.% | 14,7

B Toxe Bpems s ce30HHOTO Xoaa VI 3aJeKHBIX 3eMeNb OIMrOKa
anmpoxcuMarun ¢pyaknneit DF 6puta paBHO# 8,4%, dyakuuneit DS — 9,5%,
¢yakuueit DG — 10,0%, a rayccmanoit — 12,5%, 9TO HOCTOBEpHO HUIKE,
4yeM mpu ucnonb3oBanuu DL (Tabnuna 5).
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Tabmuma 5. AnocrepuopHsIi ananu3 (kpuTepuii ThIOKH) TI0 alNPOKCHMHPYIOLIIHM
GYHKUMSIM IS 3QJISKH

DL G
p<0,05 | p>0,05

DS p>0,05
DF p>0,05
DL p<0,05

G p>0,05
MAPE,% | 10,0

Cxoxast cuTyalus Oblla OTMEYEHa W JUIS HApYIOUIUX 3eMellb
(Tabmuma 6). TouyHocTh anmpokcuManuud VI Oblia TOCTOBEPHO BHINIE TPH
npumeHernn ¢yHkuuii DS um DF (ommbka, cootBerctBenHo 15,4% wu
15,9%) B cpaBaennu ¢ DL u G (ommbka 29,5% u 27,0%).

Tabmuma 6. AnoctepuopHblii aHaIu3 (KpuTepuil ThIOKH) 1O alIpOKCUMHUPYIOLINM
GyHKIMAM A7 Hapa

DF DL G
p<0,05 | p<0,05
p<0,05 | p<0,05

DG

DS
DF p>0,05
DL p<0,05
G p<0,05 | p<0,05 | p<0,05 | p>0,05
MAPE,% | 19,1 15,4 15,9 29,5

B cBs3u ¢ TeMm, UTO amIpPOKCHMAIUsl CE30HHOIO XOAa HHIEKCOB
BereTali MOXeT MPUMEHAThCS B  3ajJadyaX aBTOMAaTH3MPOBAHHOU
KJaccu(UKaIMK NMaXOTHBIX 3eMeJb, 3a4acTyI0 allpHOPU HEM3BECTHO, KaKOH
TUI KyJIbTYpBl IPOU3PACTaeT Ha moje. TakuMm oOpa3oM, ¢ HMPaKTUIECKOH
TOYKHA 3pEHHs, IeJIecoO0pa3HO HAaWTH METOJA, HAWIydlInM o0pa3oM
ANMPOKCUMHUPYIOIMINN CE30HHBIA XOJ Ka)IO0ro MHAEKCa A BCEX KYIbTYP.
C momomp0  IBYX(AKTOPHOTO  IUCIIEPCHOHHOTO  aHanmm3a  OBLIO
YCTaHOBJIEHO, YTO Ha TOYHOCTh annpokcumanuu NDVI 3Hauumo BiausieT u
BUJ KYJIBTYPHI, U allpoKCUMHupYIomas GyHkaus (Tabmuna 7). Kak BumHO
13 TaOJIUIIBL, P aNnpoKCHMAaNUy BpeMeHHBIX psiioB NDVI rpeunxu u con
HauMeHblIas oluOka Oblla XapakTepHa IpH ucnojb3oBanuu DF, s
MHOTOJIETHUX TpaB ONTHUMAaJbHBIM MeTOJOM siBWiICS DS, a mnsa 3anexu u
napa — DL. IIpu 3T0M pa3nuuust B TOYHOCTH IPU MPUMEHEHUH TUX TPEX
GyHKIMHA A1 MHOTOJISTHUX TpaB, 3aJ€XH, Mapa ¥ COM HE SBISIOCH
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noctoBepHBIM (p>0,05). AHaTOTUIHBEIM 00pa3oM OBLTO BBISBIECHO 3HAUNMOE
BIIUsHUE 00omx (akTopoB Ha ce3oHHBIH xom EVI (tabmuma 8). B xomne
MOTIAPHOTO CpaBHEHHs OBIIO ycTaHOBIEeHO, 4To (yHKmms DF sBmsmace
ONTHMAIILHBIM BBEIOOPOM ISl TIPUOJIMKEHHUS BpeMeHHoro psima EVI
rpeunxu u com (p<0,05), a mns 3amexu, mapa W MHOTOJIETHHX TpaB
BO3MOKHO Hcrions3oBanue kak DF, tak u DS u DG (p>0,05).

Tabmuua 7. Cpenuue 3nauenust MAPE (%) nust pasHbIX TUIIOB QyHKIUI pu
annpoKcuManuu ce3oHHoro xoga NDVI rpednxu, MHOTOJICTHHX TpaB, COH, 3aJIeXKN
u napa (Xabaposckuii kpaii, 2021)

Bug kynbTypbl DG DS DF DL G p
T'peuuxa 17,5+ 15,9 12,8 16,7+ 24,7+
3.4 +6,1 +2,7 3,3 4,9
Mpmuoronetaue | 8,2+ 52+ 72+ 6,3+ 12,8+
TpaBbl 0,6 0,4 1,0 0,5 0,2
8,7+ 11,8 9,3+ 10,3+ 19,3+
Cos 2.6 +3.4 2.1 3.4 47 | P05
3aneoKs 7,5+ 7,2+ 6,1 £ 5,7+ 9,5+
3,5 1,9 1,8 2,4 3,2
TTap 13,3+ 10,1 + 10,1+ 10,1+ 20,4+
4,0 2,8 2,3 2,8 3,3
p p<0,05

Tabmuma 8. Cpenune 3nauenust MAPE (%) 1t pa3HbIX THIOB QyHKIMIH Ipn
anmpoKCUMAINH ce30HHOro xoaa EVI rpeunxu, MHOTOIETHUX TPaB, COM, 3aJIEKH 1
napa (Xabaposckuil kpaii, 2021)

Bun xkyneTypbl DG DS DF DL G p
Tpeurxa 25,4+ 354 21,5 36,0+ 39,7+
5,8 +10,5 +5.0 6,6 11,3
Mpmuoroneraue | 20,0+ 16,2 20,9 38,3+ 23,5+
TpaBbl 1,8 +1,6 +2,3 1,4 1,7
18,8+ 21,1 16,2 46,5+ 33,3+
Cos 49 | 59 | 36 8.9 55 | P<00S
E— 12,5+ 11,7 10,7 37,7+ 14,8+
4,7 +3.5 +32 8,2 5,0
Tap 25,0+ | 20,7+ 21,7+ 48,8+ 33,6+
7,4 6,0 4,0 13,8 5,7
p p<0,05

Kak crmemyer w3 Tabmmier 9, OblIa yCTaHOBIEHA 3HAYMMOCTH
pasnmuuii cpenHei ommoOku annpokcumanuy NDVI s maxoTHbIX 3eMenb
XabapoBckoro Kpas Juid pa3HbIX THUHOB (yHKIMHA. B uyacTtHOCTH,
HaWJIyqLIMH pe3yabTaT — ¢ omubkoi B 8,5% u 8,9% npoaeMoHCTpHpOBau
DF u DL. JlocroBepHo Hambojee HHM3Kas TOYHOCTbH ammpoOKCHMalud —

1488 Wndopmaruka u apromarusanus. 2023. Tom 22 Ne 6. ISSN 2713-3192 (meu.)
ISSN 2713-3206 (onmaiin) www.ia.spcras.ru



MATHEMATICAL MODELING AND APPLIED MATHEMATICS

16,1% — Obna momydeHa NpU WCIONB30BAaHUM rayccuaHsl. [Ipubmmkenne
kpuBoir NDVI ¢yaxmmsimu DG u DS B mpuHIUNe mokasano J0CTaTOYHO
XOpOIIIHE Pe3yIbTaThl: omnoKa, cooTBeTcTBeHHO 10,6% 1 9,8%.

Tabmuma 9. AnocrepuopHslil ananu3 (kputepuii ThIOKM) IO aNNPOKCHMHPYIOIIHM
¢ynkmusaM g ce3oHOro xoxa NDVI naxoTHbIX 3eMens XabapOBCKOTo Kpast

B Tabmmme 10 mpexacraBieHB! pe3yabTaThl alOCTEPHOPHOTO aHAIIN3a
— MOMAPHOTO CPAaBHEHUSI TOYHOCTH amPOKCUMAIIMK Ce30HHOro xona EVI
MaXOTHBIX 3eMelib Xa0apOBCKOr0 Kpasi B 3aBUCMOCTH OT THIA (PYHKIIUH.

Tabmuma 10. AnocrepuopHslii aHanu3 (kpurepuil ThIOKH) HO anmpoKCHMHUPYIOLIIM
¢byukumsiM i cesonHoro xozxa EVI maxoTHsix 3emens XabapoBCKOTro Kpast

Kak BunHO, Hambojee HM3Kasg OUIMOKa Takke HaOJIIONaIach NpU
ucnons3oannn DF (16,0%), npu sToM oHa B jABa pas3a mpeBblIIana
cootBercTByomee 3HaueHne MAPE gns kpusoir NDVI. Haumenee
ynauHo# juist annpokcumanuu kpuBoit EVI npencrasnsercs ¢pynkuus DL,
co cpennedr ommbkor 42,8%. MAPE mnpu npumeHeHMHM rayccHaHbl
coctaBuna 26,4%, a ¢yakunun DG u DS npomemoHCTpHpoOBanu mpuMepHO
OJIMHAKOBBIEC pe3ynbTaThl — 18,5% u 18,3%.

[IpencraBnser HMHTEPEC OLEHKAa IOTEHLUMAJIbHOW BO3MOXHOCTH
MIPUMEHEHNS] MOJYYEHHBIX PE3YJbTAaTOB UI ANNpPOKCHMAlUH BPEMEHHBIX
panoB VI cenbCKOXO3AWCTBEHHBIX 3€MENb JPYIMX TEppPUTOpHUil, B
YaCTHOCTH PallOHOB CO CXO>KHMU KIMMaTHYECKUMH XapakTepucTukamu. Ha
pucyHke 4 TpelICcTaBieHbl ANNpPOKCUMHUPOBAaHHbIE C moMolubpld DF
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yCpeaHeHHble 3HadeHusi ce3oHHoro xoxa NDVI mns moneit ¢ coeit
Awmypckorr obmactu  (ApxapuHckuit, OKTAOpbcknii, MuxaiIoBCKHA,
TamboBckuii p-HbI), EBpelickoii ABTOHOMHOW oOyiact (JICHHHCKWHIA,
OkTa0pbCcKkuii  p-HBI), XabapoBckoro kpas (XabapoBckuii, Bszemckwuii,
um. Jlazo p-HEI).

Kax BuaHO U3 pucyHka, kpuBble ce30HHOro xona NDVI cou cxoxu
JUIsl TPEX PETHOHOB 10)KHOM yacTu JlambHero BocToka, npu aToM Kak oOmias
(bopMa KpHBOIA, Tak M MEpHOJ] HacTyIuIeHUs: MakcumyMma B 2022 rony (219-
233 kaneHpapHble JHU) Takke cooTBeTcTBOBaiu 2021 romy. [nst maxoTHBIX
3eMeNb NPOBUHIMHM XdSHIyHI3SIH (ceBepo-BOCTOUHBIM Kurail) ocHOBHBIE
(ha3bl pa3BUTHSI COM COBINAJAIM HAa BPEMEHHOMW InKane ¢ (azamMu pa3BUTHS
KynbTypbl B cyobekrax PO, a rpaduku cezonHoro xoma NDVI Bnonne
CXOKH ¢ mpexacraBieHHeIMEH Bbime  [31,32]. Takum  obpaszom,
MPEAT0KEHHBIH MOIX0/] K AlNPOKCHMAIIMH BPEMEHHBIX PSAOB MOXKET OBITh
MPUMEHEH B pernoHax c KIMMaTH9eCKUMHU YCIIOBUSIMH,
COOTBETCTBYIOIIMMH yCIOBHUSIM I0)KHOH JacTH XabapoBCKOTO Kpas.

—a—Amypcran obnacts —e—Amypcran obnacTs

—s—EAO b TeERO
XabapoBcKkuiA Kpai N XaGapoackuii kpalt

08
07

06

NDVI

05

04

03

0.z 02
121 135 149 163 177 191 205 219 233 247 261 275 289 121 135 149 163 177 151 205 219 233 247 261 275 289

JHW OT Havana roga AHM OT Hauana rofa

a) 0)
Puc. 4. Annpoxcumarnus ¢pynkuueit DF Bpemennsix panoB NDVI cou B Amypcekoit
obmactu, EAO, Xabaposckom kpae: a) 2021 r., 6) 2022 r.

Jlanee  mpoBoaMNach ~ CpaBHMTENbHAsh  OLEHKA  TOYHOCTH
kiaccudukanuy Ha OcHOBe BpeMeHHBIX pstoB NDVI ¢ ucnonb3oBanuem
PacCMOTPEHHBIX ANIPOKCUMHUPYIOIINX GbyHKIUH, a TaKKe
MOJMHOMHUANIBHOW (QYHKIMM TpeTbero mnopsnaka (ky0) Ha mnpumMepe
MaxoTHBIX  3eMenb  XabapoBckoro paiiona (2021-2022rr.). /s
knaccupukanuun  Obur  mcmons3oBaH Merox RF  (Random Forest), B
00ydJaromIyro BEIOOPKY CiTydaiiHBIM 00pa3oM Briodannuck 70% ot obmero
qHcia MUKcenel, B TecToByto 30%. B tabmune 11 npencraBieHsl 3HaUCHUS
obmeit Tounoctu (OA, %), TONydeHHBIE MO pPE3yJbTaTaM TPEXKPAaTHOMH
KpOCC-BaJIUIAIIHH.
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Ta6ymma 11. TogHOCTH KIIacCU(UKAIAN MaXOTHBIX 3eMeNb XabapoBCKOro paiioHa
Ha OCHOBE annpokcuMupoBaHHbIX psigoB NDVI (RF, 2021-2022 1r.)

TTomurom
3-i DG DS DF DL G

CTEIICHH
OA£AOA,% 85,7+0,7 90,6+0,6 | 91,7+0,8 | 92,3+0,6 | 90,2+0,8 | 89,2+1,0
p p<0,05; pps-pr>0,05; ppc.or>0,05; ppL-br<0,05; p.pr<0,05; Prys-pr<0,05;

Ob6uias
TOYHOCTH

MerogamMn  0JHO(AKTOPHOTO  JAUCIIEPCHOHHOTO  aHanmm3a C
WCTIONB30BaHUEM  allOCTEPHOPHOTO  TOMAPHOTO  CpaBHEHHWS  OBIIO
YCTaHOBIIEHO, YTO OmmOKa kiaccudukanuy npu ucrnons3oBannu DF, DG n
DS Oputa cymecTBEeHHO HIDKE, YeM NpPH NPUMEHEHHH IS HOATOTOBKU
BpeMeHHBIX psgoB DL, G, a Ttakke kybmdeckoro mnoimHoMa. OA
knaccudukanum Ha ocHoBe DF mpeBbicuia 92%.

4. 3axi0yeHue. B xone mcciejoBaHUS 110 CITyTHUKOBBIM CHUMKAaM
Sentinel 2A 3a 2021 rox 6sutn noctpoeHsl Bpemennsie psiisl NDVI u EVI
JUIsl TMaxOTHBIX 3eMenb XabapoBCKOro Kpas. bbUlo yCTaHOBIEHO, 4YTO
annpoKCMMupoBaHHble Tpaduku ce3oHHoro xoxa NDVI u EVI s
OCHOBHBIX CEJIbCKOXO3HCTBEHHBIX KyJbTYp Xa0apOBCKOro Kpas WMeNn
XapaKTEepHbI BUJ, TO3BOJIAIONIMN B JaJIbHEMIIEM HCIIONb30BaTh PSAIbI
CE30HHOTO XOJa B 3aJadax WACHTU(GHUKALUH KYyJIbTYp U KilacCH(UKALNU
MAXOTHBIX 3€MeJb, B TOM YHCJIe B PETHOHAX CO CXOXHMH KIIMMATHICCKIUMU
ycrmoBussMH. MeTonaMu  IBYX(AKTOPHOTO JWUCHEPCHOHHOTO aHald3a C
amoCTePUOPHBIM ITOTIAPHBIM CpaBHECHHEM Ha OCHOBE KpuUTepus THIOKH OBLIO
YCTaHOBIEHO, YTO HamOoJNee BBICOKAas TOYHOCTh  AMMPOKCHMAIIHU
BpemeHHOro psga NDVI mins BceX KyNbTyp JOCTHUTANACh MPHU MPUMEHCHUN
DF u DL (ommbka He mpeBbimana 9%), a BpemenHoro psga EVI — npu
npumeHennn DF (ommbka cocraBuna 16%). Takum obpasom, mnpu
HEOOXOIMMOCTH TOATOTOBKM BPEMEHHBIX psAfnoB VI maxoTHBIX 3eMelnb
XabapoBCKOTo Kpas I KiIaccuHUKaIK (IPH OTCYTCTBUHU YacTH JTaHHBIX,
HEOOXOIMMOCTH CHHXPOHM3ALMK MAHHBIX HECKOJBKUX JIeT HaOMI0ICHUSA
U T.0.) TuenecoobpazHo wucnonas3oBanne DF. Bwmecre ¢ Tem, s
OosbIIMHCTBA CeMbX03KynbTyp ¢yHkumn DG u DS rtaxke mnokasanu
XOpOIIKEe Pe3yIbTaThl U MPUOIIDKEHHS PAIoB ce30HHOTO xoia NDVI u
EVI. Ucnonp3oBaHue pa3pabOTaHHOTO MOJXO0JA, B OTJIMYHE OT METOIOB
CTTIQ)KMBAaHUS BPEMEHHOIO psiia, IO3BOJUT, BO-NEPBBIX, HE TONBKO
MOBBICUTh TOYHOCTH ABTOMAaTHU3MPOBAHHOW KiaccuuKalum, HO U
HCIONb30BaTh aNMPOKCUMHPOBAHHBIE PSIbl IJIS1 BBIABICHUS OTKIOHEHHUH B
Pa3BUTHH, a TAK)Ke MIPOTHO3UPOBAHUS yPOxKaHHOCTH. V3ydeHne BpeMEeHHBIX
psanoB VI, xapakTepHbIX I 10)kHOU yactu JlampHero Bocroka, obecrednt
BO3MO’KHOCTH 3KCTPAIIOJIAIINH HCCIIe0BaHUH Ha mpoune cyonekTsl DO, a
TaKxe conpesenabubie npoBuHy KHP.
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A. STEPANOV, E. FOMINA, L. ILLARIONOVA, K. DUBROVIN, D. FEDOSEEV
VEGETATION INDICES (NDVI AND EVI) TIME SERIES
APPROXIMATION FOR MONITORING CROPS OF
KHABAROVSK TERRITORY

Stepanov A., Fomina E., Illarionova L., Dubrovin K., Fedoseev D. Vegetation Indices (NDVI
and EVI) Time Series Approximation for Monitoring Crops of Khabarovsk Territory.

Abstract. Approximation of the series of the seasonal vegetation index time series is the
basis for monitoring agricultural crops, their identification and cropland classification. For
cropland of the Khabarovsk Territory in the period from May to October 2021, NDVI and EVI
time series were constructed using Sentinel-2A (20 m) multispectral images using a cloud
mask. Five functions were used to approximate time series: Gaussian function; double
Gaussian; double sine wave; Fourier series; double logistic. Characteristics of extremums for
approximated time series for different types of arable land were built and calculated:
buckwheat, perennial grasses, soybeans, fallow and ley. It was shown that each type requires a
characteristic species. It was found (p<0.05) that Fourier approximation showed the highest
accuracy for NDVI and EVI series (average error, respectively, 8.5% and 16.0%).
Approximation of the NDVI series using a double sine, double Gaussian and double logistic
function resulted in an error increase of 8.9-10.6%. Approximation of EVI series based on
double Gaussian and double sine wave causes an increase in average errors up to 18.3-18.5%.
The conducted a posteriori analysis using the Tukey criterion showed that for soybean, fallow
and ley lands, it is better to use the Fourier series, double Gaussian or double sine wave to
approximate vegetation indices, for buckwheat it is advisable to use the Fourier series or
double Gaussian. In general, the average approximation error of the NDVI seasonal time series
is 1.5-4 times less than the approximation error of the EVI series.

Keywords: vegetation index, Khabarovsk Territory, approximation, arable land, crop,
time series.
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10.B. BUBUK
IMPOTHO3UPOBAHUME HA ®OH/IOBBIX PBIHKAX C
HUCHOJb30BAHUEM ®OPMAJIN3MA CTATUCTUYECKOM
MEXAHHUKHA

buobux 10.B. IlporHo3upoBanue Ha (JOHAOBBIX PBIHKAX C HCNOJb30BaHHeM (opMain3Ma
CTATHCTHYECKOIl MeXaHUKH.

AHHOTaIMsl. AHAIMTHYECKM HUCCIEOBAHA BO3MOXHOCTR M LEIE€CO00Pa3HOCTh
HPOTHO3UPOBAHNS Ha (POHIOBBIX PHIHKAX C IMIOMOIIBIO METOJIOB U MOJXOJOB CTATHCTHYECKOI
MEXaHHKH. AMNMapaT CTATUCTUYECKOW MEXaHHKU MPHMEHCH Ul aHaJIn3a M IIPOTHO3a OJHOTO
U3 BaXHEHIINX IOKa3aTelledl phIHKa — pacrpeeneHus jorapuMHUYecKoil aoxoxHocTd. B
KauecTBe HCXOAHOW MOfeNM HCmoib3oBaHa Mojens Jlotku-Bombreppa, mpumensemas B
9KOJIOTHH IJIs1 ONKCAHHS CHCTEM THIA «XHIMHHK-KepTBay». OHA a/IeKBATHO alIPOKCHMUPYET
JIMHAMUKY PbIHKA. B cTaThe MCIOIB30BaHA €€ raMHJIbTOHOBOCTB, MO3BOJSAIONIAS NMPHMEHUTH
arnmnapar CTaTUCTHYECKON MEXaHHUKH. AIIapaT CTATHCTUYECKOW MEXaHUKH (C MCIIOIb30BaHUEM
NPHUHIUIA MAaKCHMAJIBHOW SHTPOIMH) MO3BOISET DEANH30BaTh BEPOSTHOCTHBIH MOJXOM,
KOTOPBIN afanTHPOBaH K YCIOBHSAM HEONpPeNeNeHHOCTH (DOHAOBOrO phiHKa. KanoHHueckne
NepeMeHHbIe raMUJIbTOHHAHA TIPEJCTABICHbl B BUJE JOrapu(MOB IIEH aKIUH M OOJIMTalui,
COBMECTHas (DYHKIHUS PACIIPEICICHHS BEPOSTHOCTH IICH aKIMil 1 OONUranuii moxydeHa B BUJC
pacnpenenenus ['u66ca. BonpimanoBckuil (axTop, BXomsmuid B pacnpenenenue ['mbbca,
[03BOJISICT OLICHUTH BEPOSTHOCTH IOSIBICHUSI TEX MM MHBIX LEH Ha aKUUH M OOJIMralud H
MOJIYYUTh AHAIUTHYCCKOE BBIPAKCHHE IS BBIYUCICHHS JOrapH(MHYECKON TOXOTHOCTH,
naromiee Oojiee TOYHBIC PE3yJbTaThl, YeM IIMPOKO HCHoNb3yeMoe HopMmaibHoe (I'ayccoBo)
pacnpenenenue. Ilo CBOMM XapaKTepHCTHKaM IIOJNYYeHHOE paclpelelicHie HallOMHHAeT
pacmpeneneHue  Jlammaca.  BbluMcIeHBI  OCHOBHBIC — XapaKTEPUCTHKH  IIOIy4CHHOIO
pacrpeneneHus — cpeiHee 3HaueHWe, AUCIEPCHs, aCHMMETpHs, dKcuecc. MaTtemaTHdeckue
pe3ynbTarhl mpeicTaBieHbl rpadudeckn. JlaHO OOBSCHEHHE NPHYUHHO-CICICTBEHHOIO
MEXaHH3Ma, BBI3BIBAIOIIETO H3MEHEHUE AOXOAHOCTH phIHKA. J{iist aToro passura uaest Teogopa
Mozuca 0 KOHKYPEHIMH MEK/y aKIMSIMA M OOJIHralisiMy 32 BHUIMaHHE U JICHBI'M HHBECTOPOB
(o aHamoruu ¢ 000OpPOTOM OHMOMAacChHl B MOJENSAX THIIA «XHIIHHK-)XEPTBa» B OHOJOTHH).
Pe3ynbTaThl HCCIICAOBAHMS MPEACTABISIOT HHTEPEC U1l MHBECTOPOB, TEOPETUKOB U MPAKTUKOB
¢onmoBoro peraka. OHM TO3BOJISIOT PHHAMATH NPOJYMAHHbIC W B3BCIICHHBIC PEIICHHS 110
HMHBECTHPOBAHMIO 3a CUYET OoJjiee pEeaJbHOrO INpENCTaBIeHHS 00 OKHIaeMOiH TOXOXHOCTH H
Oosee a/IeKBaTHOW OLICHKH MHBECTUIIMOHHOTO PUCKA.

KurodeBnie cioBa: quHaMuKa GOHIOBOTO PHIHKA, (ByHKIHS PACIIPEICICHUS JOXOHOCTH,
MPHHIKI MaKCHMAaJIBbHOM SHTponuH, pacnpeneienue I'nboca, pactnpenenenne Jlamaca.

1. Beegenue

1.1. OGuiee cocrosinme Bompoca mucciaenoBaHusi. B pabote
mpeylaraeTcsi  MeTOA ~ IPOTHO3WPOBaHWS  (OHIOBOTO  pBIHKA €
HCTIONB30BaHNEeM (OopMalIi3Ma CTATUCTHYCCKOW MEXaHUKH. Y YUTHIBAs, 9TO
pearsHOCTh (OHAOBBIX PBHIHKOB BCErJa CIOXKHEE W HempeacKazyemee
JMIOOBIX JEHCTBYIOIIMX UM MpPEUIaraéMbIX METOJOB M TOJXOJIOB —
MPE/UIOKCHUE HOBOIO METOJa 3ajJavya KpaifHe Hempocrtas. YToObI
pasobparbcsi B INepUNeTHsIX (GOHIOBOrO PHIHKA €ro y4acTHHKaM HY)KHO
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MIOCTOSIHHO W HAIPsDKEHHO CJIEIUTh KaK MHHHMYM 3a CJCIYIOIIMMH
IMOKa3aTeIIAMU:

—  HACKOJIbKO CHWJIBLHOE BIUSHHUE Ha COBPEMEHHBIH (DOHIOBBIN
PBIHOK OKa3bIBACT IMOJIMTHIECCKAS HECTAOMITBHOCTE;

—  KakoBbl TeMrbl pocta win najaenus BBII, B kakom cocTostHuun
KPEIUTHO-JICHEeKHAs TOJINTHKA, HWH(IANKSA, a TakxkKe, CYIIECTBYET JIH
OMACHOCTh CIOJI3aHHUS B KPU3UC, M €CTh JIM CHUCTEMHAs IpOrpaMma Io
BBIXOJy U3 HErO;

— KaKk TOBeAyT ce0si [eHbl Ha AaKIMd B YCJIOBHUSX
9KOHOMHYCCKOTO craia (MPH TAKHX YCIOBHSAX HYXKHO JKAAaTh POCTa WU
oOBajya IIcH Ha aKIMH, K KaKOMY CPOKY U 3a CUCT Yero LICHbl Ha aKIUu
MOTYT HayaTh BBIPABHUBATHCS B KPHU3HCHBIX CUTYAIMSIX, CYIIECTBYIOT JIU
(MHAHCOBBIE W WIIN CHIPHEBBIE PE3EPBBI, KOTOPHIE MOTYT CTaOMIM3UPOBATH
CKauKH I1eH Ha POHIOBBIX PHIHKAX);

—  ymacTcs M yAepKaTh BHHMaHWE WHBECTOPOB K HamOolee
JUKBUAHBIM, YCTOHYMBBIM ¥ TEPCHEKTHBHBIM  aKIUSAM  KOIAHWUH,
3aHUMAIOIIUM BEPXHHE CTPOYKH PEUTHHTOB (POHIIOBOTO PHIHKA MU HX
MOTECHAT AaKIMU HOBBIX KOMIIAHWH, MPEIJIOKHUBIINX  HOBEUIIIHE
MHHOBAI[MOHHBIC IPOJYKTHI,

— HMEeT JId CMBICH BKJIAJBIBATBCS B  CTapTambl  H/WIH
BBICOKOJIOXO/THBIC OOJIMTalliy, YYUTHIBASI, YTO IO CTATUCTHKE TOJIHKO OJ(HA-
JIBE M3 JICCSTH TAKUX KOMITAHUI MMOKA3bIBAIOT YCTOWYHBEIHM POCT;

— Kakod B  CIOXKHUBIIUXCS VYCIOBHAX OymeT  peanbHas
KOHKYPEHIIUS aKIIMi 3a BHUMaHHE HHBECTOPOB (OYIET JTU CTOUMOCTD aKITHi
CHUXAThCSI B Clydae W30BITOYHOTO TIPEJIOKCHUS WM pacTH B Cilydae
n30BITOYHOTO CITpOca).

[IupoxomacmTabHble W BaXKHBIE ITOCICACTBUS BO3JCHCTBUS Ha
(OHIOBBI PBHIHOK KaXKJIOTO W3 BBHINICTICPEUHUCICHHBIX MyHKTOB W3 3TOTO
JIaJIeKO0 HE IIOJIHOI'O CIIMCKA, a TaKK€ MX MCKIIYUTEIbHAS CIIO0KHOCTD,
TpeOyeT OT AHAIWTUKOB TNIyOOKMX 3HAHWW, KPOMOTIWUBOTO Tpyla H
00513aTeILHOTO HANIWYMS W UCIOJB30BaHUsS CEPhE3HOT0 MATEMATHYCCKOTO
obecrnieueHus. [Ipu 3TOM MaTeMaTHUECKWH ammapar JOJDKEH HOCTOSHHO
COBEPIIICHCTBOBAThCSI, YYHUTHIBATH CTATyC pBIHKA, €ro CTPYKTYpY,
yIABIMBATh KaK OCHOBHBIC TCHICHIIMM €r0 pPa3BUTHSA, TaK W HOBBIC
0COOCHHOCTH, MOBBIIIATh BO3MOKHOCTH Ka4eCTBEHHOI'O u
KOJIMYECTBEHHOTO aHaji3a Ha HOBBIH ypoBeHb. TakuMm oOpa3oM, B
HACTOsIIlee BpeMs MPOTHO3MPOBAaHHE (POHIOBOTO pHIHKA MPEACTaBISACT
c000if TOCTOSHHO pPa3BHBAMOIIYIOCS 00NacTh wHccienoBaHuil. KoHeuHOM
LENBI0 3TUX HCCIEIOBAHUH SIBIICTCS JKETaHUE CAETATh MPOTHO3UPOBAHHE
Oomee OOOCHOBAaHHBIM, a 3HAYUT OoOJee MOHATHBIM, IIPO3PAYHBIM U
Z[OCTyHHI)IM.
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OTIMIuTeNEHON 0COOEHHOCTBIO COBPEMEHHBIX HAyJIHBIX
HCCIIeIOBaHUK (POHIOBOTO PHIHKA SBISETCS IMUPOTA B3IIIAAO0B, MHCHUH U
CYXJCHUI TO0 BCEM BOIpOCaM €ro cocTosiHus u pa3Butus. llopaxkaer
KOJIMYECTBO MPEAIaraeMbIX M HCIIOB3YEMBIX TEOPHil, METOIOB 1 METO/IHK,
AMEIONUX ENbI0 YIYUIIeHHE Pe3yJbTATUBHOCTH €T0 NEeATEIbHOCTH [1, 2].
Pesympratel  mcciemoBaTeNbCKMX — pabOT  TIOMOTAlOT  COBPEMEHHBIM
WHBECTOPaM CaMOCTOSTCIIFHO WM Yepe3 Pas3iIH4YHBIX IOCPEIHUKOB U
KOHCYJIbTAaHTOB OoJice TJIyOOKO MOHSITh TOHKOCTA M aJICKBATHO OLCHHUTH
BO3MOXKHOCTH 0€3pHCKOBOI nmopTdensHoit Teopuu u npaktuku [3, 4]. Oun
TaKXKE HCIOJB3YIOTCS AHATUTHKAMHU M NMPAKTHKAMHU DPBIHKA, BOOPYXKas UX
OoJiee MPOJBUHYTHIMU MHCTPYMEHTAMH aHaIW3a. YKe CEroJHs OOBIYHBIM
JUIS COBPEMCHHBIX AHAIUTHKOB SIBJSICTCS HCIOJNB30BAHUE JUIS aHAIN3a
COCTOSIHMSI PBIHKA CEphe3HOT0 MaTeMaTHYeCKOTo ammapara [5], Bemymwmx
MHPOPMANMOHHBIX ~ TEXHOJOTHH [6], TpUMEHEHHWEe HCKYCCTBEHHOTO
naTesiekta [7—9]. Ilpum 3TOM IIHUPOKO HCIONB3YIOTCS KakK Jaroliue
XOpOIIIMe Pe3yNbTaThl METONWKH TpHUANATHiIeTHEH naBHOocTH [10], Tak u
METOJMKH NCKYCCTBEHHOTO HHTEIICKTA, B HAAESKIE HA TO, YTO HECMOTPS Ha
TPYAHOCTH MX HACTPOHKH M MOJATOHKH, OHHA TIOMOTYT BCKPBITh JI0 CHX IIOp
HE pasrajJlaHHblc TIyOUHHBIC (PAKTOPHI BO3JCHCTBHS HA PHIHOK M CICIAIOT
ero Oosiee 3pdekTuBHBIM. 10 FIPPEKTUBHOCTH CTAPBIX U HOBBIX TCOPHNA U
METOJIOB y YYACTHUKOB PBIHKA HET €AMHOTO MHCHUSI.

Pe3ynbTaThl COBPEMEHHBIX UCCIICIOBAHUN MMOKA3BIBAIOT, YTO B CBS3H
C CYIICCTBEHHBIMU OTIIMYHMSIMHA B pabOTe Pa3BUTHIX, PA3BUBAIOIIUXCA WU
MTOTPAaHUYHBIX PHIHKOB MPEII0KEHHBIE UCCIIEAOBATEIIMI METO/IbI, XOPOIIO
3apeKOMEHIOBaBIINE ceOsl Ha pa3BUTHIX PHIHKAX, HE pabOTaloOT WU IUIOXO
paboTaroT Ha ocTambHBIX [11 — 14].

PasBuThble CTpaHbl OTIMYAET CWIBHBII M aKTUBHBIM PBIHOK,
BHOCAIINHA 3HAYUTEIBHBIN BKIag B Pa3sBUTHE SKOHOMHKH JTHX CTPaH.
OKOHOMHKA CTpaH pa3BUBAIOMIUXCS W IOTPAHWYHBIX PHIHKOB OYEHBb
HY)KIaeTCs B IPUBJICYCHUN (PHHAHCOBBIX CPEJICTB KaK COOCTBEHHBIX, TaK U
WHOCTPaHHBIX HHBECTOPOB. CHUTYaIUsI OCIOXKHSIETCS TEM, YTO COOCTBCHHBIC
WHBECTOPHl 3TUX PBIHKOB MAJOOMBITHEI K  MAJONPO(ECCHOHANBHBI,
9KOHOMHYCCKAsl CUTyalus HecrtaOuiapHa. He xBataer cpenctB s
(GOopMHUpPOBaHUS WHBECTUI[MOHHBIX  MOPTQENicH, MEmarT 3IEMEHTHI
TEHE3allMl PBIHKA, 3aKOHOJATeIbHAS W HOPMATHBHO-IIPaBOBas 0a3a 3TUX
PBIHKOB HY)KIAeTCS B COBEPIICHCTBOBAHWM MJISI TIOBBIIICHUS JIOBEPHUS
HWHBECTOPOB U 3(PPEKTUBHOCTH PHIHKA.

Ha mepBpIfi B3I Kaxercs, YTO B JOIOJHUTEIHHBIX HAYIHBIX
HCCIICAOBAHUAX HYXITAIOTCS WMEHHO OTH PpBIHKH, [TOCKONBKY OHH
HaxXONATCS B Hayaje IyTH W WHBECTHIMH B HHX PacCMaTPHBAIOTCS
WHBECTOpaMH KaK IIard B HeW3BecTHOCTh. Ho 310 ommbouHOe
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MIPECTaBICHNE, MOCKOIBKY MHOTHE MacIITaOHBIE TOTPSICEHHS W TOTepH
WHBECTOPOB OTMEYCHHI MMEHHO Ha Pa3BHTHIX pBIHKaX. Kazamoce Obl, mpu
YCIENTHON MHOTOJETHEH pa3paboTKe M BHEAPCHHHM HAyYHBIX METOAOB H
MMOXO/I0B, CTaBIOIMX KJIACCHYECKHMH, TIpH HAJUYWNd aHAJIUTHKOB
BBICOYAHIIIEr0 Kiacca, BKIIOYAas HOOCIIEBCKHX JaypeaToB, MOIYYHBIINX
MIPEMUHU 332 HAyYHBIH BKJIAA B Pa3BUTHE SKOHOMHKH, KaKWe MOTYT OBITh
MOTPSICEHUST HAa Pa3BUTHIX pbIHKaXx? OnHako (DOHIOBBIC PBIHKUA Pa3BHUTHIX
ctpan (¢ Hayana (QYHKIUOHUPOBAHHS W IO CETOJHAIIHEIO BPEMCHH)
U300MIIYIOT UCTOPUSAMHE O MOTEPSIX HHBECTOPOB BO BPEMsI XapPAKTECPHBIX JJIs
(hOHIOBBIX PHIHKOB HEOXKHIAHHBIX KPaXxOB.

Takum 00pa3oM, Ha CErONHAIIHEM 3Tame pPa3BUTUSA (DOHIOBOTO
pbIHKA, HU HCIIOJIb30BAHUE CaMbIX COBPEMEHHBIX TEOpUH, METOAOB U
MMOIXO/0B, HH BBICOKHH  CTaTyc pBIHKAa, HHA  00ECIEYeHHOCTh
BBICOKOKJIACCHBIM IIEPCOHAJIOM W aHAJHUTHYECKUMH HHCTPYMEHTaMH, HE
SBIIOTCSL TapaHTHEHl OT TOoTepp MW HE TO3BOJISIOT  YBEPEHHO
CIIPOTHO3MPOBATH TIOCJICACTBUS NMPHUHATHIX MHBECTHUIMOHHBIX perreHuil. B
COBPEMEHHBIX YCIOBHAX HE MPEACTABISCTCS BO3MOXKHBIM IIPEITIOKHUTH
YHHUBEpCalbHyl0 (GOpMyly, KoTopas OBl yYHWTBIBaJa BCE TOHKOCTH
MPOTHO3UPOBaHUsA (OHIOBOTO pBIHKA. Pe3yIbTaTUBHBIMH  OCTAIOTCS
HCCIIeIOBAaHUS TJIaBHBIX [OKaszareieil pelHKa (moxomHoctu [15, 16],
BonatuinbHocTU [17, 18], acummerpun [19 —21], skcuecca [22], pucka
xBocta [23]). MmeHHO oHM sBISIIOTCS (YHAAMEHTOM OCO3HAHHBIX
MHBECTULUI U 0)KUJIAEMOU TOXOIHOCTH.

1.2. eau u KkJI0YeBble maru ucciaenopanus. Lleab ganHOroO
HcceI0BAHMA:

—  BBUICHHTHP MOXHO JH C TIOMOIIBIO METOAOB M IIOAXOJOB
CTATHCTHYECKOW MEXaHWKH TOJIYYHTh aJeKBAaTHOE aHAJIUTHYECKOE
BEIp@KGHUE [UIA pPAcIpeneNieHs] JOXOOHOCTH, KOTOPOE€ MOXKHO Oyzaer
WCTIONB30BaTh HE TOJBKO [UII MaTeMaTHYECKOTO IPOTHO3MPOBAHUS
U3MCHCHHU JOXOAHOCTH pPBIHKA, HO W JJisi OOOCHOBAaHUSA MPUYHHHO-
CJIEICTBEHHOTO MEXaHU3Ma, IPUBOJSIIETO K U3MEHEHUSIM JTI0XOAHOCTH;

—  TO3BOJISIET JIM ammapaT CTaTUCTUYECKON MEXaHUKU B YCIOBUAX
HEOIPEICIICHHOCTH (POHIOBOTO PHIHKA PEaTn30BaTh TAKOW BEPOSTHOCTHBIN
MOJX0/I, C MOMOIIBI0 KOTOPOTO MOXHO OyJeT HOJYYHTh OOJiee TOYHBIC
pe3yNbTaThl pachpelieleHus TOXOAHOCTH MO CPaBHEHHUIO C JTaJOHHBIM
HopMmansHBIM (["ayccoBeIM) pactipenenenuem?

— ecloM Takoe pacmpelelieHHe OyAeT TONy4eHo, TO K
XapaKTepUCTHKAaM KaKOTO U3 W3BECTHBIX PaclpeieieHUui OHO OyneT Onmxe,
k HopMmanbHOMY (["ayccoBomy) WM, HampuMmep, K paclpeesIeHUI0
Jlammaca?
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KiroueBble miarm WcciIeOBaHUS — IOCTPOCHHE TaMIUIBTOHHAHA
CHCTEMBI, MoJTydeHne pacnpeaeneHus [ nooca uisl IeH aKkIuil 1 00T aIuid,
BBIBOJ aHANUTHYeCKOH (opmynmsl mnst  (GYHKIMHA — pacupeneieHus
JOTapu(MIYECKOH  JOXOJHOCTH, BH3YJIBHBIH aHa W3 IONyYeHHBIX
pe3yIbTaTOB.

Kak m3BecTHO, B HacTosIee BpeMs Ui ONEHKH JHHAMHKH pPBIHKA
IIMPOKO HCHojb3yeTcss HopMmanbHOe (["ayccoBo) pacmpernencuue. Taroke
M3BECTHO, YTO OHO HE B IOJHOH Mepe OTpa)kaeT PEalbHYI ITUHAMUKY
(oH0BOTO phIHKA. 1 XOTS CyLIeCTBYET LEbIi psill allbTEPHATHBHBIX BUJIOB
pacnpenenenuii moxomHocTH (pacmpesnencHue OorarctBa Ilapero [24],
pacnpenenenue 1eH akuui Jlesu [25], pacmpenenenue bonbimMana [26],
pacupenenenue Jlarmaca [27],) (GOHIOBBIA pPBHIHOK I[OKAa HAa HUX HE
MIEPEXOANT W HU OJHO U3 HUX HE SABIICTCS OOIICTIPHHATHIM. B TOXe BpeMs
LENBIA PSR MCCIeNOBAHUN MOATBEPIKIACT, YTO HATIPUMEp, paclpeelicHHe
Jlammmaca moka3piBaeT OONBIIYI0 TOYHOCTh TPU OILEHKE €KETHEBHOM
JIOXOJHOCTH pBIHKA. Bompoc mepexoa Ha Ipyroe pacripeiescHue 0CTaeTCs
OTKPBITHIM.

Jlnst peanm3anmuy TIOCTaBICHHBIX B paboTe TIiesied B KadecTBe
HCXOJIHOW MOJICNIY UCTIONIb30BaHa Moienb JIoTku-BonbTeppa, npuMeHseMas
B OKOJOTMH [l ONWCAHWS CHCTEM THIA  «XUIIHUK-)KEPTBaY.
[pemnaraemMseiii B paboTe METO UCCIICIOBAHHS PAa3BUBACT HJICIO, COTJIACHO
KOTOpPOH B OCHOBE JMHAMHUKH ()OHIOBOTO PBIHKA JICKHT KOHKYPCHIIHS.
MaTteMaTHYEeCKH 3Ta Ues HAWIYYIIUM 00pa30M OMUCHIBACTCS C MOMOIIBIO
mozaenu Jlotku-Bombreppa [28 —31], koTOpasi CpaBHHTEIHHO HEIABHO
cTajla MCTOJIB30BaThCS IS MOJEIHUPOBAHHUS 000pOTa aKIUil M oOnHranuit
Ha (oHmOBOM phIHKE. Llenecoo0pa3sHOCTh MCIIONB30BAHAS ITUX YPaBHEHUIN
JUISL OIEHKH O00O0pOoTa akmuid W oOmuramuidi (Mo aHaJloTUH C 000pPOTOM
OuMoMacchl B MOJENAX THIA «XHUIIHUK-XEPTBa» B OWOJIOTHH) TMOAPOOHO
obocHoBaHa B pabore Teomopa Momuca (T. Modis) [32]. Kak otmedeHo B
9TOH paboTe, MOIXOJ C PAacCMOTPEHHMEM (POHIOBOTO pPBHIHKA Kak
9KOCHCTEMBl W WCIOJb30BAHWUE U1 aHAIM3a M MPOTHO3a CHCTEMBI
ypaBHenuii JloTku-Bonbreppa «obecneuusaem Ho8bLU, YHUKANbHGIL U
HAyYHO 060CHOBAHHBIL CNOCOD NPOSHOZUPOBAHUSL MEHOSHYULl U NOJYYeHUe
HOHUMAHUSL HA (POHO08OM pbiHKe». DTa HCCIlieoBaTeNbckas padora Oblia
OYCHb YCICIIHON W TpHUBENla K MyOJHKAIlMAd HAa €€ OCHOBE IIHUPOKO
m3BectHOH kHuTH T.Momuca [33]. (C pesympTaTaMH YCHEITHOTO
MIPUMEHECHHS B SYKOHOMHKE IPUHIIAIIOB CTATHCTUIECKON MEXaHWKH MOXKHO
O03HAaKOMUTBCS B pabotax [34 —36], ¢ pe3ynbTaTaMu HCIIOJIE30BAHMS
cuctembl ypaBHeHuit Jlotku-Bonbreppa — B pabortax [37 — 44]).

Cnemyer OTMETHTh OIpeNeNeHHoe orimuyne wMojenn JIoTku-
BombTeppa, ucmonbp3yeMolt B HacTosIied paboTe oT mojenu Teomopa
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Moguca [32]. OCHOBHBIM OTIMYHEM SIBIISIETCS TO, YTO B JAHHOW paboTe He
YYUTBIBaETCS BIHSHAE Ha JAWHAMHUKY CHCTEMBI KOHEYHOCTH pa3Mepa
9KOJIOTHUECKOW HHUImHK. B paboTe HCMOIB3yeTcs NPEenroNioKeHne, YTO
pPecypCHI SKOJIOTUIECKOH HUIIN He orpaHudeHbl. OIHAaKO0, HECMOTPS Ha 3TO
OTIIYHE, UCCIIeAyeMast MOJIENb TakKe XOPOIIIO alMPOKCUMHUPYET THHAMUKY
¢ounoBoro peiHKa. (IlompoOHOCTH W OOBSICHEHHS BBIOOpPa MOIENH
MIPUBEICHBI B pazjiene 2).

OpurnHAJTBLHOCTH M HOBU3HA HACTOSIIIEH PaGoThI 3aKIIOYACTCS B
TOM, 4YTO CBA3b AMHAMHYCCKOI'O M CTATUCTHUYCCKOI'O OIIMCAaHHA l/ICXO[lHOi/i
CHUCTEMBbI OCYIICCTBJIIETCS depe3 €€ TraMIWIbTOHHAH, HCIIOJIb30BaAHKE
KOTOpOIo JacT BO3MOXKHOCTb OIIMCHIBATH HEC TOJIBKO JAUHAMUKY
q)HHaHCOBI)IX HOKaSaTeﬂeﬁ, HO W HUX CTATUCTUYCCKHUC XapPAKTCPUCTHUKU.
VYuuTeIBasg, 4YTO Ha JIUHAMUKY (OHIOBOTO pBIHKA BIHSIET OOJIBIIOE
KOINYeCTBO  (paKTOPOB, MHOTHE M3 KOTOPBHIX HEW3BECTHBI, IS
HCCIICAOBAHUS pacIpeeNieHUs TOXOTHOCTH aKIWH WCIONB30BaHBl TaKHe
MOIXOABI ¥ MHCTPYMEHTHI CTATHCTHUECKOM MEXAHUKHU KaK BEPOSTHOCTHBIN
MIOJIXO/I, PEaM30BaHHBIN B PAMKAaX CTATUCTHYCCKOW MEXaHUKU C TTIOMOIIBIO
MIPHUHITUIIA MAKCUMAIIBHON SHTpoInH, bonbiMaHOBCKHN (haKTOpP, BXOISIIIHI
B pacnpeaencaue ['u00ca, MPOU3BOAAIIMKA (YHKIIMOHAN, MMO3BOJISIOIIMIA
OIIPEACIUTD TICPBBIC MOMCECHTbBI n €ro HpeHeHBHLIﬁ Cﬂy‘laﬁ —
CTaTUCTUYCCKYIO CyMMYy, TeEMIIEpaTypa — KakK MaKpOCKOHI/I‘IeCKI/Iﬁ
mapameTp, pejakcaius, HCIOJIb30BaHHAs [UIS ONPEACICHHS COBMECTHOM
(byHKIMK pacripe/ieIeHuUs LeH aKIUi.

Jns wccnenoBaHus (GYHKIHUU paclpelesieHus JIorapuhMAIecKoi
JIOXOJTHOCTH MPUMEHEH METOJ rpeodpa3oBanus Oypbe, KOTOPHIHA O3B0
MONYYUTh pe3ydbTaThl B KOMIIAKTHOM W HarsgHoM Buae. Ha
3aKIIOYUTEIBHBIX 9JTalax WCCICJOBaHUs (IIPH BBIYUCICHHH (YHKIIHA
pacrpeneneHusl  JOTapu(MHYSCKOH OXOJHOCTH) B KOMOMHANHAK C
npeobpasoBanuem Dypbe MPUMEHEH aCHUMOTOTHYECKUI METON IepeBaia,
MO3BOJIMBINUI IOJIydUTh AHAINTHYCCKUE pPE3yJIbTaThl B SBHOM BHAE B
3IEMEHTAPHBIX (YHKIHAX.

HacTosiniasi cTaThsi OpPraHu3oBaHa cJIeIyIOLIHM 00pa3oMm:

— B pa3jeJie 2 TpeAcTaBICHA MCXOAHAs MOIETh W IOCTPOCH €e
TaMIJIbTOHHAH;

— B pa3aeie 3 moCTpoeH BEPOSATHOCTHBIM MOAXON W IIOJy4EeHO
aHAIMTHYCCKOE BBIPAKCHHE COBMECTHOW (YHKIMH  pacmpeieicHHUs
BEPOSATHOCTEH IICH aKIUil W OOJMranuii ¢ TOMOIIBI PACHpEACTICHHUS
I'm60ca ¢ CHoIp30BaHUEM MIPUHIIUIIA MAKCUMAIILHOW SHTPOIIHH;

— B pa3gene4  BoluMCieHAa — (QYHKIMS — paclpeieicHUs
JIOrapu(pMHYCCKON JOXOTHOCTH aKIMii HA OCHOBE MOJYYCHHOIO B pasJielie
3 pacmpenenenus [ n60ca;
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— B pa3geieS TpUBENCHB PE3YyJbTaThl  aHATUTHYECKOTO
BBIUMCIICHUSI DKCIlecca M JPYTUX OCHOBHBIX XapaKTePHCTHUK (YHKIUH
pacmpeneneHus JorapuhMUISCKON TOXOTHOCTH aKIIHIA;

— B pa3saeJe 6 TpeCTaBIIeHO OMHMCAaHWe TpadUKOB U BBITIOJHEH
BH3YaJIbHBIN aHAIH3 MTOJTy4YEeHHBIX PE3YIbTaTOB;

— B pa3aeie7 TpuBEJCHHI OCHOBHBIE BBIBOJBI [0 HWTOTaM
HCCIIeTOBaHHUS,

— B NPWIOKEHHH A J0Ka3aHa (HaKTOPU3YEMOCTh MOIYICHHOTO B
paszaene 3 pacnpenenenus ['ud6ca;

— B mpwioxkeHWd B naHo moscHEHME W BBIYKCIICHA KOMOWHAIIUS
napamerpoB ¢, , Bxomaumux B ¢opmynsl (4.17)—-(4.20) i byHkuuu
pacrpeneneHus TorapupMUUECKOR JOXOTHOCTH;

— B npuioxkennn C JaHO BBIYUCICHHE B SBHOM BUiC (HYHKIMH
pacnpeneneHus JTorapuMUIecKoil JTOXOIHOCTH /Il KOHKPETHOTO Cliydas,
KOTJla UHTepBaN ¢ =7 (7 — BpeMsl pellaKCallvH);

— B mnpwioxkeHmn D MeromoMm mepeBanma  BBIYHCIICHA
aHanuTHueckas popmyia (4.18).

2. Ucxonnass Moaeiab. OnucaHue HCXOXHOH MOAeJH H
NMOCTPOEeHNe ee TaMuwiIbTOHMaHAa. [lombop Monenu it oOecredeHus
Ka4eCTBEHHOTO aHalu3a JOXOJHOCTH (DOHJOBOTO PHIHKA C MOMOIIBIO
dbopMarM3Ma CTATHCTUYCCKON MEXaHUKU OCYIICCTBIIICS HUCXOAS U3
CIEeIYIOUINX KPUTEPHEB:

—  wWccienyemas — AWHAMHYECKas — MOJENb  JIOIDKHA  OBITh
TraMHJIbTOHOBOIA;

—  raMHJIbTOHHAH CHCTEMBI JOJKEH OBITh aIIUTHBCH;

—  HCHOJb3yeMble KAHOHMYECKHE IIEPEMEHHBIC IOJDKHBI OBITH
MIPUCTIOCOOIICHBI TSI OTMCAHUS JIOTapH(YMUIECKOI TOXOTHOCTH;

—  anreOpauwyeckas CTPYKTypa TaMUJIBTOHMAaHA [OJDKHA OBITh
TaKo#, YTOOBI TMOJYYEHHOE BEPOSITHOCTHOE PACIPENCICHUE JOIMyCKaIo
I/IHTerI/IpOBaHI/Ie B IBHOM BHUJIC,

—  HWCXOAHAs  JMHAMHUYECKas  CHUCTeMa  JIOJDKHA  XOPOIIO
aNMpoOKCUMUPOBATh TUHAMUKY (OHIOBOTO PHIHKA.

Kpome Toro, Moaens JomKHA pacKphIBATh MPHUIMHHO-CIICICTBCHHBIH
MEXaHU3M, BBI3BIBAIOMIAN W3MCHCHHWE HANPABICHUS IUHAMHKH pPHIHKA
aknuit U obmuranmid. s sToro B paborte pa3suta unes T. Momuca [32]. B
e OCHOBY IIOJIOKEHO TMPENNOJOXKCHAE O TIABCHCTBYIOIICH poim
KOHKYPCHIIMM Ha (POHAOBOM PBHIHKE MEXIY aKIHAMH W OONHranmmsMu 3a
BHUMaHHE M ICHBI'M WHBECTOPOB (IO aHAJOTHU ¢ 000pOTOM OHMOMAcCH B
MOJIETISIX TUTIA «XUIIHUK-KEPTBAY).
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Jlnst  pemieHmst 3THX BOMPOCOB B HacTosmeld paboTe Takke
nucnonp3oBaHa Mogmenb JloTku-BonbpTeppa THHa  «XHUITHHK-KEPTBa.
OCHOBHBIM €€ OT/IMYKMEM OT Mozenu T. Mozuca sSBIISIETCS TO, YTO B JAHHOM
paboTe HE YUYHMTHIBACTCS BIMSHHE HA IWHAMHUKY CHCTEMBI KOHEYHOCTH
pasmepa JKoIOTHUeCKOW HumM. B 3Toif  pabore wucmomb3yercs
MPEIIONI0KEHHE, YTO PECypPCHl KOJOTMYECKOH HHINM HE OTPAHWYCHBI
Takoii BBHIOOp TNPOTUKTOBAH W3JOXKCHHBIMU BBIIIE TPEOOBAHUSAMH K
Mojenu. HecMoTpst Ha ompejeneHHOE YNpOIIEHHE, Kak OyneT NOoKa3zaHo
HIM)KE, HCClIeayeMas MOJEIb XOPOIIO allpOKCUMHUPYET JIHHAMHKY
(OH/IOBOTO PHIHKA.

B opurunaneHoit pabore Teomopa Moauca [32] mis omucanus
B3aI/IMO}leI‘/‘ICTBI/I§I MCKIY AKIIUAIMHU u O6J'II/IF3LII/I)IMI/I HUCIIOJIb30BaHa
pa3HOBHIOHOCTH cucTeMbl JIoTKH-BombTeppa ¢ KBajpaTHYHBIMH WICHAMH,
YYUTHIBAIOIINMA KOHEYHBIH pa3Mep dKoJormdeckoit Hummm. OHa UMeeT BU:

dX
—=a,X-b X +c XY, (2.1)
dt : :

dy

oY b)Y +c, YX . (2.2)

3mecs mapaMeTpel @ , b W ¢ BIMAIOT HA CKOPOCTH pPOCTA.
[MapaMeTpel ¢ ONPECHAIOT CHOCOOHOCTh KAXKAOTO BUIA PAa3MHOXKATHCS,
mapaMeTpsl b CBS3aHBl C OTPAaHWYCHWEM EMKOCTH HUIIH, MapaMeTpsl ¢
ONKCHIBAIOT B3aUMOJICHCTBHUE C JPYTUMHU BUJAMHU.

X — YHCIIEHHOCTH aKIHH, Y — YMCIIEHHOCTH OOIUTaIlHM.

JlanHas pa3HOBHIHOCTH cucTeMbl JloTku-Bosbreppa B oOmiem
cydae He raMmiabToHOBa. OHa COJOEPXKHUT IIECTh IPOU3BONBHBIX
mapaMeTpoB W TpeOOBaHME €€ TaMHJIBTOHOBOCTH HajaraeT Ha HHUX TpHU
ycnoBusa. Ilpu BBINONHEHHMHM JTUX YCIOBUH OHAa TaMWIBTOHOBAa. B
MIPOTUBHOM cllyyae — HeT. Ee raMuiIbTOHHaH UMEET BUI:

H =aXY -bXY* —cX*Y . (2.3)

VYpaBuenue ['aMuiabTOHA JUIS JAHHOTO TaMUJIBTOHHAHA COBIMAACT C
ypaBHeHIsIMH (2.1), (2.2) pu ycnoBun:

L =-a, (2.4)
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b ,=2c; b, =-2b, 2.5)
c,=-2b;c,=2c. (2.6)

KanoHn4ecKUMH KOOpAMHATAMA W KAHOHHYECKUMH HUMITYJIhCaMHU
JIaHHOW CHUCTEMBI SIBIISIIOTCS TiepeMeHHble X W Y COOTBeTCTBEHHO. JIist
MPUBEJICHHSI CUCTEMBI K TaMHJIbTOHOBOMY BUIY HE TPeOyeTcsl KaKUX-ITHOO
ux mnpeoOpaszoBanuii. OIHAKO NPUMEHUTEIHHO K YCIOBHSM pPEalbHOTO
(hOHIIOBOTO PHIHKA 3TH JOBOJBHO XKECTKUE YCIOBHUS CKOpEHl BCero He OyayT
BBIMIOJIHATBCS. M B OOJNBIIMHCTBE CJIyuyaeB CHUCTeMa He Oyzaer
raMUJIBTOHOBOM.

Jlns peanu3anuu MOCTABICHHBIX B paboTe Iieici (MPOrHO3UPOBAHHUS
(OHIOBOTO pBIHKA C HWCIONB30BAHWEM (hopMalu3Ma CTATUCTHICCKON
MEXaHWKH) TaMHJIBTOHOBOCTh CHCTEMBI SIBJIIICTCS OJHUAM M3 BaKHCHITUX
OCHOBHBIX ycioBuil. IlosToMy B nmaHHOI paboTe WCHONB3yeTcs Apyras
pasHOBHOHOCTh  cucTeMbl  JloTku-BomeTeppa, KOTOpas  IMO3BOJISAET
MIOCTPOUTH YAOBJIECTBOPSIONINNA BCEM BBIMICTICPCUUCICHHBIM TPeOOBaHHUAM
aJIMTUBHBIN ramuwibToHMaH. OHa Takxke oTpaxaeT uaero T. Moauca o
KOHKYPEHIIMM aKIWi U oOJuranuil 3a BHUMaHUE WHBECTOPOB M HUMEET
CIEeAYIOIMIUI BUA:

dx

E:alx_ylxy’ (2.7)
d
=yt 2.8)

rge x — CpelHss IieHa obnMranuii, y — cpeiHsAs LeHa akuui, o, —
KOX((UIUEHT, KOTOPOMY B OHOJIOTHHM COOTBETCTBYeT KO3 UIMECHT
POKIAEMOCTU KEPTB, «, — KOIDPUIMEHT, KOTOPOMY COOTBETCTBYET

K0 (QUIMEHT CMEPTHOCTH XUIIHUKOB, ¥, U ¥, — KOI(DQULUEHTHI,

OTpaXkarolre B3aUMOJICHCTBUS aKIIUH M OOJIUTAIWA, ¢ — BpeMsl.
Ora cucTeMa SIBISETCs YacTHBIM ciiydaeM cuctemsl (2.1), (2.2) npu
YCJIOBHH PAaBEHCTBA HyJIIO KOOYYUUUCHTOB b, U b .

Ilepeiinem pamee K TMOCTPOCHHMIO TaMUJIbTOHHAHA HCXOIHOM
cucremsl (2.7), (2.8). HeoOX0auMo OTMETHTh, YTO HE CYIIECTBYET €AUHOTO
peuenta mpuUBEIEHUs] CUCTEMbl K TaMUJILTOHOBOMY BUAY. Bce 3aBuCHT OT
KOHKpETHOW cuTyalmu. B paccmatpuBaeMoM B paboTe  ciydae
raMIJIBTOHOBOCTh OOyCIIOBIICHA (haKTOpH3AIMel MPaBbIX YacTeH CHCTEMBI
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(2.7), (2.8). Tloscaum ckazannoe. Cucrema (2.7), (2.8) MoxeT OBITH
npe/CTaBieHa B Bujie ¢ (PaKTOPU30BAHHBIMHU MPABBIMH YACTSIMU:

dx

Z=X(051 -7y, (2.9)
d
% = y(=a, +7,%) . (2.10)

Pa3nenmm neByio u mpaByro 4acTH ypaBHEHHS (2.9) Ha X M JIEBYIO H
mpaByto yacTh ypaBHeHus (2.10) Ha y . [lonyunm cienyronryro CucTeMy:

ldx d pdx
xdi did x Ny ( )
ld—yzi]‘ﬂ:—az+}/2x. 2.12)
ydt dtyy

B urore nonyuena gopmyia, jieBasi 4acTh KOTOPOH 3aBUCUT TOJBKO
OT X, a mpaBas TOJBKO OT ) , ¥, HA0OOpOT, Ui BTOPOTO YypaBHEHUS

cucreMbl.  Takas  anreOpawueckas  CTPYKTypa  XapakTepHa  JJis
TFaMIJIBTOHOBBIX ~CHCTEM C  QJJUTHBHBIM  TraMHJIbTOHHAHOM.  Jlis
NPUBEJICHUSI CHUCTEMBbl K TaMWJIBTOHOBOMY BHJAY TeENEph JOCTATOYHO
c/ienaTh 3aMeHy MepEeMEHHBIX.

Bupa 3ameHbl MEpeMEHHbBIX MOJCKa3aH CTPYKTYpOW HHTErpajoB B
NeBBIX gacTax popmyn (2.11), (2.12):

q(y)=jd7y=1ny, (2.13)
p(x)=j'%=lnx. (2.14)

bnaronaps yaa4Ho BBIIOJHEHHOH 3aMEHE MEPEMEHHBIX MOTYUYEHHBIE
KaHOHMYECKHE MepeMeHHble p W ¢ (mpencraBisitomue coboil Jiorapudm

LeHbl o0iMrauuii u jgorapuM IEHbl aKUHi COOTBETCTBEHHO) HAMHOIO
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YIPOIIAIOT [aibHElIlee HccleqoBaHue. B 3THX MEepeMEeHHbIX CHCTeMa
(2.11), (2.12) mpuoOpeTaeT raMUIHLTOHOB BUI:

dq o — g = OH 215
a7 TR T 2.15)
dp P OH
—=q - =——.
d e oq (2.16)

ITpu 3TOM raMuIIbTOHHAH IPUHUMAET CJIEAYIOLIYIO hopmy:
H=ye’ —a,p+ye’ —aq=H (p)+H,(q). 2.17)

B pazgene npencrasiena ucxoanas cucrema (2.7), (2.8) u moctpoeH
ee ramMmwibTOHHAH (2.17), yIOBIETBOPSIOIINE TEPEUNCICHHBIM B Hadale
pazmena TpeOoBaHHMAM. [ aMHUJIBTOHHAH  AJJIUTUBEH, KAHOHUYECKHE
MepeMeHHbIE p W ¢ NPEACTABIAIOT COO0O0W sorapumbpl LEH akuuii u

oOnuranuid, YTO 3HAYMTENILHO YIPOIIAeT JajibHEHIee HcciIeI0BaHne
pacnpenieneHusl TOXOJHOCTH akuui. B cienyromem pasgene ¢ MNOMOILBIO
3aJJaHHOTO TaMIJIbTOHHAHA IepeilieM K IMOCTPOECHUIO BEPOSITHOCTHOTO
MOJX0/a, IO3BOJIIOIIET0O B paMKax (QopMaiu3Ma CTaTUCTHYECKOU
MEXaHHMKN MOIYyYUTh AHAJTUTHYECKOE BBIPAXKEHHE COBMECTHOH (YHKIMN
pactpeneneHus BEpOSITHOCTEH [IeH aKIHid 1 OOIHraIuid.

3. ITocTpoenue BEPOSAATHOCTHOI'O noaxoza. IMony4yeHue
AHAJHMTHYECKOT0 BBIPA’KEHHS COBMECTHON (YHKLIMH pacnpenejeHHs
BEPOSAITHOCTEHl LeH aKuuil U 00JIMranuii ¢ NoOMOIbI0 pacnpenejeHust
I'm60ca ¢ wucnonb30BaHMEM MNPUHLIMIA MAKCHMAJbLHOH JHTPONUM.
VYuureiBas, 4YTO Ha JAWHAMUKY (OHJOBOIO pBIHKA BIUsET OOJbIIOE
KOJINYeCTBO (haKTOPOB, MHOI'ME M3 KOTOPBIX HEU3BECTHBI, COBEPLICHHO
OUYEBH/IHO, YTO MCCJIEJOBAHUE pacIpeAeIeHHs JOXOJHOCTH aKuuil Tpedyer
WCIIONIb30BAaHHM  BEPOSITHOCTHBIX  1OAX0M0B. B nmaHHOW  pabote
BEPOATHOCTHOE OINHCaHHE pealu3yeTcs C TIOMOIIbI0 HMHCTPYMEHTOB
CTaTUCTUYECKOHI MEXaHHUKHU. Hanuune 3aKOHa COXpaHEHHUS —
raMHJIBTOHHAHA HMCCIELYyEMOW CHUCTEMBI MO3BOJSET BBECTH KAHOHHYECKOE
pactpenenenue ['m60ca. [nsg ero mocTpoeHMs B AaHHOM paszaene OyayT
BBINOJIHEHBI CIEAYIOIINE AT U:

1. DByzer wucnomp3oBaHa OSHTPONUS — OAMH M3 OCHOBHBIX
HHCTPYMEHTOB CTaTUCTUYECKON MEXAHUKH.
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2. Jna  onpeneneHus  (QyHKOWOHANA  SHTPONUKM  Oyner
HCTIONB30BAaHO KIJIACCHYECKOE TPEACTaBICHHE SHTPONWH bombIMaHa WIH
[ITenHoHna.

3. Hna momydeHus pacmpeneneHuss [mb0ca k ¢GyHKIHOHATY
SHTpOIMH OyayT no0aBiieHB MHOXHUTENW Jlarpamka, YYWUTHIBAIOIIHE
COXpaHCHHE YHEPTUU U HOPMHUPOBKY (YHKIINU BEPOSITHOCTH.

4. Byxer HaliileH MaKCUMyM TMOCTPOCHHOTO ()yHKIIHMOHANA,
MpeCTaBISIOMKUI co00it pactipenenenue ['mbOca.

CKaxeM HECKOJbKO CJIOB O mpupoae 3HTponuu. OdeHb Tpyoo
MOXHO CKa3aTh, YTO DHTPOMHS SIBIISETCS «BEPOSTHOCTHIO BEPOSTHOCTEM.
DHTponus SBJIAETCS CYETYMKOM YHCIA BapUAHTOB, KOTOPHIMH MOXET
peanu3oBaThCs JAHHOE paclpeneneHue BeposiTHocTedl. TouHee — oHa
sBIsieTCA JtorapudMom 3Toro gucia. [1oaToMy Ha mpakTHKE MPOSBIAETCS
TO pacupeneseHre, JIsd KOTOPOTO DJHTPONHMA MaKchManbHa. B cBete
CKa3aHHOTO CTAHOBHTCS SICHBIM COAEp)KaHHE MPHUHINIA MaKCHMalbHON
SHTPOIIMM — BBDKHBAET PACIPEICICHHE BEPOATHOCTEH, peaIm3yrorieecs
MaKCHUMAaJIbHBIM YHCIIOM CII0co00B. Ha mpakTrke 9acTo MaKCHMHI3HPYETCS
SHTPONMS C YYETOM OrpaHMYEHHUH, NpHUCYIIMX IaHHOW cucteme. Huxe
OyZIeT UCIOJIb30BaThCsI IBA TAKUX OTPAHHUYCHUS — HOPMHUPOBKA HHTETpalia
OT (QYHKI[MH PACIPE/ICICHUS BEPOSTHOCTECH U COXPAHCHHE MOJHON YHEPTUH
cuctemsl. [locnennee ycioBue HEMOCPEICTBEHHO UCIIONIB3YET B IBHOM BUJIE
[IOJIYYEHHBIH B MPEABIAYIIEM pa3ieiie raMUIbTOHUAH.

IlepelineM K peanuzauuy MOPUHLMIIA MaKCUMaJIbHOW SHTPOIUU.
®opmyna kiaccuueckod sHTponuu bonpimana win llleHHoHa wumeer
CIEeYIOLINM BUIL:

S==[ [ P(p.9)n P(p,q)dpd . G3.0)

—00 —00

3nmecs P(p,q) — QYHKIUS pacTpeieieHus BEpOSITHOCTH.

CornacHO MpPUHIUIY MaKCHUMaJbHOM OJHTPONHM pacHpenescHue
BEPOSITHOCTEH OOoJybIIOro aHcamOns IepeMeHHbIX (B HalleM cliydae
OOJIBIIOTO  KOJIMYECTBA (PMHAHCOBBIX HMHCTPYMEHTOB, KOTOPBIE MOTYT
NPUHUMATh pa3Hble 3HAYCHUS) JIOJDKHO OBITH TAaKMM, YTOOBI SHTPOIHUS
Bonbimana unm IlleHHOHa MakCHMH3UpOBajJach MPU COOTBETCTBYIOMIMX
OTpaHMYCHUSX, YYHUTBHIBAIOIINX HEOOXOJMMOCTh COXPAHEHHS OCHOBHBIX
[IapaMeTPOB CHCTEMBI. OTH OIPAaHWYCHHS AaHAJOTHYHBI OTPaHHICHUSIM,
MIPUMEHSACMBIM B CTATUCTUYECKON (HU3HKE K HACATBHOMY Tazy.

[lepBoe orpaHuueHue COCTOMT B TOM, 4YTO MHTErpajl MO BceH
obnacTi MHTETPUPOBAHMSA OT BXOAAMEH B JHTPONUIO  (QYHKIHUH
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pacrpenieieHisl BEPOATHOCTEH paBeH eOWHWIE. OJTO OrpaHHYCHHE
COOTBETCTBYET COXPAHEHWIO YMCJIA YACTHI[ B AHAJIOTHIHON MOJACTH IS
rasa:

© o

[ [ Pp.g)dpdg =1. (32)

—00 —00

Bropoe orpaHuYeHHE COCTOUT B HEOOXOJAMMOCTH COXPAHCHHUS
MIOJIYYEHHOH C MOMOIIBI0 UMEIOIIETOCS] TaMUJIbTOHUAHA CPEHEH dHEePruu
HCCIIEAyeMOH CHCTEMBI, YTO COOTBETCTBYET COXPAaHEHHWIO JSHEprHH B
AHAJOTUYHOM MOJEJIH Tra3a:

[ [ H(p.9)P(p.q)dpdq = E . (3.3)

—00 —00

Jnsg MakcuMM3alMM SHTPOIMM U PealM3alludl dTUX OrpaHUUYEHUIl
ucrnonb3yeMm janee MHoxutenu Jlarpamka. OHM UCHONB3YIOTCS AJIs TOTO,
qT00BI B TIPOIECCE IOMCKA MAaKCHMyMa OJHTPONHMH 3TH OTPAHHUYCHUSA
aBTOMATHUYECKH BBINOJHAINCH. IIpM TOWMCKE MakcMMyMmMa 3SHTPOIHHA
ctpoutcs  (yHKOMOHanm, coaepkammid  (QyHKOIMOHAN  SHTPONMH U
MHOXuUTenu Jlarpanxa:

F=5-p] [ Hp.oP(p.arpdg—u] [ Pp.aydpds. — (34)

—00 —0 —00 —0

3mece S — (yHKUMOHAN SHTPONMHM, a JBAa HAYIMX 33 Hel
BBIPQKCHUSI — MHOXUTenu Jlarpanxka, o0ecreurnBaronie aBTOMaTHICCKOES
BhIONTHEHHE yenoBui (3.2), (3.3).

Kak wu3BecTHO, B TOYKE MaKCHMyMa OSHTPOIHMH BapUallMOHHAS
MPOU3BOJIHAS ATOr0 (PYHKI[MOHAJA JTOJDKHA OOpaIiaThCsl B HOJNb. BHauane
BBIUMCIIUM BapUAIIMOHHYIO MPOU3BOJIHYIO OT 3TOr0 (h)YHKIIMOHANA:

SF
— = —InP(p,q)-1-BH(p,q)— . ,
5P(ra) nP(p,q) BH(p,q)—u (3.5)

Jlanee npupaBHsieM JIeByl0 4acTb (opmyisl (3.5) K HyJIO B CHILY
oOparieHuss B HOJIb BapUallMOHHOM IMPOM3BOAHOMN, IOJYYHM CIIEIYIOLIYIO

(opmyay:
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InP(p,q)=-(1+ )= BH(p,q). (3.6)

BosbeMeMm B ypaBHeHHH (3.6) IKCIIOHEHTHI OT €ro JIEBOM U MpaBOW
YyacTel, MOJYyYMM COBMECTHYIO (DYHKIMIO paclpejieieHHs BepOsTHOCTEH
IeH akuui u obmuramuit P(p,q), KoTopas MOXKET OBITH MpEICTaBICHA B

BHUJIE CJIENYIOIIEro pacnpenenenus [ uboca:
P(p,q)=e "M = Ce P (3.7)

3nece C=e """ . Tlapamerp C npexacraBuser  coGoii
HOPMHPOBOYHBIH MHOXKHTENb, KOTOPBI MoJaOMpaeTrcss W3  YCIOBHS,
ykazanHoro B ¢opmyne (3.2). OH HOpMHpYeT (DYHKIHMIO paclpeleieHUs
BEPOSITHOCTH TaKUM 00pa3oM, 4ToObI HHTETPajl OT Hee ObLI paBEeH SIUHHIIC.

1
O6bryHO OH 3ammceiBaeTcss B Buge C =E , Tme Z Ha3pIBaeTcs

% o —-pH %
CTaTUCTHYCCKOU CyMMOH, e PH(p.9) MpeACTaBIACT coboit

OOJILIIMAHOBCKMI (DaKTOp, KOTOpPBIA OylNeT MWCHONIB30BaH jajee st
OIIpeJIeTICHHs BEPOSITHOCTH KOH(UTyparuy NCCIIeyeMOH CUCTEMBI.

IlomyuenHoe pacupenenenne ['n60ca OymeT HCIONB30BaHO B
CenyromeM pasfene Uil CTaTHCTUYECKOTO OIMCAHWSA IIeH aKouid u
MIOCTPOCHHUS PACTIPEACICHUS JIOTApUPMHUUECKONH NOXOOHOCTH AaKIHHA Ha
(OHIOBOM pHIHKE.

4. Boruuciaenne ¢yHKIuM pacnpeleneHusi Jorapugpmuyeckoi
JOXOJHOCTH AaKIMil Ha OCHOBe IIOJYYeHHOro B pasgene 3
pacnpenenenusi 'm66ca. OCHOBHOW IENbI0 JaHHOW PAaOOTHI SBISIETCS
nojydeHne (QYHKOUHM pacrpeleieHust JorapupMuieckod JT0XOTHOCTH
akumid W (r,t) . B ocHOBe BbIYHMCIICHUS 9TOI (yHKINY JIeKaT ABE OCHOBHBIE

nznen. IlepBasg wmiuest COCTOMT B BBIYMCICHHH (YHKIUHM DPACHPEICICHUS
sorapu()MUYECKOl TOXOAHOCTH Ul NPOM3BOJBHOTO HMHTEPBaja BPEMEHH
no (QYHKIMH paclpeAeieHust JorapupMUYecKOd JOXOJHOCTH  JUIst
UHTEpBaJla BPEMEHHU, PAaBHOI'O BPEMEHU pEJaKCallud C HCIOJIb30BaHUEM
MYJIBTUIUIMKaTUBHOCTH ee Dypne-oOpasa. Btopas wuaes coctour B
UCIIONIb30BaHUK (PAaKTOPHU3ALMU COBMECTHON (PYHKIMH pacnpejencHus IeH
aKIUK ¥ 00JUranuii, yepe3 KOTOPbIE BBIPAXKAeTCsl QYHKIMS pacHpeiesICHUs
sorapu(pMIIECKOH JOXOIHOCTH I HHTEPBaJa BpEMEHH, PABHOTO BPEMEHH
penakcarun. [Ipu 3ToM coBMecTHast QyHKIHS pactpeiesieHus IEH aKIUi 1
obOnuranuii BeIpakaeTcst 4depe3 MNpoM3BeAeHHE pachpeneneHuid ['nb66ca,
HaWJCHHBIX B MPEIBIAYIIEM pa3zee.
[Tpuctynum K OCyIIECTBICHHUIO 3TOH IPOrPaMMBI.
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OyHKIUSA pachpenesieHus JIorapuMuieckas TOXOTHOCTH AaKIIHHA
3aBHCHT OT 3HA4YCHHWS UHTEpBaJa ¢ , UII KOTOPOTO BBIYHCISIETCS
noxoaHocTb. DyHKUMU  pachpeneieHus JOXOAHOCTH JJsl  Pa3HbIX
MHTEPBAJIOB CBSI3aHbI CIEAYIOIUM COOTHOLICHHEM:

Wty +8,) = [ W0 =1,t, W (5,1, ), (4.1)

OTO COOTHOIIEHHE O3HA4aeT, dYTo (YHKIUH paclpeaeieHus
JOXOJHOCTH JJisl MHTepBala BPEMEHU f =1{ +¢, paBHa CBEPTKe (HYHKLIUH
pacrpeneneHuss TOXOAHOCTH M HMHTEPBAJIOB BPEeMEHH ¢, U I,

CootHomenune (4.1) ocobenno mnpocro BeIIAAUT it DPypbe-oOpazoB
(GyHKIMH pactpeneneHns JJorapuMUIecKoi JOXOTHOCTH:

W(k,t, +1,) =W (k,t W (k,t,). 4.2)

CBoiicTBO, BEIpakaemoe ¢opmynoil (4.2), MOXHO Ha3BaTh
CBOWCTBOM MYJIbTHILTAKATHBHOCTH Dypre-00pazon byHKIN
pacripeneneHust  orapudMudeckoil  moxomHoctd. 3nech  Dypre-o6pa3
GbyHKIMIA pacipeenaeHus TorapuMHIEcKoi JOXOTHOCTH UMEET BUI:

W(k,t)= Te'*"W(r,z)dr. (4.3)

—0

N3 dopmyner (4.2) cnemyer, YTO €CId  HM3BECTHA (YHKITUS
pacripenieneHnst JoxomHocTH u ee Dypwe-obpa3 oms WHTEpBanma f, , TO
®dypbe-00pa3 GYHKIUU paCIpeeNiCHHs JOXOIHOCTH I MPOU3BOJILHOIO
MHTEpBaNa ¢ onpexaenseTcs GopMyJoii:

t

W (k,t) = W (k,t,)" . (4.4)

U3 dopmynsr (4.4) cnemyer, 4ro IS TONYYEHHsS (QYHKIHH
pacrpeneneHus JIorapupMUYECKOH JOXOJHOCTH JUIl  IPOU3BOJBHOTO
MHTEpBala BPEMEHW [ JIOCTATOYHO 3HAaTh (YHKIMIO paclpeleseHus
JIOXOHOCTH J1JIs OJJHOTO ONpE/ENEHHOT0 MHTEpBana f,. Jns BbIUMCIEHHS
GbyHKLIMIO pacnpefeneHus JOXOJHOCTH [UIsl MHTepBaja BpEMEHH
HEOOXOJMMO 3HAaTh COBMECTHYIO IUIOTHOCTh pacrpelesieHust IeH aKIul
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P(q,q,,t,) . (3necb g, — neHa akUMil B MOMEHT BPEMEHU f,, ¢ — lIEHA
aKuMi B MOMEHT BpeMeHH f,+?). @DyHKUUA pacnpenelncHus
norapu()MIIECKOH JOXOTHOCTH ONPENENeTCs 110 cienyromeil hopmyie:

W (i) = [ @y + 729051, )dd, - (4.5)

B cBoro odepeab COBMECTHAS TUIOTHOCTD pacpeAeICHUs IeH aKIui
BBIPAXKAETCS Yepe3 COBMECTHYIO IUIOTHOCTH PACMpeelCHUs] LeH aKiui u
obymranuii o popmyne:

P(q:q0:t) = | [ P(P.q: Po-t,)lpelp, - (4.6)

—00 —00

U3 dopmyn (4.5), (4.6) BeiTekaer cruexyroomas GopMmyna I
(YHKINU pacTpeereHus JJIorapu(MUIecKOH JTOXOTHOCTH:

0 o o0

Wrty)= [ [ [ P(p.ay +7.Pysdost)dpdp,da, 4.7)

—00 —00 —00

B kauecTBe HHTepBana BpPEMEHU f, BHIOpaH HMHTEpBall, PaBHBII

BpeMeHH pernakcauu 7 . (B cBs3M ¢ HCHOJIB30BaHMEM TEpMHHA «BpEMs
perakcalMm» 3/eCh M Jlanee [OApPa3yMEBaeTCs aHAOTHsS —MEXIY
CITy4alHBIMH OJTY)KAaHUSIMH [EHbI U CITyYaiHBIMHU JIBUWKEHUSIMH MOJIEKYJ B
raze). Jlysi 9TOro MHTEpBaja COBMECTHAs IUIOTHOCTH PAaCHpelielieHus 1IeH
aknuit w oOnmrammii  (akTOpu3yeTcss M BBIpaXaeTcs dYepe3 Imapy
pacupenenenuii [ mbbca:

P(p,q,p,,4,.7) = P(p,q)P(py.9q,) - (4.8)

[ToBenenne COBMECTHOW (YHKIMH paclpeneleHus [eH aKuuid u
oOnuramuidi B3ATO B pPa3HBIC MOMEHTBHl BPEMEHH JUIS HEKOTOPOIO
UHTEpBaJa { . 3aBUCUMOCTh MOBEJCHHUS (YHKIHUU OT WHTEPBAJIA [ MOHATH
JIOCTaTO4YHO Jierko. Eciaum wuHTEpBalm BpeMEHM ( Mal, TO TPYIHO
pacCUUTHIBATh HAa TO, YTO 3aBUCHMOCTH OT IIEPEMEHHBIX p W ¢ Oyner

CHUJIIBHO OTJIMYATBhCA OT 3aBUCHUMOCTH OT NEPEMCHHBIX p, U ¢ . B npeacie

t—>0 [OKHO TMOJYYUTBCS  4YTO-TO, [OXOXKEe Ha  BbIPAKEHHE
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o(p—p,)o(q—q,)P(py.q,) - HerpynHo nposeputrb, 4YTO MHTErpan OT
3TOTrO BBIPAXKEHHA 1O MEPEMEHHBIM p, M ¢, AacT dynkumoo P(p,q), a
UHTErpal IO MEPEMEHHBIM p U ¢ pacT ¢yHkuuroo P(p,,q,) , Kak 3T0 U
JIOJDKHO OBITh 110 ONPEIEICHHIO COBMECTHOH (PyHKIMH pacIiipeiesieHust LieH

akiui u obmuranuii. C yBenTuUeHNEM MHTEpBaJa ¢ HAYWHAET MPOSIBISATHCS
OoJibIlIasi HE3aBUCHMOCTh B NOBEACHUH (DYHKLMH /IS IEPEMEHHBIX P, § U
Do > 4, - A5l HEKOTOPOTrO, JOCTATOYHO OOJIBLIOTO MHTEpBalla f, MOBEJIEHUE
(YHKIMH B 3aBUCUMOCTH OT IIEPEMEHHBIX P, § JOJDKHO 3a0bITh O BIUSIHUU
3aBHCHUMOCTH OT IE€PEMEHHBIX p, U ¢, . [ 2TOro MHTEpBaga BPEMEHH
coBMecTHass (YHKUMS paclpeleieHus LeH aKumid u  oOnuranmi
npubmmkeHHo (aktopusyercs. OHa OyneT MMeThb BHJ, NpPECTaBICHHBINA
(dopmynoii (4.8). DTOT MHTEpPBaJ BPEMEHH U €CTh BPEMsl pejlakcaliu. JTo
HMMEHHO TOT MHTEPBAJ, ATl KOTOPOTO COBMECTHAsI (DYHKIMS PACIIpeICICHUS
IeH aKnouid W OONWramuii NpOCTO BBIpaXkKaeTcs dYepe3 paclpeleiicHHue
I'mb66ca. B3siTe MeHbIIee BpeMsl HENb3s, IOTOMY, 9YTO HAPYIIUTCS
¢dakTopm3anus, a uIs OoNBIOIETO BpeMeHH BBIpakeHHe (4.8) mepectaer
COTJIACOBBIBATECSI C MYJBTHINIMKATUBHOCTBIO Dyphe-00pa3zoB GyHKIMN
noxogHocTH (popmyma (4.2)). IlosTomMy, s BEYUCIEHHS (DYHKIIHH
JIOXOJHOCTH JUIi MPOU3BOJHOTO0 HHTepBana BpemeHu (popmyna (4.4)),
Heo0X0JMMO BBHIOpPaTh B KauecTBE BPEMEHH f, BpeMs pelakcallud, a B

xagectBe PDypbe-o6paza dyukiun poxomsoctu W(k,7) — ®ypbe-oOpas

(yHKINH, OTpeIeTICHHBIA HIDKe Gopmyoii (4.9).
Qopmyner  (4.6), (4.8) ompenensioT (GYHKOHIO paclpeneieHus
Jorapu(pMUYEcKoi TOXOMHOCTH /I MHTEPBala BpEMEHH £, =T :

© o o0

W (o) = [ [ [ Pp.gy+r)P(py.do)dpdpdg, - (4.9)

—00 —00 —00

®opmyna (4.9) Moxker OBITH 3HAYUTENHHO YIIPOIICHA, €CIH
BOCIIOJIb30BaThCs (hopmyioit (A.7) dakropuzanun pacnpenenenus I'nooea,
MOJPOOHO ONMCAHHON B MPUJIOKEHUH A:

P(p,q)=P(p)P(q) . (4.10)

B wurore ¢yHkums pacrpeneneHus JOXOIHOCTH JJisi WHTEPBAIA T
MIPUMET CIICAYIOIINI BU;
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W(r,0)= [ Py +r)P(q,)dg, @.11)

Jis TOoro 4TOOBI MEpPEeWTH K JPYTUM BPEMCHHBIM WHTEpBaliaM
HeoOXomuMO  BbUMCIUTH  Dypbe-o0pa3  GyHKIMH  pacmpeseiicHue
noxogHocTH W (r,7) W BOCHOJB30BaThCA (Gopmynoit (4.4). @ypbe-o0pa3s

¢byHkMM  pacnupeneneHue  jorapudmudeckoit  noxomHoctu  W(r,7)
ompenersIeTcs ciuenyromeit GopMyoi:

W(k,7) = T T " P(q, +r)P(q,)dq,dr = P(k)P(~F) . (4.12)

—00 —00

3necy P(k) — ®ypbe-o6pa3 Bxoasmero B pacmpenencuue 'ub6ca
comuoxutens P(q), onpenenennoro ¢popmynoit (A.7). tor Dypre-o6pa3

UMECT BUI:
P(k) = T ¢ P(q)dg = — T eMe gy (4.13)
—o Zl —o0

B wunrerpane (4.13) HeTpymHO y3HaTH HWHTErpan Oilnepa, eciH
c/IeNnaTh CIEAYIONYIO 3aMEeHY [ePEMEHHBIX

0= pBre’ . (4.14)

ITocne 3TO# 3amMeHBI MOSYyYUM BhIpakeHHe ais ¢yekmmu P(k) B
TepMHHAX TaMMa- () yHKITHIA:

-0 g+t 1 I(Ba,+ik)
Br,)  T(Ba)

ﬁ(k):iTe

— 4.15
Z, %, 0 (By) 19

IIpu BBIBOmE 3TOH (opmyinsl HcHoNb30BaHa (Gopmyina (A.S) mis
CTaTUCTUYECKOH cymMMbl Z, . Takum 00pa3oM, IOJy4€HO OKOHYATEIbHOE

aHATUTHYEeCKOe BBIpakeHHne aius Pypre-obpasa P(k) B sBHOM Bupae. s
MOJyYCHHsT OKOHYATECILHOTO BBIPAKCHUS Ui (YHKIUU PpacIpeIeICHUsS
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JIoTapuPMUIEeCKO JTOXOAHOCTH (C wucmonb3oBaHueM Gopmyn (4.12) u
(4.15)) onpenennm nanee Boipakenne P(k)P(—k):

I'(Ba, —ik) I'(Ba, +ik)

POPED == ey T(pay)

(4.16)

[MoacraBuB TmoJiydeHHOE BBIpakeHHe B Qopmyny (4.12) u
BOCIIOJIb30BaBIIMCE  (opmynoil  (4.4), TOJIyYUM  OKOHYATEIHLHOE
aHAJUTHYECKOE BBIpa)KEHUE i byHKIMN pacnpeneneHus
Jorapu(pMUYECKOH JOXOTHOCTH:

W(V,t) =2L T e—ikr[r(ﬂal _ik) F(ﬁal +ik)
T, I'(pa,) I'(pa,)

£
T

I dk

4.17)

Bxomamas B ¢dopmyny (4.17) xomOuHamusa mapaMeTpoB [,
BEIUMCIICHA B MPUJIOKeHUH B.

®Dopmyna (4.17) sBusercs TouHOH. IlOoCKONBKY TPH YUCIECHHBIX
pacuerax paboTaTh ¢ TaMMa-QYHKIUSIMH HEYIOOHO, CIIEIHAIbHO ISl STHX
meNnei ympocTHM aHalIuTH4ecKyro ¢opmyny (4.17) ¢ ucmomp3oBaHHEM
Oonbuioi BenuuuHBl Hapamerpa fo, . B ormmume ot dopmynsr (4.17)

YIpOIIEHHAss aHaJInTH4Ieckas (opmyna OyneT BBIpaKEHA B TEPMHHAX
UEMEHTAPHBIX (QYHKIMHA. ODTO JemaeT OYEBUAHBIM €€ IOBEACHHE I
AQHAJIWTUKOB, IO3BOIAET Ooiee TIIyOOKO IOHATh W OLECHUTH OCHOBHBIE
O0COOCHHOCTH HCCJIETyEMOH CHCTEMBI, a TAKXKE 3HAUUTEIBHO YIPOIIACT
NpeJCTaBICHHYI0 B pasfene O TMpolenypy BHU3yaJbHOTO aHalu3a
pEe3yNbTaTOB MCCIEIOBaHUs. YTpolueHHas (opMyla HMEeT CIeAYIOIIUH
BU:

A
r ))«an;m ' (4.18)
2(t/7)

W(r,t)=

(2cosh(

OrnpaBHOW TOYKOH monyderuss Gopmyn (4.17), (4.18) sBusercs
¢yakuus W(r,r) , ompenencHHas ¢opmymnoii (4.11). Ee ®ypre-obpa3
HAXOJIUTCS B KBAJIPaTHBIX CKOOKax B IIOJBIHTCTPAILHOM BBIPAXCHUU B
¢dopmyne (4.17). Ilpu Boraucnennn ¢yHkoun W(r,7) ¢ HTOMOIIBIO

¢dopmynsl (4.17) MoxHO cTaproBath He ¢ Dypre-o0paza ¢pyHkmu W(r,7),
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Kak 3To mpemiaraetcs B Gopmyne (4.17), a HEMOCPEACTBEHHO ¢ (PYHKITHH
W(r,7r) , XaK 3TO crmemaHo HiDKe, B mpuioxeHuu D. Ilpu stom Oyzmer

JBaXbl TPUMEHAThCS TIpsiMOoe W oOpaTHoe mpeobOpazoBanne Dypoe.
PesynbraTel 06oux mpeoOpazoBaHuii dypbe OyayT BBIYHCIEHBI METOIOM
nepeBana. OH Taxke OyJeT MpUMeHEeH JIBaXAbl. BBy BaskHOCTH (YHKIMN
W(r,r) mns mpouecca BeraucieHus (GyHKmuu W(r,t) , TIpencTaBICHHOM

¢dopmynoii (4.17), ee BbIBOJ mpuBeaeH B npuiokeHnn C, rae ona Oyzaer
NOJyueHa B TEPMMHaX dJIEMEHTapHbIX (QyHKuui. BeBox dopmyns (4.18)
BBHINIOJIHEH C HCIIOJb30BaHMEM MeToja IepeBaia. IlogpoOHOCTH BEIBOjA
(hopMyIIBI IPUBEACHBI B MPHJIOKeHHH D.

B dopmynsr (4.17) u (4.18) BxoauT KoMOMHaLUs napameTpos o, .
B ¢dopmyny (4.18) ona Bxomur B Buae napamerpa M =2fcq, . Ota
KOMOMHAIMS TPE/ICTABISIET COO0M eMHCTBEHHBIN MapaMeTp, NOJTy4YeHHBINH
myTeM OOpaOOTKM MCTOPHYECKUX IaHHBIX (€XKEJIHEBHbBIE LEHBI 3aKPBITHS
s uaAekca S&P 500 SPY — wucrounmk Yahoo Finance). OcranbHbie
JIaHHBIC BBIYHMCIIAIOTCS aHaJIUTHYecKH. B mpmioxkennn B stor mapamerp
BBIPa)KCH Yepe3 OTHOIIECHHE KBaJIpaTa CPeJHEro 3Ha4eHUs! JIorapu(MoB IIeH
aKui ¥ aucnepcuu Jorapudmos 1ieH akuuit (popmyna (B.9)).

Takum oOpazoMm, dopmymnst (4.17) u (4.18) MO3BONAIOT TOIYIHUTH
(GYHKIMIO  paclpefeieHust JIoTapu(pMUUECKOH  JTOXOJHOCTH  aKIWH,
UCTIONB3Ysl BCErO JIBa ITIEPBBIX MOMEHTA JJIsI MaccuBa JIOrapu(MoB IIEH
aKIMH BMECTO HCIIOIb30BaHMS BCETO MACCHBA, KaK 3TO OOBIYHO JENACTCS
P TOCTPOCHMH Tpaduka GYHKIMHA pacHpenesieHuss NOXOIHOCTH C
HCTIONIb30BAaHMEM HCTOPUYECKHUX JTAHHBIX.

UucrneHHass mpoBepka aHamuthHueckux (opmyn (4.17), (4.18)
IoKa3ajlla, YTO OHM aJEKBaTHO ONKCHIBAIOT TOJIBKO OJHOJHEBHBIC
noxomaHocTH. ITosToMy ans ymydiieHus] IPOTHOCTHUECKUX XapaKTEPUCTHK
dopmyn (4.17), (4.18) BeimosHSICTCA MX MEepeHOPMUpPOBKA. OHA CBOAMTCS
TOJIBKO K MYJIbTHUIUIMKaTUBHON IIEPEHOPMHUPOBKE OOJBIIOTO IapameTpa
M =2pa, , Bxomsaumero B 3tu Qopmynst. Ilpu stom M — AM , rae

A — mapaMerp INEepeHOPMHUPOBKH. Ilociie Takoil MEpPEHOPMUPOBKH U
YUCJICHHOU MPOBEPKH €€ pe3yabTaToB GhopMyisl (4.17), (4.18) onmuckiBarOT
BEeCh JHMAIla30H JOXOTHOCTEH. DTO MO3BOJHMT aHAINTHKAM AaJeKBaTHO
OIICHMBATh HE TOJNBKO €XEIHEBHYIO TOXOTHOCTh, HO W JOXOJHOCTH 3a
MIPOU3BOJIBHBIN MIPOMEKYTOK BpeMEHH (HEIeIo, MecsI u T.1.). s cirydas
UCIIONIb30BaHKs MEPEHOPMHUPOBKA B IIEPEHOPMUPOBAHHBIX (hopMyliax
(4.17), (4.18) cnenyer 3ameHuTs mapamerp M =2fa, Ha AM =2Af¢a,.

YHuBepcabHbie TiepeHOpMupoBaHHbIE (opmynsl (4.17), (4.18) Oymyt
HMMETh CJIEAYIOINUN BUL:
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1%, T —ik) T(3fa +ik) -
W= T Gy Tapa | @19
W(r,t)= 4
(2 cosh( 5 (tr/ = ))MM?I)EH) (4:20)

31ech MepeHOPMUPOBAaHHAST HOPMHUPOBOYHAs KOHCTaHTa A HMeEeT
CIe YOI BUIL:

O T((AM =D/ )+ 1
T T20.5(AM =)t/ )+ ) (t/7)

4.21)

IMocne moOJy4eHHsS aHAIUTHYECKOTO BBIPKEHHS UIS (QYHKIHA
pacmnpenenenus JorapupMuIeckor ToxomaHocTH akiui (4.20) mepeitneM k
ONPENICICHUIO TMEPBBIX MOMEHTOB (DYHKIIMM — CpCJHEr0 3HAYCHUS
JIOXOJHOCTH, TUCTICPCUH, ACHMMETPHUH U JKCIIecca.

5. AHannTHYeCKOe BBIYHMCIEHHE JKCIecca W JAPYTHX OCHOBHBIX
XapaKTePUCTUK Uil (YHKIUH PpacnpeneieHust Jorapudpmuyueckoi
TOXOMHOCTH akmuil. OyHKIUS pacnpenesieHus  JorapuMUUCCKOM
JIOXOJHOCTH TIO3BOJSIET TOJYYHTh AHANMTUYECKHE BBIPKEHHS IS
YeTBIPEX MEPBBIX MOMEHTOB (GYHKIMHA. DTUMH MOMEHTAMHU SIBISIOTCS —

2
CpelHee 3HAUEHWE f , AWCTEpCHs O , acummeTpus S u dkciece K .
AcCUMMETpHS M DKCIECC BBIPAKAIOTCS YepPe3 MOMEHTHI C TOYHOCTBIO 10

L1 1
MHOXHUTCJICHU — n - XOpOI.HO N3BCCTHO, YTO MOMCEHTBI BBIPAXKAKOTCA
o o

4yepe3 MPOU3BOJAHBIE B Hyne oT Dypre-oOpasa (GYHKIMH pacripeIeieHUs
JIOrapu(pMHUYCECKON JTOXOMHOCTU. [l03TOMY CYIIECTBEHHBIM (hakTopoM
SIBJISIETCS. TO, YTO MOJIyYEHO HE TOJbKO aHAIUTUYECKOE BBIPAKEHUE IS
GyHKIUU pachpenescHust JIorapu()MUUECKOW TOXOTHOCTH, HO TaKKe
aHAIUTHYCCKOE BhIpakeHHe i1 ce Dypbe-oOpaza. DTO MO3BOJSET
aBTOMATHUYECKU TOJYYUTh YEThIpe MEPBBIX MOMEHTAa M BbIpaXkalolluecs
Yepe3 HUX XapaKTePUCTHKH (YHKIIUH paCTpeNeICHUS JOTapUPMHUECKON
noxomuHocTH 4, 07, S u K .

IlepeiineM K UX MOIYYEHUIO.

IlepBeIif ®W TpeTHii MOMEHTHI HE TPEOYIOT OTIONHUTEIHHBIX
BBIUUCIICHUI, MOCKOJBKY B CHJIY CHMMETPUH (YHKIMU pacHpeIeiICHUsI
JIOXOJHOCTH OTHOCUTEJIBHO 3aMEHBI # — —' OHH PaBHBI HYJIIO:

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1519
ISSN 2713-3206 (online) www.ia.spcras.ru



MATEMATHUYECKOE MOJEJIMPOBAHUE U ITPUKJIATHA L MATEMATHKA

0

w(B)=<r>= [ W (r,0ydr =0, (5.1)

—o0

<(r—uy’ >

1 % s B
G- ) i =0, (5.2)

S(p) =

Takum 00pa3oM, BeNWYMHBI MOJTYYEHHOTO CPEIHEr0 3HAYCHHS H
aCHUMMETPHH  TIONlydeHBl  aBToMarwuecku. IlosTomMmy  dakTuuecku
HEOOXOIMMO BBIYHCIHUTH TOJNBKO JUCHEPCHIO W JKcIecc. BeipakeHue mms
JTUCTIEPCHN UMEET CIIeAYIOIINN BHI:

o’ =<(r—p)’ >= T (r—p)’w(r,t)dr . (5.3)

WuTerpan (5.3) MOXeT ObITh BBIYHCICH aHATTUTHUECKH:

0

0 —ikr
[ rw.odr = [ [ r* S0 (k.0)dkdr =
—o0 —00 —00 2”
. (5.4)

0 0 ef[kr 62 ~ d2 ~ " t
==[ [ S5 tetidkdr == STPRPERT |y

—00 —00

B ¢dopmyne (5.4) mogpazymeBanocs HHTETPHUPOBAHKE 110 YACTSIM IO

HepeMeHHOH k s ydeta MHOXHUTens r° . B mrore m3 dopmymsl (5.4)
CJIeJIyeT OKOHYATEIbHOE BRIPAXKCHUE JIJIsS TUCTICPCHU:

o2 = _2[(F (ﬂﬂa1))2 _(F (Ape,)

t I'(Afay) I(1pa,)

] (5.5)

JKcrece BEIYUCIISETCS 1o (hopMyIe:

k(== >_ 1 [ = wrnar. (5.6)

<(r-wp?’>* P,

Bxopgsmuii B BeipaxeHue (5.6) s dKciecca HHTETPall MOXKET OBITh
peoOpa3oBaH K CIEAYIOIEMY BUAY:
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o © ﬂkr a

j FW(r,t)dr = j j W(k t)dkdr =
—o0 —00 —00 d4 ) ) , (5 7)
= ja‘ck> otk = e PIOPERT |y

B dhopmyie (5.7) MOJIpa3yMeBaeTCst WCITIOJIb30BaHNE

MHTEIPHPOBAHHSA 10 YACTAM MO MEPeMEHHOH k st yueTa MHOXKuTENns 7 .
B urore ¢opmyina skciecca mpruHUMAET CIeTyIOMMN BHI:

2t T (Apey) )— ar'"(ABa,) T (ABa,)

. )__(_[ T(4Ba) T(ABa) T(ABa,) 58
T (ABa) oy ot b T(ABa), T (ABa)., '
P rga ) T T T e T T )

Takum 00pa3oM, BBIp@XEHHS Ul CPEJHEro 3HAYEHHs, JHUCIIEPCHH,
aCHMMETPUU U JKCIEcca MOTYUYEHbl B SBHOM BUJIE.

6. Onucanne rpagukoB U BHU3YAJbHBI aHAIH3 MNOJY4YeHHBIX
pe3yJibTaroB. Pe3ynpTaThl BU3YyalbHOTO aHAIM3a IOJYYEHHBIX JaHHBIX
MpeCTaBiICHb Ha pucyHkax 1 m 2. OOpaOoTka BCeX NaHHBIX (BKJIIOYAs
WCXOJIHBIE U TIOJIyYeHHBIE B paboTe) M IOCTPOCHUE rPpa)IKOB BBIIIOJIHEHO C
WCTIONB30BaHMeM mporpaMMbel  Matlab.  Jlnmg  moctpoeHmns TpadukoB
HCTIONB30BaHBl HMCTOPHUYECKHE JaHHBIE CKCIHEBHOW JIOXOTHOCTH 3a
nBaanath JetT (3a mepuoxa ¢ 05.06.2003 mo 05.06.2023) mns magexca S&P
500 SPY (ucrounmk maHHBIX — Yahoo Finance, niensl 3akpeitusi). B pabore
UCTIONB3YyeTCsl ~ MacCHB  JIorapu(MOB  I[I€H  aKIWH,  TOJXyYEeHHBIH
norapu()MUpPOBaHHEM MacCHBa LICH aKIHH.

Ha pucynke 1 coBMeIeHBI TPH CIEAYIOIUX rpaduKa:

— r1paduk  QyHKUMM  pacnpeaeneHHs  JorapudMuueckon
JIOXOJHOCTH, TIOCTPOCHHBIH ¢ HCHOJb30BaHHEeM  Qopmynsl  (4.20),
MpEeCTaBJIEH HA PUCYHKE CIUIOIIHOM JMHUEW. EAMHCTBEHHBIM IapamMeTpoM
(BxomstmuM B (opmyisl (4.19) u (4.20) U UCTIONB3YIOMIUM HUCTOPHYECKUE
JaHHble, sABIAETCS KoMOuHanus napameTpoB P, . Jnsa ee BeluucieHus

UCIIOJNIB3YIOTCSI TOJIBKO JIBA MEPBBIX MOMEHTA JIJIsl MacCcuBa JIOrapu(MOB IIeH
akuid (popmyna (B.9)) BMecTo Bcero maccuBa JIorapu)MoB IEH aKIMH
(KaK 3TO OOBIYHO JeNIaeTCsl MPHU HOCTPOSHHUH TpadMKOB paclpeeseHus
JOXOJHOCTH C MICHIOJIB30BaHUEM HCTOPHUYECKUX TaHHBIX);

— rpaduk  GYHKOMH ~ paclpeneslieHus — JIorapupMHYECKOH
moxogHoctT  S&P 500 SPY, mOCTpOGHHBIH C  HCIIONB30BaHHEM
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HNCTOPHYCCKHUX JAHHBIX €XKETHEBHON NOXOAHOCTH 3a ABAIAIATH JIET IS IIeH
3aKpBITHS, TPEJICTABIICH IITPUXOBON JTUHUEH;

— rpaduKk  HOPMATBHOTO  pAacHpedelieHHs  BBHIIONHEH  C

1
HCTIOB30BaHUEM CTaHIapTHOTO pactpeneneHus [‘aycca P(x) = F
2ro

U TIPEJICTaBIICH Ha PUCYHKE IITPUXITYHKTUPHOH JIMHUEH.

50 T : T T T T T T T

| | —— —s&PsoosPY

AHANVMTUHECKSA KpMBAA

45

| ————— Mayecosa kpuean

40 |
35+ [
30t f}
251 roy
201 ‘1:| 1
15 4 i

101

LY
/ LN
L AN
- ~I

— MY

MnoTHocTb pacnpegHeHls BEpoATHOCTH Wir)

5F

L

0 . M . . . . ;
-1 008 -0.068 -0.04 -0.02 1] 00z 004 0068 0.08 01

TNorapumuyeckan LOXO4HOCTb ¢
Puc. 1. I'padpuku S&P 500 SPY, ananutndeckoit u ["ayccoBoii kpuBoit

W3 pucynka | BuaHO, YTO TOJIydeHHas B paboTe aHAIUTHYECKas
KpuBasi C wucnoib3oBaHueM Qopmynbl (4.20) HaMHOTO TOYHEe, 4YeM
layccoBa anmpoKCHMHpYET KpPHUBYIO, OIHMCBHIBAIOIIYI0 HCTOPHYECKHE
JIaHHBIE.

Ha pucyHke 2 Takxke COBMELIEHBI TPH IpaduKa.

[lepBrie aBa rpaduka Te e, uto u Ha pucyHke 1. Tperuii rpapuk
mpeacTaBisieT co0oif rpaduK GYHKIHU pacupeAeNeHus JorapupMUIecKoi
noxonHoctn Jlatutaca. OH  BBINOJNHEH C  HCIIONB30BaHWEM  (HOPMYJIBI

(24 —aly
P(x)=—e ™.
(x) 2
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B0 T T T T . T T T T

| —— —sapsoospy
AHANNTHHECKEA KpMEERA
50 F i O R kpuean Nlannaca 1

a0} iy 1

aor i

201

MnoTHOCTL pacnpeneneHt A BEPOATHOCTI W)

=,
st T ) L P Y L L

0 . .
-0.1 008 -0068 -0.04 -0.02 o 0.02 004 006 008 041

TNorapudhmuyeckan JOXOOHOCTb I
Puc. 2. I'paduk S&P 500 SPY, ananutudeckoii u xpuoit Jlannaca

W3 pucynka 2 BUJIHO, 4TO BCE TpH Tpadyika XOPOILIO COTrNIACYFOTCS,
Opu 3TOM AaHaJIMTHuYecKas KpuBas TouHee, d4eM kpuBas Jlammaca
annpoKCUMUPYET HCTOPHYECKHE JaHHble. BusyanbHblii anamu3 obomx
PUCYHKOB IIO3BOJIA€T CAENaThb BBIBOA O TOM, YTO IO CpPaBHEHUIO C
HOpMaNbHBIM pacrpereneHueM ['aycca, kak pacnpenenenue Jlamnaca, Tak u
pacnpenerneHue, MOJy4YeHHOE B JaHHOW paboTe, matoT Ooiee TOYHYIO H
PEATNCTHYHYIO KapTHHY €KeTHEBHOH JOXOIHOCTH aKIMH (JOHIOBOTO PHIHKA.

B macrosmelr pabore ¢GopManmn3M CTaTHCTHYECKOW MEXaHWUKH
NPUMEHEH Ui TPOTHO3MPOBAHMS PACHPENENICHHsT JIOTapu(pMUIEcKOn
JIOXOMHOCTH aKIMH C WCIIONb30BAaHWEM HMCTOPUYECKHX HaHHBIX IO
KOTHPOBKAaM OJTHOTO M3 OCHOBHBIX MHAMKATOPOB M 0apOMETPOB MHPOBOTO
¢ounoBoro peiHKa — mHAEKca S&P 500 SPY, xoTopwii TOpryercs Kak
aKIUH.

O/iHaKO MCIOJIb30BaHHBII B paboTe MOAXOA MOXET ObITh IPUMEHEH
JUIl aHalM3a W IPOTHO3MPOBAHHUS paclpeieseHus JorapupMHIECKOM
JIOXOJHOCTH KLUl KOHKPETHBIX KOMIIAHUM.

B  kauectBe  npuMepa  BBIIOJHEH  BU3YQJIbHBIM  aHaIM3
pacmpeneieHus: JIOrapu(pMHUECKOH JOXOAHOCTA OOBIKHOBCHHBIX aKI[HA
IMAO «Coepbank». I'paduk (yHKIHUH pacrpeneieHus JTorapupMUIecKoi
JIOXOHOCTH IPE/ICTABJICH HA PUCYHKeE 3.

Jns  moctpoeHnst  rpaduka  HCIOJB30BaHbl  (paKTHUECKHE
UCTOpPUYECKHE JaHHbIE 10 EXKEOHEBHBIM KOTHUpoBKaMm akuuii ITAO
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«Coepbank» 3a gecartb jer (3a mepuox ¢ 05.06.2013 mo 05.06.2023,
HCTOYHHUK JaHHBIX Investing.com).

Ha stom ke pucyHke moOKazaH rpaduk (QYHKINH pacupereicHUs
norapu()MHUYECKOl  JOXOMHOCTH, TOCTPOCHHBI €  HCHOJIb30BaHUEM
MONMyYeHHOW B pabore aHamuTHyeckod Gopmynsr (4.20) u rpadux
HOpMAaJIbHOTO pactpezaeieHus ['aycca.

30 T T T T T T T : T

— — — Chepbank
AHaNWTHYECKaA KpUEaR

25 T - [ayccosa kpusas 1

201 | W ]

MnoTHocTE pacnpefeneHa BEpOATHOCTM wW(r)

- T
— — e

o —
-0.1 -0.08 -0.08

004 002 0 002 004 006 008 01
Norapudmuyeckan 40X04HOCTb I
Puc. 3. I'paduk xpuBoit Coepbanka, aHamuTHIECKOH 1 ["ayccoBolt KpUBOi

U3 pucynka3 SBHO BHIHO, 9YTO TIIOJNydeHHas B pabote
aHAIMTHYECKass KpWBas C HCIonb3oBaHHeM ¢opmyisl (4.20) HaMHOTO
TO4YHee, ueM layccoBa anmpoOKCUMHUPYET KpPHUBYIO, OIMCBHIBAIOLIYIO
(akTHYECKHE UCTOPUYCCKHE NaHHBIC, YTO TOATBEpKAaeT d(HPEeKTHBHOCTH
MIPEATIOKEHHOTO METO/1Aa IPOrHO3UPOBaHUSL.

Kak wm3BectHo, akuuu [TAO «COepOaHK» OTHOCATCS K «TOJXyOBIM
(uIIKaM», 4TO MOBBIMIACT WX HAJECKHOCTh M MPUBIEKATEIBHOCTD B TJa3ax
uHBeCTOpoB. OnHaKko, A MpPeUIOKEHUS HHBECTOpaM U aHAJIUTHKaM
apryMeHTHPOBAHHON JaJbHOBUAHOM CTpaTeTuu, HEOOXOAUM YIITyOIeHHBIN
CTaTUCTUYECKUI aHaIU3 BO3MOYKHOM JOXOJHOCTH M PUCKA MHBECTUIMH B
aKIIMM 3TOM KOMIIAHMHM, KOTOPBIA BBIXOAUT 3a paMKH JaHHOTO
HCCIIEeI0OBaHUS.

OrmeHKa KIIOYEBBIX (PAKTOPOB HMHBECTHPOBAHUSA (IOXOTHOCTH H
pHCKa) TONBKO C TOMOIIBI0 METOMa, MPEIIOKEHHOTO B JaHHOW padote,
PaBHO KaK ¥ C HCIIOJB30BaHUEM pactipeneneHus [aycca w/wmu Jlamnaca, He
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OyZeT MOTHOCTHIO OOBEKTHBHOM. J[JI IPUHATHS OKOHYATEIHHOTO PELICHHUS
00 VHBECTHPOBaHHMHM HEOOXOIMMO YyYHUTHIBATH (PAKTOPHI, KOTOpHIE
HEBO3MOXXHO CIIPOTHO3WPOBATH C TIOMOIIBIO ATUX HHCTPYMEHTOB (CaHKIIHH,
ypoBeHb nHGuINH, poct BBII, cTabunsHocTs pyoiIst U T.10.).

Jlnst ompeneneHust cpeAHeil MPOIEHTHOM JOXOMHOCTH 3a 1 JHEU

HEOOXOIUMO TEpPeWTH OT  JIOTapUPMHUYECKOH  JOXOTHOCTH 7 (n)
K OTHOJHCBHOM  MPOIIGHTHOW  nmoxoaHocTw  R(n) mo  ¢opmye
R(n)=¢"" —1 . Oxunaemas cpeiHss NPOLEHTHAas OXOAHOCTh R(rn)
orpezessieTcst o popmyie:

o ) % A€ -1)
R(my= [ W(r.n(e ~Ddr= | o (6
0 (2 cosh(m)) :

OO6e3onacuTh MHBECTHLMIO MOXKHO, omnpenenus mo gopmyie (5.5)
CTEIIeHb PUCKA IIyTeM BBIYMCIICHUS CTaHAAPTHOTO OTKIOHEHUS OT CperHen
TIOXOJTHOCTH aKI[H.

Ho moboM cnywae (make ecnm BepOSTHOCTh pPE3YJIbTaTOB
WHBECTHPOBAHMA, OIpPEACICHHAas C TMOMOIbI0 (opMyl u TrpaduxkoB
OKa3pIBae€TCSI ~ MHOTOOOemIaromiei, W/WIM  HWHBECTOp, HCXOAd U3
COOCTBEHHOTO OIIBITA CYHTAET, 4TO Oymymas DOXOomHOCTh akmwmidi [TAO
«COepOaHK» MPEBHICUT HCTOPHYCCKUE NAaHHEBIE), B 00S3aTEIHEHOM TIOPSIKE
HEOOXOANMO YUYHMTHIBATh CTETIEHb HEOINPENEICHHOCTH CYLIECTBYIOIIEH Ha
MOMEHT UHBECTUIMH IKOHOMUYECKON CUTYyaIUH.

7. 3aki04eHue. OcHOBHBIE BBIBOJIBI 0  pe3yibTaTaM
UCCIIeIOBAHMS:

1. Pesynbratel  paboOTBl  TOATBEPXKIAIOT  BO3MOXHOCTH U
1LIesIecO00pa3HOCTh POTHO3UPOBAHMS PACHpENeNICHNs] JOXOIHOCTH aKIMH
(OHIOBOTO PBIHKA C IOMOLIBI0O METOJOB W MOJXOIOB CTaTUCTUYECKOM
MexaHHMKU. [loydeHHOE aHANMTHYECKOe BBIPAXKCHHE M (QYHKIHN
pacnpenesneHus JIorapupMuIeckod TOXOJHOCTH aKIUH JaeT BO3MOXKHOCTh
YY4acCTHHKaM  pBIHKA  HCIONb30BaTh €r0  JUIA  MaTeMaTHIECKOTO
MPOTHO3UPOBAHUS ~ W3MCHCHHWH  JOXONHOCTH  pbIHKA. llomydeHHBIE
pe3ysnpTaThl  AAIOT ~ YYaCTHHKAM  PbIHKA  BO3MOXKHOCTH  BbIOOpa
pacrpezneneHus, Oonee TIyOOKOro NMOHMUMAaHHS NMPUYMHHO-CIEJCTBEHHOTO
MexaHHu3Ma (POHIOBOTO PHIHKA (ECIM pacCMaTpPHUBaTh €ro KakK HKOCHUCTEMY),
a TaKXKe IMO3BOJIIOT MCIONB30BaTh s (PUHAHCOBOTO MOJEIMPOBAHUS
XOPOIIO M3YYEHHBI MaTeMaTHYECKUI anmapaT CTaTUCTUYECKOH MEXaHHUKH.

2. Hecmorps Ha ycTosBIIMECS TPaAMLUHUHM  HCHOJIb30BaHMS
HOPMaJIBHOTO paclpeeNieHust ISl OLEHKH IMHAMHUKU (DOHIOBOTO DPBIHKA
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(BKmrodast ynoOCTBO €r0 HCIOJIB30BAHUS, HAJIMYUE COOTBETCTBYIOIIETO
MIPOTrPaMMHOTO 00ECIICUCHNS U PE3YNbTaTUBHOCTD Ha OOJBIINX BPEMEHHBIX
Macmrabax), Ui ONEGHKH €KETHEBHOW JOXOJHOCTH aKUUH U
CBOEBPEMEHHOTO YJIABIMBAHUS PUCKA, JIyUIIUM BBIOOPOM SABIAIOTCS Ooiee
TOYHBIE PaCHpEeACICHHs, BKIOUasl paclpelelieHne, MOIyIeHHOE B JaHHOU
pabore. Kak moxas3pIBacT NpakTHKa, 0OBaJIbl PhIHKA NMPOHCXOAAT TOPa3ao
yalie, 4eM OHH YJIaBJIMBAIOTCS pacipeaeneHusmu ['aycca.

3. Kparkuii CcpaBHMTENBHBIH aHalM3 JaHHOW paboOTHl  C
AQHAJIOTMYHBIMM paboTaMM IO O3TOW e TEMaTHKe Jan CJledylolue
pe3yIbTaThl:

— B pabote (27) BBINOJHEHO MOJIEIMPOBAHHE IOXOIHOCTU C
UCIIONb30BaHUEM pacnpeseneHus Jlamnaca v ero cpaBHEHHE ¢ HOPMaJIbHBIM
pactpenenenneM [aycca. IloarBepxknena Oosmpimast 3¢ ¢EKTUBHOCTD
pactpenenenus Jlannaca. B manHO#M pa®oTe aHanorMuHBIE IPEUMYIIECTBA
OOHapyXeHBl ~y  TPEeUIaraéMoro  paclpeneNieHusi,  OIM3KOro K
pacmpeznenenuio Jlamaca;

— B pabore (26) QyHKIHUS pacmpeneieHus IorapuPpMIIECKOM
JOXOJHOCTH paccMaTpuBaeTcs Kak pacnpefeneHue bomprMana u
BBIYKCIIEHA B TEPMUHAX CIIEUaIbHBIX QyHKIMH. B HacToseit padore oHa
MoJyuyeHa B TEPMHHAX OJJIEMEHTapHbIX (YHKIMH, YTO 3HAYUTEILHO
YIPOLIAET aHAIU3 €€ OBEJCHUS;

— B pabore (16) aHaiuTHYECKOE BBIPAXKEHUE Ui (QYHKIHMU
pacnpeneneHuss  JIOTApUMHUYECKOH  JOXOJHOCTH HOJIy4eHO c
UCTIONb30BaHMEM wucunciennss Mro. B Hacrosmel pabGore i 3Toro
UCTIONIb30BAaH aJbTEPHATUBHBIA MOAXOJ, OCHOBAaHHBIH Ha HNPUMEHCHHH
¢dopManuama cTaTUCTHUECKOH MexaHWKH. OH TO03BOJSIET PaccMOTpPEThH
npoOJsieMy ¢ HOBOI CTOpPOHBI, M HaNpaBjeH Ha MOMCK HE PAacCMOTPEHHBIX
paHee IITyOMHHBIX (h)aKTOPOB.

4. TlepcrleKTHBHBIMH M BaXXHBIMH SIBIISIIOTCS  CIIE/IyIOLIHE
HalpaBJIeHUs JalbHEHIINX HCCIENOBAaHMH B O00JAacCTH aHaNU3a W
IIPOTHO3UPOBAHUS MOBEAEHNS (JOHIOBOTO PHIHKA!

—  HCCIENOBAaHUS 10 COBEPIIEHCTBOBAHHMIO MPOTHOCTUYECKUX
BO3MOXKHOCTEH, OOECIECUNBAONINE MAaKCHMaIbHYI0 IIPO3pavyHOCTh U
Jydiree IMIOHUMAaHUE BCEX MPOIECCOB (POHIOBOTO PHIHKA;

—  U3y4YeHHE OCOOEHHOCTEH XaOTHYECKOTO IOBEICHUS CHCTEMBI,
BKJIIOYasl BBIABICHHE M HCIIOJIB30BaHUE B IPOTHOCTHYECKHUX IEIIIX
WHJIMKaTOPOB PAHHETO MPEAYNPEKIeHHs 00BAJIOB PHIHKA;

—  paboThl MO TIIATEIbHOMY M BCECTOPOHHEMY aHAIM3Y
HaKOIUICHHOTO MPAaKTUYECKOI'0 OMBITA 0 BBIXOAY W3 KPU3HCHBIX CHTYalMH
1 00BaJIOB PBIHKA, pe3yJbTaThl KOTOPBIX MOXKHO OYyAET HCIIOJIb30BaTh IS
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BEIPAOOTKH TPEATIOKECHANH MO CBOCBPEMEHHOH KOMIICHCAIIMM BO3MOYKHBIX
TPaBMUPYIOLUX BO3IEHCTBUI HA PHIHOK.

IMpuioxenue A.

®axropuzanusa pacnpeeaeHus ['no6oca. B npmioxenun A Oyzer
JoKa3aHa (aKTOPH3YeMOCTh MOJYYCHHOTO B pasgenie 3 pachpeneieHHs
I'n66ca. CoBmecTHast QYHKIUS paclpeeseHus BEpOATHOCTEH IeH aKunii 1
oOmuranmii (3.7) MOXKeT OBITH IPEICTABIICHA CICITYIONUM 00pa3oM:

1 —B(y2e” —ayp+yie? —aq) e_ﬁH
P(p,q)=ge R = ——

~ (A.1)

3nece [ — oOparHas Temmeparypa, Z — HOPMHPYHOLIHI
MHO>KHTEJb, Ha3bIBAEMbII CTATUCTUYECKON CYMMOH.
[Mokaxem nanee, uto Gynxkuus P(p,q) daxropusyercs. OueBuaHO,

gyTo OoNMBIIMaHOBCKHH (hakTop B popmyne (A.1) dakropuzyercs. Ocramoch
MOKa3aTh, YTO CTATUCTUYECKast cyMmMa Z Toxe (aktopusyercs. [Tockonabky
HHTErpaj OT COBMECTHOW (YHKIMH paclpesiesieHHs BEpPOSTHOCTEH IieH
akumit W obOnuranuii paBeH enuHHNE, TO W3 (opmynsr (4.1) ciemyer
dopmyna:

0 P(p,q)dpdg = 1 i e dpdg =1. (A.2)
I Z

—00 —00 —00 —00

C wucnonp3oBanueM ¢opmyisl  (A.2) craTUCTHUYECKas cyMmMMma
OTIpeeIsIeTCsI CIEAYIOIUM 00pa3oM:

7 = T T e*ﬂ(yze”forzpm@"fa,q)dpdq ) (A.3)

B cwry ammutuBHOCTH TammiabTOHMaHa (2.17) craTucTHdeckas
cymMMa Z MyJBTHIUIMKAaTHBHA W  paclafaeTcs Ha IPOH3BEICHHE
MHOXHATENEH Z, U Z,:

7=27,, (A.4)

Z = J'efﬂr.euﬂa.qdq :&Q’ (A.5)
b np)"
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Z2 — j e*ﬂrzal’éfﬁazpdp = &262} . (A6)
S (P

U3 dpopmyn (A.1), (A.4) cnenyet pakropusanus Gyukuuu P(p,q):

e*ﬂlﬂ(q) e*ﬂHz(P)
P(p,q) =(———)——F—)=P(@)P(p). (A7)
Z] ZZ
3mecs P(q) — BepOATHOCTh pacmpenelieHus JorapudmMa IIeHBI

akiui, P(p) —BEpOSITHOCTD paclpeesieHus Jorapudma HeHbl 00JIuraui.

Ipuaoxkenue B.

Bblunciienne KOMOMHAIIMM NapaMeTpoB ¢, , BXOASLIUX B
$opmynbl (4.17)-(4.20) il byukuuu pacnpenegeHust
Jorapupmuyeckoii  goxogHoctu. B dopmymsr  mna byHKINHM
pacnpenenenus norapudmudeckoir goxomHoctu (4.17)-(4.20) B BHIE
koMOMHaIMU ¢, f . BXomuT mapamerp [ — oOparHas Temmeparypa u
napamerp o, (popmynst (2.7), (2.8)). Jnsa BbYMCIIEHUs BEIUYMHBI o B
OyIyT BBIYHMCIEHBI NEpBBIE M BTOpold MoMeHTHL. IlepeiineM Kk Hx
BBIUMCIICHUIO. BHauaie, BBIMOJIHAM IMEPEX0J] OT CTATHCTUYECKON CYMMBI
Z,(p) (bopmyna (A.4) x npousBopsameid dynxkumun Z(f,J)
IMpousBopsimas GyHKIMS 3aBUCHT OT mnapamerpa J , Ha3pIBaeMOro B
¢busuke ucroynukoMm. Cratuctudeckas cymma Z, () npeacraBiser coboi
TpeeNbHBIN citydail ipousBo et Gpyukimn B npenene J =0. Gopmyna
JUTA TIPOM3BOIAIIEH (YHKIIMK MOXKET OBITH IIPEICTaBICHa B 00IIIEM BUE:

Z,(B,J) = [ a0 dg. (B.1)

Jlerko BuUAeTh, UYTO MPH TAaKOM OINpPENEIECHUH IMPOU3BOASLICH
(YHKIIMM MOMEHTHI IlepeMeHHOoN y (2.7) OyayT UMeTh CIeayIomuii BUA:

Z(B.0)
Z,($.0)

<(e’) >=<y’ >= (B.2)

I[J'If{ BBIYUCJICHUSA HpOH?;BOL[ﬂHIeﬁ (l)yHKIII/II/I B SABHOM BUIC
BBITIOJITHUM CJICAYIOI[YIO 3aMEHY ICPEMCHHBIX!
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t=ype . (B.3)

IMocne aToii 3amensl nepeMeHHBIX Gopmyna (B.1) npeobpasyercs B
uHTerpan dDiinepa:

© pahr et C(e,f+J)
Zl ’J = Jdt: a,f+J
(f:) ! nB“ nB“*

(B.4)

N3  dopmyner  (B.4) odeBumHO, dYTO yAadHas CTPYKTypa
TaMIJIBPTOHWAHA MOJENH MO3BOJIIET BBIUMCIUTG MPOU3BOISIIYIO (YHKIIHIO
B SIBHOM BHJE B TePMHHAX ramMma-(QyHKIWH. PeKyppeHTHOE COOTHOIICHHE
I'(x+1)=xI'(x) mma ramma-QyHKIMHA TO3BOJISET JIETKO HAXOJHUTh

MOMEHTHI, uconb3ys (opmyry (B.4). IlepBbiift 1 BTOpOH MOMEHTHI IS
MEepeMEHHOH X OyAyT UMETh BU:

<y>=<e! >:—Zl(ﬁ’1) :ﬂ, (B.5)
AV
2
<y’ >=<e’ >= 482 o o (B.6)

Z(BO) ¥ B

KoMOuHMpysT TepBBIE M BTOPOW MOMEHTHI, MOXXHO BBIYHCIUTH
cpemHee KBaJAPaTHYHOE OTKIOHEHWE M (DYHKINM pacuperesieHHus IeH
AKIAN:

4 _ % 1

712ﬁ 71 (alﬁ).

<(y-<y>)’>=<y’>-<y>’=

(B.7)

Ucnonw3yst popmyny (B.5) 3ameHuM BbIpaskeHHE (ﬂ)2 B (hopmyie
N
(B.7) ma Bmpaxenue < y > . Ilocne npousseneHHON 3ameHbl (opMyia

(B.7) npumer Bu;

<y>?
<(y—<y>)>= ;ﬁ . (B.8)
1

Informatics and Automation. 2023. Vol. 22 No. 6. ISSN 2713-3192 (print) 1529
ISSN 2713-3206 (online) www.ia.spcras.ru



MATEMATHUYECKOE MOJEJIMPOBAHUE U ITPUKJIATHA L MATEMATHKA

C wucnons3zoBanueM (opmynsl (B.8) momyunm okxoHUaTeNbHOE
BBIPa)KEHHUE JJIs1 KOMOMHALMYU apaMeTpoB «, 3 :

<y>’
<(y-<y>) >’

op= (B.9)

Ha »TomM Bemumcnenme Bxomsameil B ¢dopmynst (4.17)—(4.20)
KOMOUHAIIMY [IapaMeTpoB ¢, 3aBEpLICHO.

Mpuno:xenue C.

Bbruncienne QyHKUUM pacnpeiejieHUsl JorapupMuyeckoi
JOXOAHOCTH [Jisl WHTepBaja f=7 B SIBHOM BHAe. B mnpmnoxeHnn
BBIUUCIIACTCS (DYHKIHUS paclpelesicHUs JIOrapu(@MUIecKOl TOXOTHOCTH
JUII KOHKPETHOTO CIlydasi, KOTJla WHTepBaJl BPEMEHH paBEH BpPEMEHH
penaKcanuy.

Orta QyHKIUS WrpaeT BaXKHYIO pOIb IIPH IOTYyYCHHH (HOPMYITBI
(4.18). Oymkmms pacmpenelieHus JIOTapu()MUIECKON JTOXOIHOCTH IS
WHTEpBaJla =7 MOXET OBITh BBHIYHCICHA B SBHOM BHAe. B kauectBe
OTIIPaBHOM TOYKHU HCTIONB3YyeM hopmymy (4.11):

W(r,7)= [ P(9)P(g+7)dq . (C.1)
3nece W(r,r) — ¢yHKOMa pacrpeleieHust JorapugpMuiecKkon

JTIOXOJHOCTH ISl MHTEpBaja ¢ =7 .

Jlist  MOJydeHHsl aHAJIUTHYECKOTO BBIPAXKEHUs. JTOW (QYHKIHMU
monctaBuM B dopmyny (C.1) pacmpeneneHue BeposSTHOCTEH sorapupma
ued P(q) u P(gq+r) u3 popmymsr (A.7):

W(r,t)= % j e et Uxe) g2hea pher g (C2)

1 —o

Jns ocylecTBIeHUs] HHTETPUPOBAHUS IPOBEJEM MEPErpyNIupOBKY
claraeMbIX B IOKa3aTelsIX JKCIIOHEHT M 3aMeHy auddepeHnuana dq Ha

d(e?) . [lonyuuMm crenyronuii uHTerpat:

—poyr ©

e (eq )Zﬂa, -1 efZﬂyle"(lw')d(eq) ) (C3)
0

W(r,7)=

2
1
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VYnaunerii Bua uwHTerpana (C.3) mo3BoyiseT Mpeodpa3oBaTh €ro K
BUjay wuHTerpana Oinepa. Kak u3BECTHO, 3TO OJMH M3 HEMHOTHX
WHTErpajoB, JOMYCKAIOUIMX BBIYMCICHHE B aHAJIMTHYECKOM  BHIIC.
BeinonHuM Jjanee clieyomyo 3aMeHy epEMEHHBIX:

t=pre . (C4)

[Tocne mpoBeaeHuUs 3TOW 3aMEHBI TOJIYYUM HHTETpal Jitnepa:

—poyr © t2ﬂa, —le—t

1.
Z; L (Br(+e )y’

e

W(r,t)=

(C.5)

Bbuncianm  uwHTerpan Oinepa B ¢dopmyne (C.5) u  moimydynm
OKOHYATEJIbHBIN pe3yibrar JUISL byHKIMN pacrpezneneHus
sorapu(pMUUYECKOi TOXOTHOCTH aKIHHi:

_TI'Cpa) 1

- r’ (Bay) (e_g +eg)2ﬁal ' €6

W(r,7)

®opmyma  (C.6) mpencraBmsier co0oi  YACTHBIM  ciydaid
AaHAJTMTHUYECKOTO BBIPAKCHMSI (DYHKIIMH PACHPENCICHUS JTOrapupMUIeCKON
JIOXOJHOCTH aKuuii (oHmoBOro phiHKa. OHa mHoONydYeHa B SIBHOM BHJE,
BBIP@)KCHA B dJIeMEHTapHBIX (yHKIUsX. [lomyueHHas 1ocTaToyHo mpocras
ctpykrypa ¢opmynsl (C.6) ucnonb3yercs npu BbiBope ¢dopmyn (4.18)—
(4.20).

IIpuiaosxkenne D.

Bbruncienne ananutruyecko ¢opmyant (4.18) merogom
nepeBasia. /Iy meneil BU3yallbHOTO aHAJIHM3a PE3yJIbTATOB HCCIICIOBAHUS
npeoOpa3yeM COAEpKallyl0 TaMMa-(QYHKIMH TOYHYIO aHAJIUTHYCCKYIO
¢dopmymy (4.17). Koneunast menp mpeoOpazoBaHus — IPEACTABUTH (GOPMYITY
B aHAJUTHUYECKOM BHJE B TEPMHHAX UIEMEHTAPHBIX (YHKIHMH, 4TO JacT
BO3MOXKHOCTh ~aHAJIUTHKaM HCIONb30BaTh €€ JUIS BH3YalbHOTO W
HarJISHOTO aHajiu3a MOBEJEHHWsS CHCTeMbl. B KkadecTBe HWHCTpyMeHTa
peoOpa3oBaHMs UCIIOIb3YETCS METO/] IiepeBala.

[epeiinem k npeodpazoBanuio Gopmysr (4.17). Mcnonszyem s ee
npeoOpa3oBanus 3amaHuyo Qopmynoit (C.6) dyakumro W(r,r) . Ha
MIEPBOM 3Tale IpeodpasyeM ee ¢ UCTIOIb30BaHNeEM npeodpazoBanus Dypee.
OHa OyJeT CIIeyOUIIA BU/:
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r(ﬂal _ik) r(ﬂal +ik) — ]E ei/cr de

WD = ey Tpay) 5

(e +e)" (D.1)

o0
= CJ. e MOME) g

—0

3mecs:

C — HOPMHUPOBOYHAsI KOHCTAHTA,

M — Oonbluoil mapameTp, paBHblil 2S¢, .

Hamee BprumciuMm ompexpeneHnyo  ¢opmynoit (D.1) dyaxumio
W(k,T) ¢ MCIIONB30BaHMEM METOJIA mepesana. Bxomsmas B Gopmyiy (D.1)
¢GyHKOHA ¢ , YMHOXKEHHas Ha Ooipmiol mapameTp M B TIOKasarene
OKCIIOHEHTBI, a TakKXe ee TIepBas, BTOpas MPOU3BOJHBIE M TOYKa
SKCTpeMyMa x (k) MMEIOT CIIeIyIONIMi BUI:

o(x, M, k) = In(2 cosh(%)) - i%x , (D.2)
. 1 X ik

! Y S D.3

@'(x (k) 2fh(2) v 0, (D.3)

X ik 4

S = A0, (D.4)

4k’

) (D.5)

1 X 1
"=—(-th*(Z) ==+
@ 2( (2)) 2(
C yuetom ¢opmyn (D.2)-(D.5) mnomyunm OKOHYATeJbHOE
BeIpakenue 1A pynkaun W (k,7) :

Wk,7) ~ |—F—e™ot) — (|14

9"(x)

2 ) i2k
4k M-l eszArrh(V)

Mz)

(D.6)
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Bo3Benem nonmydeHHoe okoHUaTeapHOE BeIpakeHue (D.6) B creneHb
t
— W BO3bMeM oOpatHoe mnpeoOpasoBanue @Dypbe OT MOIYYCHHOTO
T
BBIPKCHUSI:

W(r,t)= % j e W (k)" di ~

2 —ikr+i(t/r)k2Arth(ﬂ)—(M—l)(t/r)ln(2/\/l+4k2/M2)
~ I e M dk = (D7)

—0

©

_ J'e—(M—l)y/(k,M,r)dk

IMpeobpasyem ¢opmymny (D.7) meromom mepeBana. Bxopsmas B
dopmyny (D.7) GyHKIUS W , a TaKKe ee MmepBas, BTOpas NPOU3BOAHBIC U

TOYKA IKCTpEMyMa k*(r) HUMEIOT CJIEAYIOIUN BUI:

(M) = () 1n<ﬁ)— o

—z(—)—2A th(ﬁ) M’k_ - ’ |

vk (r ))—l(t/TI)ZA th(M) % 0, (D.9)
k) = 4(t/r) h (2(:/1))' D.11)

C yuerom ¢opmyn (D.8)-(D.11) momyauMm OKOHYATEIHLHOE
BBIpaKeHUE I (PYHKIMHU pacTpeeNeHUs TorapupMUIecKOi JOXOIHOCTH,
NIpe/ICTaBICHHOM B pazjene 4 kak ¢popmyna (4.18):
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W(r,t) ~ ie—w—lww‘) _ A .
WALy (2 cosh(ﬁ»(w—wmmn (D.12)
T

3necb A — HOPMHUPOBOYHBIH MHOXHTENTh. BUI HOPMHPOBOYHOTO
MHOXHTEISI MOXXHO TIONy4UTh, UCTOnb3ys ¢opmyry (C.6). Ilockombky

I W(r,7)=1, BepHa popmymna:

z 1 T(0.5M)
D=Tran (D.13)

b XM
(2 cosh(z))

Ucnone3ys ¢opmyny (D.13) momyuum BHI HOPMHPOBOYHOTO
MHOXUTENSA A :

C(M-1)(t/)+]) 1

= . D.14
T2(0.5((M = 1)(¢/ 7) + 1)) (¢/ 7) (D-14)
Ha stom BEIBOZ yripomieHHOM hopMmyds! (4.18) 3aBepiieH.
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Bibik Yu. Forecasting in Stock Markets Using the Formalism of Statistical Mechanics.

Abstract. The possibility and expediency of forecasting in the stock markets are analyzed
analytically using the methods and approaches of statistical mechanics. The apparatus of
statistical mechanics is used to analyze and forecast one of the most important indicators of the
market — the distribution of its logarithmic profitability. The Lotka-Volterra model used in
ecology to describe systems of the "predator-prey" type was used as the initial model. It
approximates market dynamics adequately. In the article, its Hamiltonian property is used,
which makes it possible to apply the apparatus of statistical mechanics. The apparatus of
statistical mechanics (using the principle of maximum entropy) makes it possible to implement
a probabilistic approach that is adapted to the conditions of stock market uncertainty. The
canonical variables of the Hamiltonian are presented as logarithms of stock and bond prices,
the joint probability distribution function of stock and bond prices is obtained as a Gibbs
distribution. The Boltzmann factor, included in the Gibbs distribution, allows us to estimate the
probability of the occurrence of certain stock and bond prices and obtain an analytical
expression for calculating the logarithmic return, which gives more accurate results than the
widely used normal (Gaussian) distribution. According to its characteristics, the resulting
distribution resembles the Laplace distribution. The main characteristics of the resulting
distribution are calculated — the mean value, variance, asymmetry, and kurtosis. Mathematical
results are presented graphically. An explanation is given of the cause-and-effect mechanism
that causes a change in the profitability of the market. For this, the idea of Theodore Modis
about the competition between stocks and bonds for the attention and money of investors is
developed (by analogy with the turnover of biomass in models of the "predator-prey" type in
biology). The results of the study are of interest to investors, theorists, and practitioners of the
stock market. They allow us to make thoughtful and balanced investment decisions due to a
more realistic idea of the expected return and a more adequate assessment of investment risk.

Keywords: stock market dynamics, return distribution function, maximum entropy
principle, Gibbs distribution, Laplace distribution.
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