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NCKYCCTBEHHbIV MHTENNEKT,
VHXXEHEPUSA OAHHBIX 1 3HAHUN

VK 004.8 DOI 10.15622/sp.56.1
K. SANDKUHL, A.V. SMIRNOV
KNOWLEDGE MANAGEMENT IN PRODUCTION NETWORKS:
CLASSIFICATION OF KNOWLEDGE REUSE TECHNIQUES

Sandkuhl K., Smirnov A.V. Knowledge Management in Production Networks:
Classification of Knowledge Reuse Techniques.

Abstract. Many studies in the field of knowledge management indicate that enterprises
and organizations establishing systematic sharing, transfer and reuse of knowledge can expect
substantial benefits. Although sharing and transfer of knowledge requires a way to transfer or
capture knowledge, not much work has been spent in investigating what kinds of reuse
techniques are used in organizations. Starting from a classification of approaches to knowledge
reuse, this paper investigates the state of knowledge reuse in production networks with a
specific focus on networks of small and medium-sized enterprises (SME). The aim of the paper
is twofold: for production networks, the intention is to investigate which kind of reusable
knowledge, in terms of the classification developed, is most relevant for such networks; for the
approach to the classification of knowledge reuse techniques, the aim is to further refine the
approach and validate it in the field of production network research. The main contributions of
this paper are (1) an analysis of reuse situations in SME networks, (2) evaluation of the
proposed approach to the knowledge reuse classification for use in the reuse situations and (3)
further refinement and validation of the classification approach.

Keywords: knowledge transfer, knowledge representation, production networks, SME
networks.

1. Introduction. In the field of knowledge management, various
studies have been carried out in order to determine preconditions, structures,
procedures and best practices for successfully implementing systematic
management of knowledge in organizations (see, e.g. [1-3]). The results of
these studies indicate that enterprises and organizations establishing
knowledge management structures can expect advantages and benefits, like
reducing problem-solving time, faster delivery to market, cost reduction for
specific activities [4], more effectivity in design for manufacturing [5], or
better internal communication and increased staff participation [6]. The be-
lief is that systematic development and reuse of knowledge will contribute
to improving competitiveness of an enterprise [7]. Methods, tools and tech-
nologies used in this field stem from different areas of computer science and
business information systems, among them knowledge engineering [8] and
enterprise knowledge modelling [9] which offer means for capturing
knowledge in defined representations in order to support the entire lifecycle
of organizational knowledge management. Work presented in this paper
focuses on a specific aspect of knowledge management and knowledge en-
gineering: knowledge prepared for reuse.

The work brings together experiences in knowledge management for
production networks and previous work on knowledge reuse and classifica-
tion of reuse approaches [10]. Production networks in general are a cross-

SPIIRAS Proceedings. 2018. Issue 1(56). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 5
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enterprise organization structure implementing and managing distributed val-
ue creation and product/service delivery in a coordinated and often geograph-
ically distributed partner structure. Knowledge management for such net-
worked structures has been investigated before which showed that specifics
and needs for SME networks have not been extensively investigated (see Sec-
tion “Background”). In this paper, the focus will be on such SME networks.

Experiences from industrial projects show that selecting the appropri-
ate approach from the multitude of knowledge reuse techniques is difficult for
practitioners (see, e.g. [11]). In our previous work we developed a classifica-
tion of knowledge reuse approaches with clearly defined criteria motivated
from industrial practice in order to assist selection of a suitable approach for a
given knowledge reuse situation [10]. The aim of the paper is twofold: for
production networks, the intention is to investigate which kind of reusable
knowledge, in terms of our classification approach, is most relevant for such
networks; for the classification approach of knowledge reuse techniques, the
aim is to further refine it and validate it in the field of production network
research. The main contributions of this paper are (1) an analysis of reuse
situations in production networks with specific focus on SME, (2) evaluation
of the developed knowledge reuse classification for use in the reuse situations
and (3) further refinement and validation of the classification approach.

From a research method perspective, our work includes several stag-
es for investigating the above research issue. The first stage is a literature
review of knowledge management in production networks with the inten-
tion, to identify examples for knowledge reuse cases. The second stage is to
apply the classification approach for knowledge reuse on the results of the
literature study in order to evaluate its applicability and identify improve-
ment potential. The third stage is to use the results of the classification in
order to derive conclusions regarding the techniques for knowledge reused
applied in SME production networks.

The remaining part of this paper is structured as follows: The next
Section will give background information on production networks and
knowledge reuse including different interpretations of the term as such. The
third Section summarizes the classification approach for knowledge reuse
developed in earlier work. It follows a Section that presents the results of
the literature study on knowledge reuse in production networks and an ex-
ample for knowledge reuse in an actual SME network. The literature study
results and the example are analyzed from a classification perspective. In
the fifth Section the classification approach is validated. The sixth Section
contains a discussion about the kinds of knowledge reuse techniques con-
sidered most relevant for production networks. The final Section summariz-
es the findings and discusses future work.

6 Tpyabl CMIMNPAH. 2018. Bein. 1(56). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
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2. Background. From a technological perspective, the background
for this paper is work on knowledge reuse. From an application perspective,
research in production network forms the basis. Both background areas are
briefly summarized in this Section.

2.1. Production networks and SME networks. Globalization and
increased competition on worldwide markets require new forms of organi-
zation and work support. Growing requirements to flexibility, lead time
reduction or customization possibilities have caused a need to establish nu-
merous collaborative partnerships between enterprises. Networked organi-
zations, virtual enterprises, production and supply networks emerged [12].
Examples for such kinds of networks can be found in automotive industry.
Typical car manufacturers that made 75% of product components 25 years
ago now make only 25% of those components and 50-70% of product cost
is with suppliers. Organizations of this form use information and communi-
cation technologies to extend their boundaries and physical location and
form multiple links across the boundaries to work together for a common
purpose. There is a rich body of knowledge about advantages, strategic
drivers, organizational practices and other aspects for such networks (see,
e.g. [13-15]). However, knowledge reuse and knowledge management prac-
tices in production networks have not been investigated in detail (cf. Section
“Knowledge Reuse in Production Networks™).

Especially in small and medium sized enterprises (SME), the competi-
tiveness and future market position of an enterprise is closely related to the
ability of cooperating with partners in SME networks or supplier organiza-
tions. SME networks are communities or associations of enterprises based on
common economical and value-creation objectives. They pro-actively form
co-operations for joint development or project work. These co-operations
typically are temporary, dynamical with respect to the members, geograph-
ically distributed, flexible and quick responsive to market demands.

SMEs usually have a number of internal knowledge sources which
should be used more systematically and intensively in cooperation projects.
Although most knowledge exists in the heads of employees, there usually is
a substantial amount of externalized knowledge, i.e. stored electronically in
documents, databases or information systems. Furthermore, corporate
knowledge represented in work processes, organization structures or best
practices also is an important knowledge asset. All these knowledge sources
of specific importance in complex work processes with a number of distrib-
uted partners, high competence requirements and a lot of rules and guide-
lines to be obeyed. In these situations it is important to discover the exactly
“right” knowledge source, to find it “in time” and to get access to it fast.
During the last decade, a number of knowledge reuse, knowledge sharing
and knowledge supply cases in industrial application scenarios were report-
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ed (see, e.g., [16, 17] and [50]). The majority of these cases stems from
large companies, or from IT-intensive middle-sized or small enterprises.
Existing studies about IT use in SMEs, like [18], do not cover knowledge
reuse techniques sufficiently. Drawing conclusions from experiences of
larger enterprises with regards to SMEs is not appropriate, as SMEs have
their own characteristics [19]: SMEs often belong to the “late adopters” of
new technology, i.e. they prefer mature technologies, which are easy to de-
ploy, use and maintain. SMEs show a clear preference for to a large extent
standardized processes and solutions. Innovation projects in SMEs typically
have to contribute to business value within a short time frame.

2.2. Knowledge Reuse in Knowledge Management and
Knowledge Engineering. Research in knowledge reuse is performed in
various disciplines including economic sciences, psychology, engineering
sciences or education sciences. In the scope of this paper with its focus on
IT-related approaches and techniques, we will focus on computer science
and business information systems. It is important to understand related areas
in order to position knowledge reuse with respect to related work. Many
approaches for knowledge reuse either originate from research on
knowledge management or from knowledge engineering. Both areas aim at
supporting the “lifecycle” of knowledge from inception to use and both in-
clude technological and methodical approaches.

The most relevant areas related to knowledge reuse are

—Knowledge management systems from an organizational perspec-
tive. These systems describe how to establish systematic knowledge man-
agement in an organization in terms of activities and organizational struc-
tures required. Well-known approaches sin this area are the “building
block” model proposed by Probst et. al. [20] and the SECI model [21],

—Knowledge management systems from a technology perspective,
i.e., IT-systems supporting organizational knowledge management, organiza-
tional memory [51] and decision support [48]. In this area, Maier et al.’s ar-
chitecture proposal [22] for such systems and the differentiation between var-
ious knowledge services as components of this architecture is often applied.

—Knowledge representation techniques defined how explicit
knowledge should be stored, e.g. as a knowledge base for different applica-
tions. [23] provides an overview to such techniques from computer science.

—Knowledge fusion addresses the question how to create new explicit
knowledge from various knowledge sources [49], which often have different
abstraction levels. [24] includes an overview to existing techniques in this field.

—Organizational situations for knowledge reuse were identified my
Markus [25]. Knowledge about these situations supports the design of
knowledge representation techniques and organizational practices.

8 Tpyabl CMIMNPAH. 2018. Bein. 1(56). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
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—Evaluation of knowledge and knowledge management systems
aims at deciding whether knowledge is useful for an organization and what
the value is. Two selected approaches in this field are Delone and
McLeans’s IS success model [26] and Jennex and Olfman’s approach [27].

Our past research work included activities which contributed to both,
the organizational aspects of knowledge management and knowledge repre-
sentation, and the technical aspects of these fields. Regarding the organiza-
tional aspects, this included capturing organizational knowledge in enter-
prise models [28], enterprise knowledge models or organizational
knowledge patterns [29]. The more technology-oriented work was in the
field of ontology patterns [30] and ontology engineering practices [31].

During our previous work on knowledge reuse techniques, we per-
formed an analysis of related work for the organizational aspects of
knowledge reuse and for the more technology-oriented aspects of this field.
During this related work analysis, which is published in [31-34], many dif-
ferent techniques were discovered which either explicitly stated that they
were designed for knowledge reuse or which due to their application con-
text have to be considered as part of this field.

3. Criteria for Comparing Knowledge Reuse Approaches. The
different perspectives and the variety of approaches for knowledge reuse
discussed in the previous Section were an important motivation for the de-
velopment of a classification approach for knowledge reuse techniques,
which was first published in [10]. This approach is based on the analysis of
literature in the field of knowledge management and knowledge engineer-
ing (see previous Section), on own work in developing knowledge reuse
techniques and methods and experiences in industrial application of
knowledge reuse. This Section summarizes the proposed such a classifica-
tion which consists of a number of criteria for comparing knowledge reuse
approaches. The main purpose of these criteria is to support interested re-
searchers and practitioners in navigating through the wealth of reuse ap-
proaches being published in the scientific literature.

The proposed criteria are discussed in the following parts of this Section:

- Reuse techniques

- Reuse situations

- Capacity of knowledge representation

- Addressee of knowledge

- Scope of the knowledge

- Phase of solution development

- Validation status

The selection of the above criteria was guided by the intention to
represent different and complementary aspects of knowledge reuse from an
organizational and a technological perspective. The criteria reuse situation,
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addressee of knowledge, validation status and phase of solution develop-
ment are directed towards organizational aspects, whereas reuse technique,
capacity of knowledge representation and scope address technological as-
pects. This set of criteria probably is not exhaustive, i.e., definition of addi-
tional criteria is possible and application of the criteria set is expected to
show what additional ones are recommendable (see also Section 5).

All criteria aim at sorting knowledge reuse approaches into catego-
ries with respect to the criteria under consideration, i.e., all criteria contain a
list of categories to be used. In case none of the given categories is applica-
ble when using one of the criteria for a certain reuse approach, the addition-
al category “other” should be used. Such a case would call for a discussion
about an extension of the above classification scheme.

3.1. Reuse Techniques. In general, a technique denotes “practical
method or art applied to some particular task”. In the context of knowledge
reuse, we propose to consider techniques form computer science developed
as means to facilitate reuse. Based on the literature search mentioned in the
previous Section, we identified four techniques frequently used in
knowledge reuse which are summarized in Table 1.

Table 1. Reuse techniques distinguished in the classification approach
Reuse
Technique

Description

a module is a self-contained component of a solution with
Module based | defined interfaces hiding the actual implementation. The
techniques module has to be used ,,as is“, i.e., without changing it, and
often will be composed together other modules to a solution
architectures in general identify the main building blocks of
a system with their interfaces and dependencies. Reference

Refer.ence architectures are architectures reflecting the common
Architecture I . .
based building blocks for a defined domain which were agreed on
techniques by the stakeholders in that domain. Reference architecture
4 can be considered as technique for knowledge reuse ,,in the
large”.
a template is a gauge to be used as a guide in making
Template .
something accurately for a defined purpose. A template
based
. defines the structure but not the content; usually no
techniques

behavioral aspects included

a pattern provides solution principles (and how to
implement them) for a recurring problem in a specific
context by abstracting from actual application. A pattern
exposes the core elements of the solution (structure and
behavior) and consequences of using it. A pattern cannot be
used as it is (unlike a module) but always has to be adapted
for the purpose at hand

Pattern based
techniques
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The question to be answered for this criterion when classifying a
knowledge reuse approach is: “What knowledge reuse technique is used by
the knowledge reuse approach?”

3.2. Reuse Situations. The concept of reuse situations was proposed
by Markus [25] as a way to characterize typical situations in organization
where a demand of knowledge reuse arises. The reuse situations identified
by Markus are shown in Table 2.

Table 2. Reuse situations in the classification approach

Reuse

Situation Description

Shared this situation exists when people work together on a team, either with

the same roles or tasks or with different functions (cross-functional)
work . .

and reuse work procedures earlier developed by themselves, i.c., they
procedures .

are producers of knowledge for their own later reuse

when people in different organizational or geographical settings
Shared do similar work and share knowledge between each other in order
work to support their work. These people are not part of a team, but

practitioners | they have similar tasks. They are producers of knowledge for each
other"s reuse
people with an occasional need for expert knowledge that they do

Expertise- not possess and do not need to acquire themselves because they
seeking need it rarely can be called expertise-seeking novices. Thus, this
novices situation is given when a task has to be performed just once and

the knowledge is required for this task only
people who seek to answer new questions or develop new

Eﬁgﬁg?}é knowledge can be considered as “mining” for new knowledge.
miners & Through analysis of records or documentation produced by other

people for different purposes, they aim to reuse knowledge

The question to be answered for this criterion when classifying a
knowledge reuse approach is: “For what knowledge reuse situation has the
knowledge reuse approach been designed?”

3.3. Capacity of the Knowledge Representation. This criterion is
based on Alan Newell‘s work on knowledge levels. For Newell, knowledge
is that which an observer ascribes to an intelligent agent (human or ma-
chine) that allows the observer to construe the agent’s behavior as rational,
i.e. behavior that allows the agent to achieve its perceived goals [35, 36].
Newell emphasizes that knowledge is an abstraction that cannot be written
down. Data structures that we might use to encode knowledge in a computer
knowledge base are not equivalent to the knowledge (the capacity for be-
havior) that those data structures represent. We are able to use data struc-
tures (symbols) to represent knowledge in a knowledge base, but those
symbols cannot generate intelligent behavior — unless some process is ap-
plied to those symbols. This means we have to distinguish the symbols in a
knowledge base (knowledge representation) from the knowledge (capacity
for rational behavior) that the symbols can be used to generate.
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Sharing and reuse of knowledge according to Newell requires specif-
ic preconditions. Knowledge bases have meaning only when they are pro-
cessed by some interpreter - either by a computer program or by our own
minds. We cannot share and reuse knowledge bases if we do not also share
and reuse the inference engines (or mental processes) that bring our
knowledge bases to life. Although we may speak of transferring
“knowledge” from one site to another, we can at best transfer knowledge
bases. We design our knowledge bases so that they can be processed to pro-
duce intelligent behavior. According to Newell, the area of problem solving
is one of the application fields for sharing and reuse of knowledge. Sharing
knowledge about problem solving requires a format for knowledge repre-
sentation; a shared vocabulary; a conceptual model; and a process to be per-
formed by the interpreter using the knowledge base.

Capacity reflects how much of a problem solving task can be repre-
sented by the knowledge reuse approach under consideration, i.e., how
“powerful” is the reuse approach when it comes to capturing all parts of the
relevant knowledge. Regarding the capacity of the knowledge representa-
tion the levels summarized in Table 3 are distinguished.

Table 3. Capacity of reuse distinguished in the classification approach
Capacity Description
a knowledge representation format only defines how to represent

i(élclivslzgtgaiion the knowledge when explicating it. Often this includes syntax and
f p semantics of records in knowledge bases, information structures in
ormat

databases or languages to represent knowledge
reusable in addition to the knowledge representation format, capturing
lexicon / knowledge usually requires the definition of what terms and
shared concepts may be used for representing knowledge and what
vocabulary their meaning is

the relations between different concepts of the shared

vocabulary has to be captured in order to represent knowledge.
shared . ;
conceptual A knowledge reuse approach with the capacity to express a
model shared conceptual model usually allows for the definition of

hierarchies, taxonomic relationships, classes of objects,
characteristics of classes, etc.

according to Newell, the knowledge representation alone is not
sufficient to capture knowledge but there has to be an interpreter
(which can be a machine or the mental process of the human)
process reuse | using what is represented. If the knowledge reuse approach
allows for representing the process to be performed by interpreter
independent of knowledge representation format but dependent
on the interpreter, it has the capacity of process reuse

the highest capacity level is reached, if the process to be performed
by an interpreter can be represented independent of the knowledge
representation format and independent of the interpreter

problem
solving reuse
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It should be noted that the above levels of knowledge representation
are building on top of each other, i.e., “reusable lexicon / shared vocabu-
lary” requires “knowledge representation format”; “shared conceptual mod-
el” requires “reusable lexicon / shared vocabulary” and “knowledge repre-
sentation format”; etc.

The question to be answered for this criterion when classifying a
knowledge reuse approach is: “What capacity does the knowledge represen-
tation underlying the reuse approach provide?”

3.4. Addressee of knowledge. The addressee of knowledge captured
by a reuse approach can be considered as the target group which is sup-
posed to use the knowledge.

Most reuse approaches capture knowledge which is meant to be used
by an individual in her/his work context, but there are also knowledge reuse
approaches suitable for organizational knowledge only. With this criterion,
we aim to distinguish whether the knowledge reuse approach under consid-
eration is meant for. The potential addresses are summarized in Table 4.
The questioned to be answered for this criterion when classifying a
knowledge reuse approach is: “What is the main target group of the
knowledge provided by the reuse approach?”

Table 4. Addressees of knowledge distinguished in the classification approach
Addressee Description

the knowledge is meant for an individual when performing

tasks as part of his/her organizational role

the knowledge is not meant or not to be used or not

Group of people possible to use by an individual on its own, but it usually

does not happen within an organizational context

the knowledge can only be reused in an organization with

Individual

Organization L .

an organizational context in place
Several the knowledge concerns several organizations cooperating
organizations with each other (inter-organization)

3.5. Scope of the knowledge. In the context of knowledge man-
agement, approaches for reusing knowledge often focus on specific per-
spectives of enterprise knowledge, like knowledge about processes or
about products. The criteria “scope of knowledge” addresses this fact and
aims at classifying knowledge reuse according to these perspectives. We
propose to base this criterion on work from enterprise knowledge model-
ling. In general terms, enterprise modelling is addressing the systematic
analysis and modelling of processes, organization structures, products
structures, IT-systems or any other perspective relevant for the modelling
purpose [37]. Enterprise knowledge modelling combines and extends ap-
proaches and techniques from enterprise modelling. The knowledge need-
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ed for performing a certain task in an enterprise or for acting in a certain
role has to include the context of the individual, which requires including
all relevant perspectives in the same model. Thus, an essential characteris-
tic of knowledge models are “mutually reflective views of the different
perspectives included in the model” [9]. As a best practice for capturing
such mutually reflective views, the POPS* perspectives were proposed:
the enterprise’s processes (P), the organization structure (O), the product
developed (P), the IT system used (S) and other aspects deemed relevant
when modelling (*) [38].

Based on this best practice, the criterion is supposed to capture, what
the main scope of the knowledge in the knowledge reuse approach is. The
different options are shown in Table 5.

The questioned to be answered for this criterion when classifying a
knowledge reuse approach is: “What is the scope of the knowledge captured
by the knowledge reuse approach?”

Table 5. Scope of knowledge distinguished in the classification approach

Scope Description
the knowledge concerns about a product. It should be noted
that a product of an enterprise does not have to be a
Product . . .
physical product but can be a service provided to a
customer, i.e., it can be a “service product”
IT solution or the knowledge is related to an IT solution or artefact within
artefact the solution development process
Process the knowledge is explicitly addressing a process or a way
to perform certain activities in an organization e
Lo the knowledge is about organization structures, e.g. how to
Organization . . .o
implement certain roles, positions or structural
structure .
characteristics

3.6. Phase of solution development. Both in knowledge manage-
ment and in knowledge engineering, the introduction or development of
systems or solutions to given problems happen in a systematic way, which
is reflected in development phases. Many knowledge reuse approaches were
designed for a specific development phase. The purpose of the criterion is to
determine in which solution development phase the knowledge reuse ap-
proach under consideration is supposed to be useful or applicable. We dis-
tinguish between 7 traditional phases, which for example are reflected in
software engineering approaches, like Boehm’s spiral model [39]. These
phases are explained in Table 6.

The questioned to be answered for this criterion when classifying a
knowledge reuse approach is: “For what phase of the solution development
process situation has the knowledge reuse approach been designed?”
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Table 6. Phases of solution development distinguished in the classification approach

Phase of solution i
Description
development
Knowledge relevant for solution development when
Analysis analyzing requirements or application contexts for the
envisioned solution
Specification Knowledge which is reugable when . specifying ' the
expected structure and behavior of the envisioned solution
Design Knowledge which is reusabl.e wher} designing the so.lution
in the large (architecture) or in detail (component design)
Implementation Reusable knowledge for implementing the solution
Verification and Knowledge relevant for validating and verifying the
Validation solution including test designs and data
Operation Knowledge relevant during operations and execution
Maintenance Knowl.edge for detecting or avoiding problems during
operations

3.7. Validation Status of the Approach. The validation status of
the reuse approach is considered an important criterion in order to, e.g.,
judge the suitability of the approach for use in industrial practice. Our
assumption is that the more an approach has been validated in theory and
practice, the more mature and useful it is. Among the many scientific
approaches for validating research results, we base our proposal for judg-
ing the validation status on the work of Lincoln and Guba ([40], p. 289
ff.) on “naturalistic inquiry”. On the one hand, we distinguish between
theoretical and practical validation. Theoretical validation means as-
sessing an approach within the theories of the domain the approach is
part of or supposed to contribute to. In the context of knowledge reuse,
this means to assess the soundness, feasibility, consistency within the
body of knowledge in, for instance, knowledge management and
knowledge engineering. Practical validation encompasses all kinds of
application of the approach for validation purposes, which requires de-
fined procedures and documenting results.

This could be simple lab examples illustrating the approach, con-
trolled experiments in a lab setting, application in industrial cases, etc.

On the other hand, we consider the context of validation and distin-
guish between validation by the developers of the approach in their internal
environment, validation by the developers outside the internal environment,
and validation by other actors than the developers. Combining these two
perspectives leads to a two by three matrix, which is depicted in Table 7.
The cells of this Table show typical ways of validation for the different
combinations of the two perspectives.
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Table 7. Validation steps according to Lincoln and Guba

Validation Theory Practice
steps
Internal, Validation against state of | Prototype implementation for
development | research, internal checking feasibility, test in lab
team consistency checks environment
. Case studies with application
Peer-review of . .
. S . partners using the artifacts for
External, in | publications describing .
A evaluation purposes
validation approach and concepts, L
. Application of the developed
context comparison to known best . . .
. . artifacts in cooperation / under
practices of the domain . .
instruction from developers
Development of
extensions or
enhancements of the
concepts and approaches
External, in | by external actors Use of the artifacts developed (e.g.
application Application of the algorithms, methods, software
context artifacts for creation of components) for solutions
new theoretical
knowledge
Comparison with related
approaches

Using the above matrix, information about the knowledge reuse ap-
proaches has to be used to determine where to position the validation status
for the reuse approach in the matrix. Usually, validation starts on the “inter-
nal, development team” level with validation in theory followed by validation
in practice, and proceeds “downward” in the matrix with alternating theory
and practice validation to “external, in application context”. Thus, the highest
validation status would be reached if all cells in the matrix were covered.

The questioned to be answered for this criterion when classifying a
knowledge reuse approach is: “What validation status does the knowledge
reuse approach have?”

4. Knowledge Reuse in SME Production Networks. This Section
focuses on an analysis of knowledge reuse situations in production networks
in general and networks of small and medium-sized enterprises (SME) in
particular. This analysis consists of two parts: in the first part, a literature
analysis regarding knowledge reuse is described. In the second part, an ex-
ample for an industrial network is presented and analyzed.

4.1. Literature Analysis. The literature analysis performed for this
paper followed a systematic process described by Kitchenham [41]. Starting
point was the definition of research questions guiding the systematic litera-
ture analysis. In our case the main questions were:
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—RQI1: What scientific work has been done on knowledge reuse in
production networks?

—RQ2: Using the classification approach presented in the third
Section, what knowledge reuse techniques have been described in the
published work?

In the next step, the literature sources to be analyzed had to be de-
fined. Since knowledge reuse and knowledge management are interdisci-
plinary subjects, literature sources from computer science and information
systems were included. We analyzed SpringerLink, IEEE xplore, AISeL
and ScienceDirect. In the search term we included knowledge manage-
ment and not only knowledge reuse to make sure that papers were selected
which did not explicitly mention the term reuse. Furthermore, in addition
to production network, we also included terms commonly used as a syno-
nym or generalization. The final search term used in all literature data-
bases was as follows:

(“Knowledge Management” OR “Knowledge Reuse”) AND (“Pro-
duction Network” OR “Manufacturing Network” OR “SME-network” OR
“SME-cluster” OR “SME network” OR “SME cluster” OR “Networked
Organization” OR “Networked Organization”)

The search was performed in title, abstract and keywords or meta-
data. The list of hits in each literature database was analyzed paper by pa-
per. In this step, only those papers were selected which described a
knowledge reuse technique or examples, organization structures or practices
for reuse. Table 8 shows the number of papers retrieved.

Table 8. Number of papers retrieved in the literature analysis

Literature Source No. of hits for the search term No. of relevant papers
IEEE xplore 28 3
SpringerLink 17 3
AIS electronic 22 0
library
Total 67 6

At the end of this process, only 6 papers remained for further anal-
ysis. Many hits had to be excluded because they were not addressing pro-
duction networks but single organizations or because they used
knowledge management and knowledge reuse only as a motivation for the
development of a very specific system or technology without showing
applicability or real-world use. Table 9 presents the papers which were
analyzed in detail.
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Table 9. Papers retrieved in the literature analysis
No. Paper Source
Y. Zhang and Y. Jin, "Research on Knowledge
Management for Group Enterprise in Cloud
1 Manufacturing," Computer Science & Service System IEEE xplore
(CSSS), 2012 International Conference on, Nanjing,
2012, pp. 1946-1950.
Chunli Yang and Hao Li, "A framework of product
knowledge management supporting product agile
2 customization design," Service Operations and Logistics, IEEE xplore
and Informatics, 2008. IEEE/SOLI 2008. IEEE
International Conference on, Beijing, 2008, pp. 308-313.
M. Takahashi, J. I. Oono, K. Saitoh and S. Matsumoto,
"Reusing makes it easier: manufacturing process design

3 by CBR with KnowledgeWare," in /EEE Expert, vol. 10, IEEE xplore
no. 6, pp. 74-80, Dec 1995.
G. Bruno, D. Antonelli, R. Korf, J. Lentes, N.
Zimmermann (2014) Exploitation of a Semantic Platform
to Store and Reuse PLM Knowledge. Advances in . .
4 Springer Link

Production Management Systems, Volume 438, IFIP
Advances in Information and Communication
Technology, pp 59-66. Springer.

R. Furian et al. (2013) Knowledge Management in Set
Based Lean Product Development Process. Advances in
5 Production Management Systems, Volume 397, IFIP Springer Link
Advances in Information and Communication
Technology, pp 368-375, Springer.

M. Bricogne, F. Belkadi, M. Bosch-Mauchand, B.
Eynard (2010) Knowledge Based Product and Process
Engineering Enabling Design and Manufacture
Integration. Advances in Production Management
Systems, Volume 338, IFIP Advances in Information and
Communication Technology, pp 473-480, Springer.

Springer Link

Analysis of the retrieved papers focused on identifying the
knowledge reuse technique described in the paper and classifying it with the
approach presented in the third Section. The result of this classification is
shown in Table 10.

The most important finding of the literature review is that there is
not much research available on knowledge reuse in production networks
(RQ1). Only 68 papers as a result of the search is quite a low number. The
same is true for the 6 papers found relevant. The published approaches
focus on framework or module development, which in most cases have
not entered the validation phase yet. The dominant scope considered is
product knowledge.
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Table 10. Classification of knowledge reuse techniques in the papers resulting from
the literature review

Criterion Classification of papers from literature review
#1 #2 #3 #4 #5 #6

Reuse Fr.work | Fr.work | Module | Fr.work |Module | Fr.Work
Techniq.

Reuse Shar. Exp.- Exp.- Shar. work| Exp.- | Exp.-
Situation work seek. seek. proc. seek. |seek.

proc. nov. nov. nov. nov.

Capacity of | Shar. Shar. Shar. Shar. Shar. | Shar.
KR conc. conc. conc. conc. conc. |conc.
approach mod. mod. mod. mod. mod. |mod.

Address. of |Organ. Organ. Indiv. Organ. Indiv. |Organ.
knowldg.
Scope of Product, |Product |Product |Product |Product|Product,

the proc. proc.
knowldg.

Phase of Design | Design Spec. Spec. Spec. | Design
solution

develop.

Validat. Internal |Internal |Internal |External, |Internal |Internal
status of valid.

approach cntxt

4.2. SME production network example. In order to illustrate the use
of the classification approach for investigating knowledge reuse approaches in
SME production networks, this Section will briefly introduce an example of
such a network. The example was one of the industrial case studies on distrib-
uted product development in the MAPPER project [42] and is based on a
networked organization from automotive supplier industry. The network con-
sists of independent companies in the automotive domain who cooperate in
product design and development and also coordinate their activities for pro-
duction and delivery. Organizations of this form use information technology
to extend their value creation possibilities [43] and establish various links
across their organizational boundaries to achieve the joint objective [44].

The leading partner in the example network is a first tier automotive
supplier from Sweden with its business area “seat comfort systems and compo-
nents”, working with development and manufacturing of products for trucks
and cars world-wide. The products considered in the example are seat comfort
products, like seat heater, ventilation for seats, lumber support and head re-
straint. Typical development processes of products in this business area encom-
pass elicitation of system requirements based on requirements from car or truck
manufacturers; functional specification; development of product architec-
ture (logical and technical components); co-design of hardware, software, elec-
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trical and mechanical components; component and integration testing; and pro-
duction planning including production logistics, product line and floor planning.

The first tier supplier performs this process in a geographically dis-
tributed setting, which involves engineers and experts at different locations
in Scandinavia, which also includes SMEs. Many seat comfort systems and
components are developed in product families, i.e., various versions exist
and have to be maintained and specialized for different product variations
made for different customers. In this context, fast and flexible engineering
processes and the possibility to concurrently perform forward-engineering
processes for different product variants is of crucial importance. In this con-
text, information sharing and smooth reuse of knowledge from earlier prod-
uct versions and network partners are key factors for efficient processes.

Figure 1 shows a typical collaboration set-up for engineering seat
comfort components in the example network. The customer for a new vari-
ant of a seat heater is an OEM (Original Equipment Manufacturer) for cars
or trucks. The first tier supplier receives the order for engineering and man-
ufacturing the seat comfort sub-systems for a new vehicle model. From the
first tier supplier perspective, this order usually leads to a new variant in a
product family. Several sub-suppliers and partners are involved in the engi-
neering and production network, with responsibility for specific compo-
nents, like the carrier cover and carrier material or the copper wires for the
heating coil, or for selected services, like the controller design or manufac-
turing of the relay unit. The first tier supplier organizes and monitors the
overall design process, contributes own components and engineering steps,
and is responsible for the system integration.

2nd tier supplier
of components

Engineering
services

Seat cover
and carrier

Controller
design

Seat Heater
Seat Comfort Value Chain
Original First tier
Equipment supplier
Manfacturer Heating coil Manufacturing

of components

2nd tier supplier
of components
Fig. 1. Example supply network in collaborative product engineering
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Enterprise engineering frameworks, such as GERAM [45], recommend
using enterprise models or partial enterprise models for capturing proven struc-
tures of how to organize processes, what actors and roles are required, and the
specific resources needed for a certain task. One of the problems encountered
when representing relevant knowledge of production network members with
partial enterprise models for each network member is to identify the integration
points between the individual partial models, i.e. the processes where collabora-
tion takes place and what actors and resources are involved.

In this context, the concept of a “connector view” was developed with
the intention to contribute to solving the problems with interconnecting collabo-
ration processes and give a “network-wide view” of the collaboration. As a
complement to the partial enterprise models, the connector view is a model
which captures collaboration elements, i.e. a model solely focused on processes,
actors and resources which constitute collaborative situations. For a defined
partnership in a production network, the relevant partial enterprise models are
integrated with help of the connector view which results in a model for the col-
laboration of the established partnership with cross-enterprise collaboration
processes and information flows (see [46] for more details).

When classifying partial enterprise models and the connector view
with the approach presented in the third Section, it shows that basically two
techniques are used: the partial enterprise models are reused by instantiating
them, i.e. they have to be considered as patterns; the connector views are
blueprints for what to integrate in creating collaborative processes, which
makes them templates.

Since partial enterprise models and connector views are meant for
sharing experiences between enterprise engineers about how procedures or
tasks should be designed, the reuse situation is “shared work procedures”.
These patterns are meant to capture not only a conceptual model, but all
information for problem solving, which shows the capacity of the approach.
Partial enterprise models will be used in organizations engaging in a collab-
oration, which makes organizations the primary addressee of the
knowledge. The scope of the knowledge is “process” and “organization
structures”, as partial enterprise models are used to describe these two as-
pects of organizations. The use of the knowledge for designing the way of
collaboration indicates that the development phase addressed is “design”.
As partial enterprise models and connector views were used in a number of
real-world application contexts by people external to the development
teams, the validation status of the approach is “external, in application con-
text”. The result of the classification is shown in Table 11.
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Table 11. Classification of reuse in the sample SME production network

Criterion Classification of knowledge reuse
approach used in SME network

Reuse Technique Pattern and template

Reuse Situation Shared work procedures

Capacity of knowledge reuse approach | Problem solving reuse

Addressee of knowledge Organization

Scope of the knowledge Knowledge about processes and
organization structure

Phase of solution development Design

Validation status of the approach External, in application context

5. Validation of the Classification Approach. Already in Section 4
the knowledge reuse classification approach (Section 3) was applied when
categorizing what knowledge reuse approaches are relevant for SME pro-
duction networks. However, in the previous Section the developers of the
categorization applied the approach, i.e. it was an internal validation of the
approach. In contrast to the previous Section, this Section will take an ex-
ternal perspective when validating the classification approach, i.e. persons
from outside the development team will use and evaluate the approach. The
purpose is to check whether the knowledge reuse classification is applicable
when practitioners investigate reuse in SME production networks.

In previous validation attempts [10], the classification criteria have
been applied for technological and organizational approaches from comput-
er science and business information systems. If we want to meet our ambi-
tion to support practitioners in selecting the right technique, the criteria have
to be understandable even in this context. At the same time, performing the
classification will — at least for the given selection of papers — show what
knowledge reuse techniques actually are in use in SME networks and which
potentially should receive more attention.

The validation requires that the approach under consideration is ap-
plied and evaluated by actors which were not involved in developing it.
Thus, the evaluation of knowledge reuse approaches in SME networks was
performed in two seminars at different occasions with different student
groups in different educational settings. The first seminar was organized in
autumn 2014 in a master course on Knowledge Representation at Rostock
University, Germany. Participants were 12 master students, all of them with
a Bachelor in Business Information Systems. Seminar 2 took place as part
of a summer school in spring 2015 at Berlin University of Technology. Par-
ticipants were more than 20 PhD students and master students. Both semi-
nars followed the same set-up and work process:

—a 4 hour time frame was arranged, which consisted of 1,5 hours lec-
ture, 1,5 hours group work and one hour discussion of the group work results;
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—the lecture introduced the term knowledge reuse, related areas from
knowledge management and knowledge engineering, examples for
knowledge reuse techniques and the classification approach, i.e., the lecture
basically had the same content as the first four Sections of this paper;

—the group work part had the task for each group to use the classifica-
tion approach for investigating and classifying the technique of knowledge
reuse applied in a given SME network. Each of the SME networks to be in-
vestigated was documented in a scientific publication. The participants
formed groups of two or three students and selected themselves which SME
network to work on. No group was allowed to take the same paper as another
group. The papers selected for the group work are listed in Table 12;

Table 12. Papers on SME networks selected for the seminars
No. Paper
Corso, M., Martini, A., Paolucci, E. and Pellegrini, L. (2003), ‘‘Knowledge
management configurations in Italian small to medium enterprises’’,
Integrated Manufacturing Systems, Vol. 14 No. 1, pp. 45-56. Dominant
approach: inter-personal relationships
Wenger, E. (1998), Communities of Practice: Learning, Meaning and Identity,
2 | Cambridge University Press, Cambridge.Dominant approach: technical and
organizational infrastructure and self-organization in the community
Dyer, J.H. and Nobeoka, K. (2000), ‘‘Creating and managing a high-
performance knowledge sharing network: the Toyota case’’, Strategic
Management Journal, Vol. 21, pp. 345-67. Dominant approach: establish
learning processes and knowledge sharing structures
Sandkuhl K., Smirnov A., Henoch B. (2004) “Towards Knowledge
Logistics in Agile SME Networks - Technological and Organizational
Concepts”. In: Dolgui A., Soldek J., Zaikin O. “Supply chain optimisation:
product/process design, facility location and flow control”. Kluwer
Academic publishing, ISBN 1-4020-8081-6. Dominant approach: use
application ontology to capture competences of network partners
Sandkuhl, K. (2010) Capturing Product Development Knowledge with Task
Patterns: Evaluation of Economic Effects. Quarterly Journal of Control &
Cybernetics, Issue 1, 2010. Systems Research Institute, Polish Academy of
Sciences.
Pegas, P., & Henriques, E. (2006). Best practices of collaboration between
6 | university and industrial SMEs. Benchmarking: An International Journal,
13(1/2), 54-67. Dominant approach: best practice descriptions
Yew Wong, K. (2005). Critical success factors for implementing
knowledge management in small and medium enterprises. Industrial
Management & Data Systems, 105(3), 261-279. Dominant approach:
implement management support and organizational structures
K. Sandkuhl, V. Tarasov (2010) Comparison of Approaches for Competence
Demand Modeling in Flexible Supply Networks. Logistics and Supply Chain
8 | Management: German-Russian Perspectives, Proceedings of the 5. German-
Russian Logistics Workshop. St. Petersburg, May 2010, ISBN 978-5-7422-
2585-0. Dominant approach: competence descriptions
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—the discussion of the group work results consisted for each group of a
short description of the publication analyzed and the classification reached. This
classification was discussed with the other seminar participants. Furthermore,
each group had the explicit task to reflect on suitability of the different classifi-
cation criteria for the given purpose, on the applicability of the criteria, i.c., are
the criteria described in a way which allows to clearly distinguish the different
categories, and whether criteria or aspects for classification were missing or
superfluous. In seminar 1, the participants had to summarize their results in a
short report; in seminar 2, the results were captured during discussion.

The results of the group work in the three seminars are summarized in
Table 13 regarding the classifications which were detected for each technique.

Table 13. Summary of the classification results from all seminars for the papers
listed in Table 5

Reuse Phase of | Validation
Paper| Reuse . Ad-
Tech- R Capacity Scope Devel- status of
no. . Situation dressee
nique opment | Approach
1: 1,2: shared 1,2: 1,2: 1,2: external,
1,2 T 1,2:all |. .
1 template work none indivi- | process, hases | applica-
2:none practitioners dual artefact P tion context
1: 1,2: shared L.2:
1,2: process, 1,2: external,
template | work 1,2: . 1,2:all |. .
2 ~ vocabu- organiza- in applica-
2: procedu- 1 group . phases | .
ary tion or tion context
template | res
artefact
1,2: 1,2: shared 1,2: L.2: . |1,2: process, | 1,2: all 1 2 ext'emal,
3 work organi- . in applica-
none L. none . organization | phases | .
ractitioners zation tion context
1: model 1,2: 1.2: 1: 1,2: 1: internal,
. expert concep- . [1,2:IT- .. i
4 2: . organi- analysis | in validation
seeking tual ) artefact .
template . zation + design | context
novices model
L 1,2: shared |1, 2: 1,2: L.2: 1,2: external,
pattern . |process, 1,2 . .
5 5. work problem |organi- org design in applica-
template procedures |solving |zation product, IT tion context
L2 12: 1.2 1,2: 1,2: external,
1,2: expertise- T L .. .
6 . concept. |indivi- |organization,| analysis, | in applica-
pattern | seeking . .
. model | dual process design | tion context
novices
1.2 1,2: shared . 1,2: - 11,2 process, | 1.2: all .1,2:exFema1,
7 work 1,2: one |organi- . in applica-
none . ) organization | phases | .
ractitioners zation tion context
1,2: expert |1,2: 1,2: 1: organiza- 1,3: external,
1,2: . . . 1,2: s
8 template seeking conceptu | indivi-  fion analvsis validation
p novices al model | dual 2: none Y context
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Due to the different number of participants and due to the possibility
for each group to select their publication to evaluate, some papery were
classified by two different groups simultaneously. Regarding the suitability
of the classification criteria, the participants of the seminar confirmed that it
was possible to use the criteria for analyzing the characteristics of
knowledge reuse techniques and to classify the techniques described in the
provided papers.

The classification results discussed above and shown Table 13 sup-
port this impression. For the applicability, most criteria were perceived as
sufficiently clear defined and applicable in practical use: reuse technique,
reuse situation, capacity of knowledge representation, validation status, and
phase of solution development. The criterion which received criticism in
seminar 2 was the scope of the knowledge. The participants of this seminar
expressed that the product and process perspective were not sufficiently
distinguishable, which was solved by additional explanations by the teacher
during the seminar. Seminar 1 did not raise this question, probably because
they both had a solid education in enterprise modeling which emphasizes
the distinction between product and process knowledge. The implication for
the classification approach is that the aspect should be more clearly ex-
plained and illustrated with examples.

Criticism from both seminars was expressed regarding the target group
criterion “addressee”. A knowledge representation technique suitable for an
individual in his daily work also will be of use for the organization this indi-
vidual is working with. On the other side, knowledge meant for the organiza-
tion will usually be applied by the individuals in the organization. In order to :
If the knowledge reuse technique cannot be applied by an individual alone but
need organizational structures, like roles or processes, than the technique is to
be classified as meant for organizations, not for individuals.

6. Discussion: Knowledge Reuse Types relevant for SME Produc-
tion Networks. The example network presented in the third Section of the
paper investigated the need for knowledge reuse of an industrial network in
collaborative product engineering. The conclusion from this case was that the
reuse techniques relevant for the network were “patterns” and “templates”
with the purpose to capture “shared work procedures” as the reuse situation.
The scope of knowledge to be reused concerned “processes” and “organiza-
tion structures” with the addressee being the “organization” as such. The ca-
pacity required of the reuse approach is to support “problem solving”.

Although this situation concerns only the knowledge reuse in one
specific production network, it can be used as a starting point or initial hy-
pothesis what typical knowledge reuse needs of networks might be. Valida-
tion of such a hypothesis should be done by either studying existing infor-

SPIIRAS Proceedings. 2018. Issue 1(56). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 25
www.proceedings.spiiras.nw.ru



mation about networks, or the currently existing networks themselves, or
both. As studying the network themselves would not be realistic due to the
efforts involved and the need to make all such networks cooperate, we pro-
pose to in the first step focus on published information.

In the previous Section, we studied the available information about
knowledge reuse in such networks by identifying published work in the
field and by using our classification approach. In this context, it was im-
portant not to ask the developers of the classification approach to evaluate
the identified papers but to use analytically trained people from outside the
development team, in this case two student groups.

The results of this work are summarized in Table 13 which shows the
knowledge reuse classification for the identified papers. When evaluating the
results from the perspective of our hypothesis, we put specific weight on pa-
pers and cases that have the maturity level of being applied in practice (i.e.,
“external, in application context”). Regarding the reuse technique, these pa-
pers confirmed the hypothesis from the industrial case that templates and pat-
terns are relevant, but they also show that, in a number of cases, no technique
at all is applied. In these cases of no visible technique, the capacity of
knowledge reuse achieved also is “none” — which is not surprising but indi-
cates that in these cases no reuse approach for explicit knowledge was used at
all but that these cases basically address sharing implicit knowledge. This
impression is supported by the reuse situation found in these cases which is
“shared work practitioners”, i.e. the practitioners exchanging knowledge face-
to-face without explicating it. The reuse situation commonly supported by
template or pattern as reuse technique is “shared work procedures” — which
also was the case in the industrial case study.

Regarding the capacity of the knowledge reuse approach, there is no
clear picture from the analysis of the papers: vocabulary, conceptual model
and problems solving (like in the industrial case) can be found. The most
frequent addressee of the knowledge in the literature cases is the organiza-
tion, but also individuals are seen as addressee. This confirms the hypothe-
sis from the industrial case but also indicates that individuals should be add-
ed. The scope of the knowledge in all cases includes processes and in all but
one case also includes organization structures, which confirms the hypothe-
sis from the industrial case. When it comes to the phase of development,
design always is included and in most cases all phases are relevant.

Table 14 summarizes our analysis on what kind of knowledge reuse
approaches are of specific relevance for production networks and SME net-
works: templates or patterns capturing processes and organization structures
for sharing of work procedures on the level of an organization or an indi-
vidual role. This knowledge should be validated in a real-world application
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context and is required for all phases of solution development with specific
focus on the design phase.

7. Summary and Future Work. Starting from an existing classifica-
tion approach for knowledge reuse techniques and a review of literature on
knowledge reuse in SME production networks, the paper evaluated the classi-
fication approach for knowledge reuse techniques regarding its suitability for
use in SME networks. The criteria included in the approach are reuse tech-
nique, reuse situation, capacity of knowledge representation, addressee of
knowledge, validation status, scope and phase of solution development.

Table 14. Kinds of Knowledge Reuse relevant for SME production networks

Criterion Classification of knowledge reuse approach
used in SME network

Reuse Technique Template and pattern

Reuse Situation Shared work procedures

Capacity of knowledge reuse | All are relevant

approach (no specific preference)

Addressee of knowledge Individual, Organization

Scope of the knowledge Knowledge about processes and organization
structures

. All phases

Phase of solution development (wi tIk)1 specific importance on Design)

Validation status of the . .
External, in application context

approach

The most important finding regarding knowledge reuse in SME pro-
duction networks is that there is not much research available on this topic. The
published approaches focus on framework or module development, which in
most cases have not entered the validation phase yet. The dominant scope of
the existing approaches is product knowledge. An application for this product-
centric view could be that mainly physical products have been in focus of such
networks whereas product-service combinations mostly are considered inter-
nally by enterprises. With an increasing number of service networks, this as-
pect might change which would result in an increased importance of the pro-
cess view. Future work to this end should develop practice oriented reuse tech-
niques for combined product and process knowledge ready-made for adapta-
tions in SME. Even knowledge reuse approaches covering a combination of
product, process, organization and systems perspective at the same time have
to be considered, as these perspectives are mutually dependent.

Suitability and applicability of the -classification approach for
knowledge reuse techniques were evaluated by applying them on different
knowledge reuse studies reported in research papers which by intention were
selected from different areas of SME networks and by using them as part of
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an assignment in different seminars in university education on PhD and mas-
ter student level. The classification approach was perceived applicable, suita-
ble and useful for the intended purpose. By analyzing the industrial case and
the literature published about such cases, we also presented our view on those
kinds of knowledge reuse in particular relevant for SME production networks.

One part of future work will be to perform various refinement and
improvement activities of the classification approach:

—The criteria receiving criticism during application in the seminars
need improvement

—The categorization for each individual criterion should be checked
one more time for completeness. For this purpose an extensive literature
study will be performed

—The way of how to perform the classification for a given
knowledge reuse approach should be described in more detail as a guideline

Another important part of the future work will be to revisit the initial
motivation for developing the classification: to support practitioners in finding
and selecting the right knowledge reuse approach for a given problem or ap-
plication scenario. For this purpose, much information included in the classi-
fication is supposed to be useful and required, like the reuse situation and the
technique. However, it will be crucial to better understand the drivers and
frame conditions of knowledge reuse in organizations. Probably, typical mo-
tivations like automation for higher efficiency or standardization as means to
raise quality will not be sufficient. New application domains, such as inter-
networked e-work, are considered as promising fields for knowledge reuse.
New case studies in this field are expected to provide first insights [47].
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K. 3AHAKY b, A.B. CMHPHOB
YIIPABJIEHUE 3HAHUSIMU B ITPOU3BOJACTBEHHBIX CETSIX:
KIIACCUP®UKAIIUSA U TEXHOJIOTI' A JIJISI ITIOBTOPHOTI'O
HCHOJIb30BAHUS 3HAHUI

3anoxkyre K., Cmupnos A.B. YnpasieHue 3HAHHSIMH B NPOHM3BOJACTBEHHBIX CETAX:
KJIaccH(PUKALHUSA H TEXHOJOIHH /I IOBTOPHOI'0 HCI0J/Ib30BAHMS 3HAHMIA.

AHHoTanusi. MHOTHe HCCeI0BaHuA B 00IaCTH YIpaBiIeHUs 3HAHUAMH YKa3bIBaloT Ha TO,
YTO NPEANPUATHS M OpPraHHM3aLUH, MOANCPKUBAIOIINE CHCTEMAaTHIECKUil 0OMeH, repenady u
MOBTOPHOE UCIIOJIb30BAaHUE 3HAHUIM, MOTYT PaCCUUTHIBATh HA 3HAUUTENbHBIE BHIObl. OJHAKO
HE TaK MHOTO HCCIICJOBAHHU BBHINONHEHO B PaMKaX aHAIM3a TEXHOJOTHH Ul IOBTOPHOIO
HCIOJIb30BAHMS 3HAHUH, KOTOPBIE IPUMEHSIOTCS B OpraHu3anusix. Mcexomst u3 kiaccuduranuu
MOJXO0JI0B K IIOBTOPHOMY HCIIOJIb30BAHUIO 3HAHUI, B CTaThbe PacCMaTPUBAETCS COCTOSHHUE B
9TOI 00TaCTH MPUMEHUTENHLHO K MPOM3BOJCTBEHHBIM CETAX (C yIeNeHHeM 0co00r0 BHIMAHHS
ceTaM Manblx u  cpeaHux mpeanpustuii - MCII). llenp crathu  ABOsIKas: IS
MIPOU3BOJICTBEHHBIX CETEH 3TO HCClEOBAHHE TOrO, KaKUE BUJBI IMOBTOPHO HCHOJB3YEMBIX
3HAHUHU (C TOYKH 3peHHs pa3padaTeiBaeMol KinaccH(UKAIMN) Hanbolee aKTyalbHbI I TAKUX
ceTeif; I Mmoaxoga K KIacCH(HKAIUH METONOB MOBTOPHOTO HCIOIB30BAHMS 3HAHMII JTO
YTOYHEHHU JaHHOTO IOJAXOJa M €ro 0OOCHOBaHHWE HPHUMEHHTEIBHO K IPOU3BOJACTBEHHBIM
ceTsiM. OCHOBHBIMH pe3yJIbTaTaMH CTaThH SABILIIOTCS: (1) aHamM3 CHTyaluii NOBTOPHOIO
ucrons3oBaHuss 3HaHHMK B cersix MCIL, (2) omeHka IIpeIOKEHHOTO IIOAXOoAa K
KJIacCHU(UKALMU METOI0B HOBTOPHOTO HUCIIONB30BAHHA 3HAHUN MPHMEHHTEIBHO K PA3IUYHBIM
cutyauusm 4 (3) panpHeiiee yTOYHEeHUE U BaJIMAALMA IPEUIOAKEHHOT0 MOAX0/1a.

KitioueBble ciioBa: TpaHchep 3HaHUM, IPpeICTaBICHUE 3HAHUIH, IIPOM3BOACTBEHHbIE CETH,
ceru MCII.

3anakyap Kypt — k-T TexH. Hayk, npodeccop kadeapsl Ou3Hec-OpHEHTHPOBAHHBIX HH(OP-
MAaLMOHHBIX cucTeM, YHuBepcuteT Pocroka (I'epmanus). O6nacTh HayYHBIX HHTEPECOB: MO-
JeNUpOBaHHe MPEIIPUITHH, YIPABICHUE apXUTEKTYPOl IPEeANPHATHI, HIKUHAPUHT 3HAHUH,
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C.H. KuryuioB, B.T. JIMUTPUEB
KOMILJIEKCHBII AJITOPUTM OBFbEKTUBHOM OLIEHKH
KAYECTBA JEKOJAUPOBAHHOI'O PEYUEBOI'O CUT'HAJIA ITPU
JEACTBUU AKYCTHYECKHX ITIOMEX

Kupunnos C.H., [Jmumpues B.T. KoMnjieKCHBIH aJropuTM 00beKTHBHON OLIEHKH KayecTBa
JeKOTHUPOBAHHOI0 Pe4eBOro CHrHAJIA MPH JeiiCTBHH aKyCTHYECKHX MoMeX.

AHHoTanusi. PaccMaTpuBaloTCs aJrOpUTMBl OOBEKTHBHOM OIEHKM KauecTBa PpEuH,
OCHOBAHHBIC Ha U3MEPCHUH AUHAMUYECCKHX U CTATHIECKHUX XapaKTEPUCTHK PEUEBBIX CHIHAIIOB
Ha BBIXOJE Kojieka HcTouyHHKA. OO0ocHOBaHa (YHKIHOHAIBHAS CXEMa MPOBEICHUS
IKCIIEPUMEHTANIBHBIX ~ HMCcIefoBaHWi. [IpuBeNeHBl pe3yibTaThl aHAM3a  KOPPEILIUN
OOBEKTHBHOII U CyOBCKTHBHOH OIEHKHM KadecTBa pedd. IIpemnoxkeHsl Mopudukamum
MoKa3artelnss OOBEKTHBHON OIIEHKM KadecTBa Ha OCHOBE KOPPEIAIMU BO3OYKICHUS CIICKTpa
MESC wu wMomudukauu IOKa3zaTellsl Ha OCHOBE BBIUHCICHUS (DYHKINHM OLIYIICHHS
cnekrpanbHoit quHamuku MFOSD. Ipemiosxken anroputM GopMUPOBaHHS KPUBBIX PErpecchy,
MIO3BOJIIONINH BBIIOIHUTE IIPe0Opa3oBaHHe OOBEKTHBHOHM OLEHKH K IIKale CyObEeKTHBHOU
OLICHKY KayecTBa PeyH.

Ha ocHoBanuu ucmnonb3oBaHusi Haubojee TOUHBIX MOJAM(MUKALMUK MOKa3aTelaeld OLEHKU
KauecTBa pEYHM JUIL BOCCTAHOBJICHHBIX DPEUEBBIX CHIHAIOB MPEIIOXKEH KOMILICKCHBIM
AITOPUTM OOBEKTHBHOM amNmapaTypHOH OLEHKM KadecTBA pEeYM IPH BO3JCHCTBHH HA
MHKPO(OH IIHPOKONOJIOCHBIX M HH3KOYACTOTHBIX CTALMOHAPHBIX M HECTA[HOHAPHBIX
aKycTHYecKHX moMmex. IlokazaHo, 4TO NIpHMEHEHHe KOMILUICKCHOTO alTOpUTMa IO3BOJISET
MOJy9NTh OOBEKTHBHYIO OLEHKY KadecTBa peur cornmacHo I'OCT P 50840-95 co cpenmeit
omubkoi He 6onee 0,35 6amna npu oTHOMIEHUAX curHan-uyM ot 30 ab no -10 ab.

KiioueBble ¢/10Ba: OLCHKA KaUeCTBA PEUH, HU3KOCKOPOCTHOE KOAUPOBAHHE, KaHAI CBSI3H,
aKyCTHUecKas IIoMexa.

1. BBenenne. B TeleKOMMYHHUKAIMOHHBIX CHCTEMaxX CYIIECTBYET
orepaTuBHAs HEOOXOIUMOCTh B OOBEKTUBHOW OIICHKE KadeCcTBA PEUd IS
peueBoro curHana (PC) Ha BeIXone Koneka uCTO4YHWKA. OCOOEHHO 3TO
BOXHO TpH (QYHKIMOHHPOBAHWU CHCTEMBI B  CJIOXHOH  OBICTpO
M3MEHSIOMIEHCST aKyCTHYeCKOH MMOMeX0oBOi oOcTtaHoBKe. Kpome Toro, Ha
KadeCcTBO pPEYM OKa3bIBAIOT CYIIECTBEHHOE BIHSHHEC HCKaKEHUS,
BO3HHUKAIOIINE B IepBUYHOM Konepe PC.

OmHuM #3 Haubojiee pPACIPOCTPAHECHHBIX BHAOB HH(OPMAIIHH,
MepeaBacMbIX B TEJICKOMMYHUKAITMOHHBIX CHUCTEMaXx, SBJLICTCSA pedeBas
uHpopmanusa. OHa  3aHMMaeT  3HAUUTEIBHYIO  YacTh  Tpaduka,
neperaBaeMoro IO  COBPEMEHHBIM  CETSIM  CBS3M. 3a4acTylo  Jyid
YMCHBIICHUST U30BITOYHOCTH TIepelaBacMOM 10 KaHajllaM CBSI3M PEUEBOU
vHGOPMAIIMK TIPUMCHSIOTCS BOKOAEPHI U IOJYBOKOAEPHI, KOTOPBIC
uckaxart ucxoansii PC, kpome Toro Ha kauectBo PC 3HauuTenbHOE
BIMSTHHAE OKA3BIBAIOT pa3InyHble akycTHdeckue momexu (ATll).

B HacTosmiee Bpems CyOBEKTHBHAs OIGHKA KadecTBa PEUYd IS
BOCCTaHOBIIEHHOTO PC oCymlecTBIsSeTCS B COOTBETCTBHH C METOJAMH,
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onucanubiMi B 'OCT P 50840-95 «llepemava peun Mo TpakTaMm CBSI3H.
MeTomp! OIeHKH KadecTBa, pazdoopumBocTd u y3HaBaemoct» U [OCT P
51061-97 «CucremMbl HH3KOCKOPOCTHOW TIEpeAadyd pedd Mo IH(POBBIM
kaHasam. IlapameTpsl kadecTBa peyd M MeTOABI H3MepeHuin» [1, 2].
Hanapie MeTomsl TpeOYIOT TPOBEACHHS 3HAYHUTEIFHOTO KOJHYECTBA
TECTOBBIX HCIBITAHUM W CO3JaHMS TOJIOCOBBIX 0a3 JaHHBIX OOJBIIOTO
o0beMa, a TaKKke BO MHOIOM 3aBUCAT OT IpodecCHOHATN3MA
MIPUBIICYCHHBIX dKCcIepToB. Kpome TOro, MOITy4YeHHBIE OIEHKA MOTYT
CIy)XUTh JIMIIb MEPBHIM NPUOTIKEHHEM M HE OTPAKAIOT H3MEHEHUS
KagecTBa peud A BoccraHoBieHHoro PC mpu npedictBum All [3] u
HCKakeHui B koxekax PC.

Kak mokazano B [4-6] CylIecTBYIOIIME alTOPUTMBI OOBEKTHBHOM
annapaTHOW OLIEHKM KadecTBa BoccraHoBieHHoro PC He oO6nanaior
HEOOXOAMMOW TOYHOCTBIO M HE MOTYT B TIONHOM Mepe YYHTHIBATh
HCKa)XCHUS1, BHOCHMEBIC KOJAEKaMH UCTOYHUKA TIpH neiictBun All.

B m3BecTHBIX paboTax [7-21] He mpoBeneHbl MOAPOOHBIE HCCIEIOBAHMS
AIITOPUTMOB OOBEKTHBHOM OIIEHKH KadecTBa BoccTaHoBIeHHOTo PC Ha BBIXO/IE
nexozaepa PC npu peiictBun pazmmynbix AlL

[MosToMy  HeoOXoOWMBI ~ HCCIIEOBaHMS W OOOCHOBaHHE
KOMIUTIEKCHOTO aJTOpUTMa OOBEKTUBHOW OIICHKH KadecTBa pedd s
gexoqupoBaHHoro PC, KOTOpBI y4YWThIBa€T HAWIydllHe CBOMCTBa
MU3BECTHBIX QJITOPUTMOB OLIGHKM KadecTBa peun [22-25], a Takxe
U3MEHEeHHEe KayecTBa peuu s BoccTaHoBieHHoro PC mpu neiicteun Al
Ha BXOJIe KoJieKa HCTOUHHKA.

Kozexn ucToUHMKA MMEIOT Pa3HYI0 YyBCTBUTEIBHOCTD K JEHCTBHIO
All, moatoMy 11esecoodpa3sHo MPOU3BOAUTE COBMECTHYIO OIIEHKY KadecTBa
peau ¢ yaerom All n nckaxxenmii PC B xozmepe u nexoepe NCTOUHUKA.

Lenp nmaHHOM paboThl — wWccienoBaHue W 00OCHOBaHWE
KOMIUIEKCHOTO anroputMa OOBEKTHBHON OIICHKM KauecTBa pedd s
JIEKOIUPOBAaHHOTO PC npu IEeNCTBUU LIUPOKOTOJIOCHBIX "
HU3KOYaCTOTHBIX, CTAllMOHAPHBIX M HecTaumoHapHeix AIl Ha BXxone
MHUKpO(OHA, a TAKXKE HCKAKEHUIT B KOJEKEe HCTOYHUKA.

2. AHaiM3 WM3BECTHBIX AJTOPUTMOB O0bEKTHBHOH OLEHKH
KayecTBa peun. CymiecTByeT psia airOpUTMOB OOBEKTHBHOW OIICHKU
Ka4eCTBa Pedr, OCHOBAHHBIX HAa M3MEPEHHUH CTATUYECKUX W JHHAMHYICCKUX
xapakrepuctuk PC (manmpumep, koddduieHTa mnepenadd, 4acTOTHOH H
aAMIDIATYJHOHN XapaKTEPUCTHK, JMHAMHIECKOTO AUara3oHa u Apyrux) [6-19].

K aTuM anroputMam OTHOCST MOKa3aTeny OLEHKH KauyecTBa PEedd BO
BPEMCHHOM 0071acTH (Ha OCHOBE CpeHeKBapaTnieckoro otkionenus (CKO),
otHomeHnst curHan-myM (OCI), cerMeHTHOr0 OTHOIICHHS CHTHAN-IIYM
(OCIII__ ), a Takke B 4aCTOTHOM 00acTH (Ha OCHOBE paccTosHus MTakypa-

cer
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Cauro (Itakura-Saito Distance — ISD), mokasaTens HCKaKeHHS CIEKTpa
6apkoB (Bark Spectral Distortion — BSD), momuduimpoBaHHOH OICHKH
nckaxeHus crekrpa 6apkoB (Modified Bark Spectral Distortion — MBSD),
pacxoxzaenuss COSH (COSH Distance — COSH), uckaxenus ¢Ha3oBoro
crektpa (Spectral Phase Distortion — SP), koppemsiimn Bo30y>KaeHHS
criektpa (Excitation Spectral Correlation — ESC), wuckaxeHus criekrpa
(Spectral Distortion — SD)), kpoMe TOTO KCIIOJB3YIOTCS MTOKA3aTEeIH OLCHKU
Ha OCHOBE METOJIOB IICHXOaKycThdeckoro aHammsa (Perceptual Evaluation of
Speech Quality — PESQ ) [7] u psin npyrux [5-19].

B [4, 5] nan moapoOHEIil 0030p MOKa3aTesei OICHKH Ka4ecTBa PeUH
BO BpPEMEHHOH U 4YacTOTHOW oOmactu. [lpoaHanM3UpOBaHBI TaKHe
nokazareny, kak OCIL, OCHIL,, ISD, COSH, SP, ISD, ESC. B [5]

OTAETBHO PACCMOTPEHBI IMATh PA3IWYHBIX MOJENEH IICHXO0AaKyCTHYECKOMH
NpeBapUTEILHON  00pabOTKHM OIS OIGHKHM  KadecTBa pedd B
HU3KOCKOPOCTHBIX KOJIEKaX.

B pabote [7] paccMOTpeHBI pa3iIHnyHbIe aJTOPUTMBI OICHKU KauecTBa
pedn IpU Iepefade peueBbIX IAKETOB, KOTOPBIE HCIOJB3YIOTCS MpH
uccrnenoBannu HajnexHoctd cetu NGN. B wgactHocTH, paccMOTpeH
IIOKa3aTeNb «PacCUNTHIBAEMOTO IUIAHHPYEMOTO MapaMeTpa yXyALIICHUsD
ICPIF (Calculated Planning Impairment Factor).

B pabore [8] B kauectBe Mepbl uckaxeHuss PC mnpuHHUMaeTcs
CIIeKTpaIbHOE OTKIOHeHne SD, a Taxxke MOIu(pHUKAIMS JaHHOTO IOKA3aTels
MBSD. B nanpHeiiiem 11 OIEHKH KadecTBa Pedr MpeUIOKeH MOKa3aTelb
Ipu  KOTOPOM HCHONB3YeTCs 3HAYMMOCTh KpHTHUYeCKHX Tojoc. B [9]
000CHOBaHa JdalbHEHIIas MOAUGHUKAIKS TIOKa3aTesl OICHKKA KauyecTBa
peun — EMBSD. B pa6ote [10] mpoBesieH aHannM3 OCHOBHBIX TOKa3aTeseit
OLIGHKH KayecTBa pe4M M HMX KilaccH(HKalusi Kak IOKa3aTelned Ha OCHOBE
BOCHPHSTHS, a TaKXkKe JApYyTrux IoKaszaTelnell BO BPEMEHHOM M YacTOTHOM
obnactu. IlpuBeneHsl JneBATHaALATH IOKaszaTenell KauecTBa peud Uit
BoccTaHoByieHHoro PC.

B pabote [11] uccienoBansl ceMb NOKazaTeleld KadecTBa pedd Ha
BBIXOJIE IBEHAAIATH Pa3IMYHBIX CHCTEM KOJMPOBAaHUs, a Takxke 0e3
KOJMPOBAaHUSl NPU BO3ACHCTBUM aJMTHUBHOTO OENOro IIyMa Ha BXOJE
cucteMbl. {1 OTIAETBHBIX OTHOWIEHUH CHUTHAI-IIYM M KOJEKOB IMOJTYyYEHBI
3HAUYEHWA KOPPEIALUH OOBEKTUBHBIX W CYOBEKTHBHBIX OLEHOK. B
pe3yibTaTe 3KCIepUMEHTa Toka3aHo [11], 9To HamTydIIne XapaKkTepHCTHKH
o0ecreunBaOT ITOPUTM HAa OCHOBE AaBTOMATHYECKOTO PACHO3HABAHUS
peun ASR u anroputm PESQ.

B pabore [12] paccMOTpeHBI METOJMYECKHUE BOMPOCHI IO OIIEHKE
KayecTBa CHHTE3MPOBAHHOW pEYH, IIOKa3aHbl OCHOBHBIE IPOOJIEMBI U
IpeUIOKEeHBl BO3MOXKHBIE perieHus. B [13] mpuBeneH anroputM oLEHKH
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MHTETPAIbHOTO 3HAYEHHMS OTHOIIEHHS CHUTHAJ-IIYM M €ro 3Ha4eHuid B
YaCcTOTHBIX MOJOCax Mjsl omnpeaeneHus kadectBa (oHorpamm. B [14]
paccMOTpeHbl METOJbl OLIEHKH KadecTBa NpH IMoTepe nakeToB. IIposenen
KOPPEJSIIMOHHBIA aHaIu3 OOBEKTUBHBIX M CYOBEKTHBHBIX IOKazaTelen
OlICHKM KaudecTBa. B [15] mpeasiokeH HOBBI ajNroputM Ha OCHOBE
Bocripusitusa peurn POLQA, xoTopslii pa3paboran B3ameH Oojiee MpocToro
PESQ u obGecneunBaer Gonee TOuHylO oneHKy uckaxenuid PC. Jlpyroi
MEPCHEKTUBHBII aNTOpPUTM OLIEHKM KauecTBa PEYHM HAa OCHOBE MOJENU
Bocpusatus ViSQOL pacecmotrper B [16]. B [17] mpuBemen o630p
WHCTPYMEHTAJBHBIX MOZETEH Ui OIIEHKHM KadecTBa pPEYd Ha OCHOBE
MEPUENIMOHHBIX ¥ KOTHUTHBHBIX XapaKTEPUCTUK CIIyXOBOM CHCTEMBI
yemoBeka. B [18] Takke paccMOTpeHBI METOABI W KPUTEPUHU
NICUX0aKyCTHYECKOM OIIEHKM KadeCcTBa PEYH B CETAX CBSI3M Ha OCHOBE
anroputmMoB  Metonbl PESQ, POLQA, E-model u npyrue. Ilokxasana
BO3MOXKHOCTh NPUMEHEHHUS JaHHBIX aITOPUTMOB JUI1  BBIYHUCICHUS
pa3dopuMBOCTH peud Ha BBIXOJC COBPEMEHHBIX ceTed cBs3u. B [19]
npoBesneHo cpaBHeHue anroputMoB PESQ u POLQA wu mnoxazaHbl
MIPEUMYIIECTBA MOCIEIHErO aITOPUTMAa B COBPEMEHHBIX CETSIX CBSI3U.
Hanbonee mnpocTbie W3 HHMX OLCHMBAIOT W3MEHEHHE OJHOIO U3
napamerpoB PC B 9acTOTHOM wim BpeMeHHOH oOmactix. bonee crnoxwble
TIPOU3BOIIT HCCIIEZIOBAaHNE KAYECTBA PEYM M OCYIIECTBILIOT KOMIUICKCHBIH
aHanu3 uckaxkeHud PC u ero otnenbHbIX XapakrepucTuk B Buze [4-10, 13, 14]:
— TIOKa3aTeNb OTHOLICHHS CUTHAI-IIyMm [4, 5, 13]:

Nd
2% (m)
_ n=1
OCHJ—IOlgNd—Z, M
2 (x(n) = y(m))
n=l1
rae x(n) u y(n) — n-e OTCYETHl MCXOJHOIO M JeKkoaupoBaHHoro PC,
N, — KOJIM4eCTBO OTCYETOB JucKpeTHOro PC;

— IOKa3aTeNb CErMEHTHOTo oTHomeHus curnan-urym (OCHL ) [5, 13]:

N, 2
10 Y, & x“(n,m
ocul,=—)>1 (m,m) > 1 2)
M m=1 n=1 (x(nam)_y(n:m))
rne x(n,m) u y(n,m) — n-e OTCUSTHI HA M -M CErMEHTE HCXOTHOTO U
nexoaupoBanHoro PC, N, seg — KOJHMYECTBO OTCUETOB B CETMEHTE PC,

M — 4gucno cermenToB PC;
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— mokazarenb  paccrosaus — Urakypa-Camro  (Itakura-Saito
Distance — ISD) [5, 6, 9]:
1} 3)

Ng X
1SD - zp Sl
rae X(f,) u Y(f,) — cnexrpsl ucxoxsoro PC u nexonuposannoro PC;

Nd |Y(ﬁz)|
— TOKazaTelnb MCKaXeHHWs crekTpa OapkoB (Bark Spectral
Distortion — BSD) [5, 10]:

n=l1

Nbg

G
BSD=Y. 3. (|X(/ )=V, 0)))" “

g=1 n=1

rne X(f,.g) u Y(f,,g) —g-ad KpUTHYECKas I0jJoca CIEKTPOB
HCXOJIHOTO 1 AeKoxupoBanHoro PC, N, , — KOIMYECTBO OTCYCTOB B g -

Oif KpUTHYeCKO#l monoce, G — o00IIee KOJIMIECTBO KPUTHICCKHUX ITOJIOC,
i curgana B mojoce yactot 300 — 3400 I'y G=18;

— IIOKa3aTenb MOMU(DUIMPOBAHHOW OLCHKH HCKAXEHHsS CIICKTPa
6apkoB (Modified Bark Spectral Distortion — MBSD) [8-9]

2
M

G Nb,g
MBSDz%Z PY S |X(fmg) =Y (f,mg)| |, 5)
g=1 n=1

m=1

rne X(f,,m,g) u Y(f,,m,g) — g -ad KpUTHUeCcKas M0JI0Ca CIEKTPOB /7
-TO CerMeHTa UCXOIHOTO M JAekoanpoBanHoro PC, P — mepa BoCHpHUATHS
HCKaXeHHWH (B clly4ae, KOTAa HMCKaXEHHUs OmyTHMBI P =1, B JIpyrux
ciydasx P=0);

— nokazarenb pacctosauss COSH (COSH Distance) [5, 11]

XA J
COSH = -1
Ndn[ [IX(f)I () (6)

— ToKa3zarenb HcKaxeHUs (azoBoro cmekrpa (Spectral Phase
Distortion — SP) [5, 10]:

=—Z(9 S)-60,(1)) s ™

dnl
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rae 6.(f,) u 6,(f,) — (pasoBble CIEKTPBI HCXOAHOTO H ICKOIHUPOBAHHOIO

PC, N, — xonuuecTBo 0TCU€TOB AucKkpeTHOro PC;

— TIOKaszaTenb Koppemsiuuu Bo30yxkaeHus crektpa (Excitation
Spectral Correlation — ESC) [5, 12]:

Nd 2
(Z|X(fn >|-|Y(fn)j
ESC =~ ;

n=1

- T . )
AR DI A
n=1 n=l

— MoKa3aTtellb NcKaxkeHus criektpa (Spectral Distortion — SD) [5, 10]:

SD = ]1\7_02[10&0 [ (£,)]~tog ¥ (£,)[}

d n=l

)

Taxke JUI1 ONEGHKM KayecTBa pPEYH MOXKET HCIOJB30BATHCS
¢onernueckas ¢ynkums [20], mnpemnoxkenHas A.A. [IuporossiM.
Omnueckuil cMbpIcT (HOHETHUECKOH (YHKIMHM 3aKII0YaeTCsl B OICHKE
HU3MEHEHUS CIIeKTPAIbHON TMHAMUKH PEUH.

CornacHo [21], ¢poHEMBI OTIHYAIOTCS APYT OT APYra, MPEKIC BCETO,
U3MEHEHUSIMHU CIEKTPaIBbHOTO pacnpeeneHus. donernueckas
¢dyHkws (yHKIMS OLIyIIEHHs CieKTpanbHOi auHaMuku — FOSD) nmeer
Buz [20, 21]:

B(o1)=PB(at)-R(at) =
s — S t T — S (ot
=J‘6Xp(—r}lg S(ar) dT—_"exp[—T}lg @) dr, (10)
0 T Sz(w!t_r) 0 r Sl(w’t_f)
rue Sl(a),t) — MTHOBEHHBIH crnektp ucxogHoro PC, Sz(a),t) —

MTHOBEHHBIN cIIeKTp aekoxuposaHHoro PC, P,(w,t)— F(w,t) — pa3HOCTb

FOSD gmexogmpoBanHOTO M ucxogHoro PC, 7 — mmHa aHATH3UPYEMOTO
xanpa PC, 7 — Bpemensoii casur PC.

3. OyHKIMOHA/ILHASI CXeMa NPOBEJACHHs] IKCIEePUMEHTATbHBIX
HCCIe0BAHMIT aNrOpUTMOB OOBEKTMBHOM OIIGHKM KadecTBa peduu
TIpUBE/IeHa Ha PUCYHKE 1.

Ha pucynke 1 uncnomp3yrores ciexyromue oOo3HadeHHs: M —
mukpodon, I[I® — momocosoit ¢unetp, IIK — mnporpammubIf
kouBeprop, K — ximiou, BOII — 6mokx dopmuposanus nomexu, bY —
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ook ynpasnenusi, KC — kanan cBs3u, BOOK — 6510k 00beKTHBHOMN
ornenkn kadectBa peuyr, OO, CO — 00OBeKTHBHas W CyOBbEKTHBHAs
OIICHKU KayeCTBa PEUU COOTBETCTBCHHO.

--» HaKOIUICHHS

§ CTaTUCTUYECKUX
! JTAHHBIX
BOII L
SHS) 4
_______________ N ASHAS)
B op Kone ]_’{ BOOK ; 00
-+ !
|

I___T ______ T_ _______ m Cco

Puc.1. ®yHKmonangpHas cxeMa MPOBEACHUS SKCIIEPUMEHTAIbHBIX UCCIIEIOBAHUM

Peructpupyemeiii  mukpodoHom M tectoBeiii PC ¢ wacroroif
muckperu3anyn 44,1 k[’ 1 pa3psIHOCTRIO KBaHTOBaHUS 16 OMT mocTtymaer
Ha [I® c momocoit mpomyckanus 0,3-3,4 xI'm u namee mnpeobpasyercs
nporpaMMHbIM KoHBepTOopoM IIK ¢ uwacrotoit muckperuzammm 8 k't win
16 kI'y cormacHo TpeOoBaHusiM Kojeka. biok B®Il ocymectsisier
¢dopmupoBanne AIl ¢ yuerom xapakrtepuctuk Mukpodona u IID c
OIIpeZIeTICHHBIM YPOBHEM, uT00bI 0becnieunts Tpedyemoe OCIII (-10, 0, 10,
20, 30 nb). Beiopannas B 6oke BY AIl u3 6moka B®II cymmupyercs ¢ PC
¢ Beixoga 1K, u momryuennas agmutusHas cmecb PC n All moctymarot Ha
Bxop 61oka Koxep. [Tpu OCILL paBaom 30 nb AIl mano 3aMeTHEI Ha CIIyX U
WX BIMSHUEM MOKHO NpeHEOpedb.

B oOmnokax Komep wu Jlekomep NPOMCXOAMT KOAWPOBAaHUE U
nexomupoBanue PC. JlexomupoBanubeiii PC mocTymaer Ha JAWHAMHK, T7E
ocymectBisiercst CO KadecTBa pedd 10 KPUTEPUSAM Pa30OpUMBOCTU peudl U
Y3HaBaEMOCTH T0JIOCa, a TaK)Ke Ha BXOJ 0JI0Ka OOBEKTHBHON OIIEHKH KayecTBa
peun BOOK, rae ocymectisiercs OO kadecTBa pedu MO NMPEATIOKEHHBIM
BhIIIE TOKazaTessiM. biok BY ocymecTBisier BEIOOp pexKUMOB pabOThI TaKHUX
ynpaBisieMbIx 0s10koB, kak [1D, ITK, BPII, Koxep n Hexonep.

Kirou K mmMeer n1Ba pexuma pabOTHI: TIPH €0 pa3MbIKaHWU Ha BXOJ
omoka BOOK u mmHamuk momaetcst ucxomusii PC ¢ AlIl, a mpum ero
3ampikaanna cMech PC ¢ AIl momaercs Ha BXox Kogepa. DTO IO3BOJISIET
OTIENBFHO OnleHUBaTh nckaxeHnus PC, o0ycnonenusie All, u HCKaXeHUAMUA
B KOJIEKE, & TAK)KE UX COBMECTHOE BIHSHHE.

B brnoke HakoIUIeHHMS CTaTUCTHYECKUX JaHHBIX OCYIIECTBIISETCS
3alich UM XpaHEHHE YCJIOBUHM W pe3yJbTaTOB 3KCIEPHUMEHTa: I1apaMeTpoB
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momexn u3 BOPII — PN, umupopmammio o BeiOpanHoi mape Koxmep u
Hexonep — info, o0bektuBHyl0 oueHky u3 BOOK — OO, , a Taxke

CyOBEKTUBHbIE OLIEHKHU 3KcnepToB — COpy, .

s npoBepku 3PPEKTHBHOCTHA AJTOPUTMOB OOBEKTHBHOM OICHKH
KagecTBa Ob1 cobpan maccuB PC — okoso 40 pasnuyHbIX 3amucel uis
kaxnaoro u3 40 nukropos, nomyueHHbIX corigacHo I'OCT P 50840-95 [1],
TaK M ()parMeHTOB CIIOHTAHHON pedu.

3anucr PC  ocymiectBisnach B CHEIUAIBHOM — MOMEIEHUH
kabmHeTHOTO THMA (C pasMepamu 5,7*2.9*3 M u BpeMeHeM peBepOeparun
nopsaka 350 Mc) Ipu HaJIMYMM €CTECTBEHHOTO (POHOBOTO HIyma ciaboro
ypoBHA. [lmg 3amucu  MCmonb30Baicsd PO(ECCHOHANBHBIN AUKTO(OH
Olimpus LS-10 (Linear PCM recorder), obecrieunBaromii BO3MOKHOCTh
samucn PC B dopmatre WAV co crenyromumu napaMeTpamMH: 4acToTa
muckperm3amu — 44,1 k' paspsaHoCcTh KBaHTOBaHHSA — 16 OuT; THII
KOIMPOBaHUS — UMIyJbCHO-KomoBas Moxyisius (MKM). Jlukrodon Obu1
yCTaHOBJICH Ha pacctosiHuu 0,5 M miepes AMKTOpOM Ha ypoBHe juia. OOriee
KOJIMYECTBO HE3aITyMJICHHBIX 3allMCaHHEIX (pa3 coctaBmiio 1600.

B cBsa3ke OmokoB Kogep-/lexoaep (pucyHku 1) HCIOIB30BaIUCH
24 puna xomexoB (LBRAMR, MMBE, G723.1, ICELP, G729a, G728i,
AMR, GSM, G726, Vorbis OGG, MPEG 1.2.8) co ckopocTsaMu
nepexadn 1...64 x6ur/c.

IIpoBoaunuce HUCCIEeTOBaHMS OLIGHKM KadecTBa pedu IpHu
orcytcTBuM 010ka Komek, To ects npu Bo3neticteuu All ma PC Ha BxOme
MHUKpOQOHa.

B nmanpHelinieM aHaJOTWYHBIE HCCIENOBAHHUS IPOBOIIINCH IIPH
nonade PC u AIl Ha BXoJ KOJieKa.

AIl no-pa3HOMyY BIHSIIOT Ha XapaKTEPUCTHKU NEPBHUYHBIX KOJEKOB,
MIO3TOMY Ba)XKHa COBMECTHAsl oreHka BiausHus All n  HCcKaxeHWH,
BO3HHKAIOIIUX B KOJIEKAaX HCTOYHHUKA Ha KAUECTBO PEYH.

Ucxons w3 [3] m Opyrux HUCTOYHWKOB [22-24] menecooOpasHO
IPOBOIUTH aHAJIM3 KadecTBa pPeur Ui CIEAYIOMUX 4YeTbipex kiaccoB Al
koTopsle popmupoBanuck B BOII B npenenax gactot 0,3-3,4 k[

— OIMPOKOIOJIOCHAsT ~ CTAaI[lOHapHas, B  KayecTBe  KOTOpOit
HCTIOB30BaJCs Oenbiii TayccoBekuit myM (BIT);

— HU3KOYaCTOTHas crammoHapHas B Buae BI'Il wa Beixome duibTpa
HU3KHX YacTOT, aMIUTHTYIHO-9aCTOTHAS XapaKTEPUCTHKAa KOTOPOTO HMEET
yacToTty cpesa 2 K[ 1l 1 HakiloH 9 1b/0KTaBy B CTOPOHY BBICOKHX 4acTOT;

— HU3KOYACTOTHAsl HECTallMOHAapHas, MpEeACTaBIsIomas coOon
Hape3Ky peayn3aliil iryMa TpaHCIIOPTHOTO MTOTOKA;

— IMIMPOKOIIOJIOCHAS HECTAI[OHAPHAS B BU/IE 3aITMCH MY3bIKH.

Boccranopnennsiit PC  mocTymaer Ha akycTH4ecKHe KOJIOHKU
Hapsay ¢ HesanrymieHHBIM PC ¢ Bbixona [1®, KOTOpBIi ciIy>XmI B KauecTBe
obpasma, u B coorBerctBUU ¢ ['OCT P 50840-95 mpownsBoamiack oOreHKa
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KadyecTBa BOCCTAaHOBJICHHOW Ha BBIXOJE JAEKOJepa pedyn B Oamrmax mo
MATHOATIBHOM IIKaJIE NECSTHIO ayTUTOPaMHU.

JlaHHBIC HCCIenOBaHUS OBLIM NPOBEICHBI JUIA BCEX HCCIETYEMbIX
KOJIEKOB, sl Jiecatd (pa3, pekomenaoBanHeix ['OCT P 50840-95 u
TpUAIATH (ParMeHTOB CIIOHTAaHHOW Pe4H, COPOKa AUKTOPOB HPH ICHCTBUH
kaxoro Buza All ¢ pazimmuaasiMu yposasmu OCLI (30, 20, 10, 0, -10 nb),
T10CJIE Yero OBIJIO MPOBEAEHO YCPEIHEHHE TI0 BCEM AUKTOPAaM U ayIUTOpaM.
[Nomyuennsie 3aBucuMocTH cyObekTHBHOro kadectBa peun K or OCII
CPaBHHMBAINCh C AHAJOTWYHBIMH 3aBHCHMOCTSIMH OOBEKTHBHBIX OILCHOK
kxauecTBa nonyueHHbIXx B BOOK u coxpaHeHHbIx B bioke HakomieHus
CTaTHYECKUX JAHHBIX.

4. UccaenoBanusi Koppeiasimuu 00bEeKTHBHON M CyObeKTHBHOI
OLIEHKH KavecTBa pe4yu. B kauectBe Mepsl 3 (heKTHBHOCTH 0OBEKTHBHOTO
QITOPUTMa HCIIOJIB30BAJIACH CTENEHb KOPPENSAIHMH MEXIY HNOIYyYSHHBIMU
OOBEKTHUBHBIMH ¥ CYOBEKTHBHOW OIIGHKONH KadecTBa pedH, COTJIACHO
BbIpakeHuto [11]:

f(XAk)—Z)(Xz(m—X_Q)
Ry == — : (1)
k=

> (X003 ) 3 (Xath- Ko )

k=1 1

rne X,(k), X,(k) — k-bic 3HauCHHS MaccHBOB OOBEKTHBHBIX WU

Cy6’beKTI/IBHHX OLCHOK Ka4eCTBa peuu, X 5 X2 — CpC€AHHUC 3HAYUCHUA

MacCHBOB OOBEKTHBHBIX W CYOBEKTHBHBIX OIIEHOK KadecTBa peud, k
HOMEP MaccuBa peaau3anuil.

B Tabmuiie 1 mpuBemeHbl yCpPEAHEHHBIC 3HAUCHUS KOPPENSLUi
OOBEKTHUBHEIX U CyOBEKTUBHBIX OIICHOK KauecTBa Pedd (TEMHBIM IIBETOM
B TaOJHIIC BBIACICHBI MaKCUMalbHBIE KOA(DGMUIIUESHTH KOPPEISAIHUH s
Pa3IUYHBIX aJTOPUTMOB OLIEHKH KauecTBa PEYH U KOJEKOB) MPU ACHCTBUU
paznuunbXx BunoB All B amama3oHe oTHomIeHW# curHan—ImyMm ot 30 1o -
10 nb mns xkogexkoB MMBE mpu ckopoctu nepemaun 1,2 k6ut/c, ICELP
npu ckopoctu nepenaun 4,8 kout/c, G723.1 co ckopocThio nepeaayu 5,3
kout/c, G729a co ckopocTh0 mepemaun § KOWT/C. AHANIOTHYHBIC
HCCIIEeIOBAaHUS POBEACHBI AT APYTHUX BHIMICTIEPEUUCICHHBIX KoaekoB PC
Kak npu Hamunuuu All, Tak ¥ IpH UX OTCYTCTBHUU.

Kak BugHO, W3 aHamM3a TONYYCHHBIX JAHHBIX, HaHOOJBIIUHA
ko3 urmeHT Koppensamun obecredunBarOT TokazaTenn oueHkn ESC u
FOSD.
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Tabmuna 1. KoaduuuenTs! koppensiuny nokasareiied 00beKTHBHON |
CyOBEKTHBHOM OIICHKH KauecTBa pedn

Kozekn | \iviBE | ICELP | G723.1 | G729a

AnropurMmel

CKopocTh, KOUT/C 1,2 4.8 5,3 8
CKO 0,7 0,97 0,97 0,90
OClIsegm 0,72 0,96 0,98 0,96
ESC 0,82 0,99 0,89 0,89
SD 0,67 0,98 0,97 0,97
SP 0,26 0,07 0,57 0,29
ISD 0,62 0,94 0,71 0,21
COSH 0,56 0,92 0,6 0,15
BSD 0,89 0,91 0,81 0,85
MBSD 0,90 0,96 0,93 0,96
FOSD 0,93 0,88 0,84 0,95

V3 anropuTMOB OIICHKM KadeCcTBa pPEYd BO BPEMEHHOW 00jacTy,
KOTOpBIC MPUMEHSIOTCS TIIaBHBIM 00pa3oM s KOZIEKOB (POPMEI CO CKOPOCTBIO
nepenaun PC 32...64 xOut/c HanOonbuid KOI(MQPUIMEHT KOppesiiku C
CYOBCKTHUBHOM OIIEHKOH 0OeCTIeurBaIT TIOKa3aTelb OICHKN Ka4ecTBa Ha OCHOBE
OTHOIIICHHMSI CUTHAJI-IITyM CerMeHTHOe (signal-to-noise ratio, cokp. OCII). Jlns
JIPYTHX METOJOB KOAWPOBAaHMS CHIIbHEE KOPPEIUPOBAaHBI — PE3YIBTATHI
OOBEKTHUBHBIX OLICHOK IPH HCIIOJIL30BAHUH 00JIee CIIOMKHBIX AJITOPUTMOB.

5. Moauduxanus nokazareiass ESC. Cpenu MeTonoB 0OBEKTUBHOM
OLICHKM Ka4yecTBa PEYd I aJTOPUTMOB OCYIIECTBILSIIONIMX O0OpabOTKYy B
YaCTOTHOW OOJIaCTH BBIICIIETCS TIOKa3aTellb KOPPEILIHAN  BO30YKICHUS
criektpa ESC. PaccMoTprM BO3MOXKHYIO MOJIM(DUKAIMIO JTAHHOTO TIOKa3aTelst
B IIEJIAX OOJIee TOYHOTO €r0 COOTBETCTBHUS CYOBEKTUBHBIM olicHKaM PC.

B ciyuae manuuus ucxomHoro u gekoaupoanHoro PC mpemioxeH
moka3atenb MESC [22, 23], ocymecTBISIOMINN BBIYHCICHAE OICHKU
KayecTBa peud B IMpeleNnax KPUTHUYECKHX II0JIOC CIIEKTpa C yYeToM
KO3 PUIMEHTOB UX 3HAYAMOCTH:

2

Nb,g
Z_; Be|X (f.8)| Y (£,-2)|

1 G
MESC:EZ

o [ Neg Np.g
DA WAL

) (12)
|2

rae 3, — K03(QQUUHMEHT «3HAYUMOCTI) CIIEKTPATBHBIX COCTABIAIOIIMX g -
oi KkputHueckod momocel, X(f,,g) u Y(f,,g) —g-ai Kpurudeckas
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oJI0Ca CHOCKTPOB MCXOAHOIO0 M JACKOANPOBAHHOIO PC, N, bg KOJIMYCCTBO

OTCYCTOB B g -OH KpPUTHYECKOW mojoce, G — oOIIee KOJIUYCCTBO

KPHTHYECKHUX TOJIOC.
Hpyras Bo3moxxHas Moaudukanus nokaszarens ESC npu orcyTcTBrH
ncxoxuaoro PC nmeer Bu:

2

Np.g
> Bel Xy (£08) Y (£,02)|

G n=l

1
MESC2 :5; o e
> B Xo (£2) 2 Be|Y (f02)
n=1 n=l1

) (13)
|2

rae X,(f,) — Mozens ycpeaHeHHoro crektpa PC.

CornacHo [5, 6], ycpennenneni cnexktp PC onpepensercs B
COOTBETCTBHH CO CIECAYIOIINM BBIPaKCHUEM:

xo( =10 () [+ ()T (14

e o’ — jaucnepcus  BeiGopok PC, f, — nm-as  crHeKTpabHas
cocrasisrontas PC B npenenax ot 0,1 mo 8,0 k', f; —yacToTa OCHOBHOTO

ToHa peu, paBHa 400 I'm.
KoodduuuenTsl  «3Ha4UMOCTH»  KPHTHYECKOH — momocer [, ,

BBIJICICHHBION COTJIACHO ~peKOMEHJaumusiM  [25], OICHMBAINCh Kak
oTHolIeHne sHeprun PC, cocpenoToUeHHON B KPHTHYCCKOI monoce £, K

OHEPTUH Ey = YCPEIHEHHOTO CTEKTpa PC (14), B Buze:

B, ={E,[Ex,} (15)

B coorBerctBum c BeIpaxeHuneM (15), g kaxmod g -0 u3

KPUTHUYECKHX T10JIOC, KOTOPBIE OMPEASISIINCH B COOTBETCTBUH € [25], ObuTH
TIOJTyYCHBI CIIeAyIoIIe KOdPPHIHEHTB «3HAYNMOCTIY f3, (Tabiuua 2).

Tabnuna 2. KoahduimeHTsl 3HAYMMOCTH KPUTHYCCKUX TOJIOC

g B, g B, g B,

1 0,0049 7 0,0890 13 0,0409
2 0,0371 8 0,0775 14 0,0355
3 0,0685 9 0,0653 15 0,0317
4 0,0837 10 0,0611 16 0,0282
5 0,0926 11 0,0521 17 0,0254
6 0,0908 12 0,0455 18 0,0235
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IIpu sKCIepUMEHTANBHBIX UCCIEHOBaHIIX [22, 23] OBIIO TIOKa3aHO,
yro mokazarens MESC obGecneunBaer KodpQUIMEHT KOppeIsIuuM JUIs
kogexka MMBE — 0,9, ninsa xonexa ICELP — 0,99, mius xogexa G723.1 —
0,98 n mg koneka G729a — 0,96.

Takum oOpaszom, mpemnoxkeHHas Mmoaupukarus mokazartens ESC
YBEIMYMBACT 3HAUEHHS Kod(ppuIlMeHTa Koppesiuuu B cpenHeM Ha 0,08 mpu
JIEHCTBUH BCEX PAaCCMOTPEHHBIX BUI0B All.

6. Momuduxanmsa mnokasarenss FOSD. B cnywae nHamuuus
HCXOOHOTO W gAekoaupoBaHHoro PC  mpemiokeH — mokasarenb
MFOSD (moaudukarms noKa3aTens OLIEHKHU FOSD (10)),
OCYIIECCTBIIIIOIINA BBIYMCICHUE W3MEHEHUS CIIEKTPAIFHOH JWHAMUKA
KPUTHUYECKHX T0JI0C CHEKTPOB coceHnX cermeHToB PC no dopmysie:

Nbg
MFOSD = Zzﬂ > B (S8 Niggm) =
m=2 g=1 n=1
(16)
M G Mg (28 Noggm) X (.8 Nypem)
(35, Y[ el )|
m=2g=1 ‘Y S8 Ny (m—1 ‘ ‘X fn,g, _S,eg(m—l))‘
rne M — xomauectso cermentos PC, P, (f,,g,m) — nokasarens FOSD

JUISL g -Oif KPUTHYECKOH IOJOCHI CIIEKTpa CErMEHTa /m C JUIMHOH N, .,

B, — KOXDOULUMEHT «BHAYMMOCTH» CICKTPATBHBIX COCTABIAIOUIX g -Oif
kputuaeckoii nonocsl, X (f,,g,m) u Y(f,,g,m) — g-as kpuTHUecKas
TOJIOCA CIIEKTPA CETMEHTA /. C JUTHHOM N, HCXOIHOTO H JEKOTHPOBAHHOTO

PC. Ilpm SKCHEpHUMEHTAIBHBIX HCCICAOBAHMAX IIOKAa3aHO, 4TO TIpH
orcyrcTBMM  ucxomgHoro PC  ocTaercs  BO3MOXHBIM  OIpEIEiCHHE
Ppa300pUMBOCTH peuH, PH 3TOM MoziepHn3anus mokasarenst FOSD nmeer Bun:

Nbg
MEOSD =335, 3 By (1,18 Noy) =
m=2 g=1 n=l

(17)

g Np, ‘Y J> 8 Nogg )‘
_Z;;ﬂ p ‘Y fng seg(m—l))‘.

[TokazaHo, 9TO MpH SKCIEPUMEHTAIBHBIX HCCIeAoBaHUAX [22, 23]
mokazatenrs MFOSD obecrnieunBaeT K03 (QUITMEHT KOPPESAIIH s KOIeKa
MMBE — 0,95, nns xogexa ICELP — 0,89, mis kogexa G723.1 — 0,88 u
s kogexka G729a — 0,97.
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Takum 00pa3zom, npeanoxeHHas moaudukanus mokazarens FOSD
YBEJIMYHUBAET 3HAUEHHE KOd(pPUIIMEeHTa Koppesiuu B cpenHeM Ha 0,03 mpu
JICHCTBUU BCEX PACCMOTPEHHBIX BUIOB AllL

7. <@opMupoBaHue KpUBBIX perpeccuu. HemanoBaxxHbIM
9JIEMEHTOM IIOJyY€HHs OLEHKHM KadecTBa PEYH SBIISICTCS IPHUBEACHHE
IIKaJIbl 0OBEKTHBHOMN OIEHKH MOJYYEHHBIX JAHHBIX K IIKajle CyObEeKTHBHON
OLICHKH, O0JIee YIOOHOH! U BOCHIPUSTHS YETOBEKOM.

Hdna  stux 1uened  Qopmupyercs TakK Has3blBaeMas «KpHBas
perpeccum» — MaccuB KO3(QQHUINEHTOB MOJIMHOMA UII MpeoOpa3oBaHUsA
mkansl [22]. Ha pucyHke 2 moka3aHa cxema MOJy4deHHs Kod(pQHIHNEHTOB
KPHBOH perpeccuu Ha 3Tare HaKOIUICHHSI CTATUCTUYECKUX JaHHbIX.

[“Brox macomnenws |
CTaTUCTUYCCKUX OTaHHBIX

{PN} [ CTaTUCTUYECKUE TaHHBIC
IIapaMeTpoB IOMEXOBOTQ
Bosaeiictus {PN,

{OOPN} CTaTHCTHYECKHE JAHHBIC
| 00BEKTUBHBIX OLIEHOK
| OOPN Pacuer
| c K03 HHIIeHTOB Basa nqaHHbIxX
{C ‘P }{C,V } TATUCTHUYECKUE TaHHBIC PHBOI perpeccH
PN PVALL cyOBEKTMBHBIX OLIEHOK
| fcet {4
info ! Mudopmarms uis 0a3el
| JaHHBIX (MHpOPMALHS O
| "|xonexe, mapamerpel ucxomHoro| |
| CHUTHAJA M T.1L.), info |
— -

Puc. 2. Cxema nosydeHus K03pHUINEHTOB KPHBOH perpeccuy Ha srare
HAKOIUICHUS CTaTUCTHYECKUX JTAHHBIX

HcxXoHBIMH CTaTUCTUUECKUMH IAHHBIMU B TIpeJieiaX UCCIeJOBaHMs
OJTHOTO KOJIeKa SIBJISIFOTCSI:

— MaccuB HMHGOpMalUHM O 3HAYCHUH IIEPEeMEHHOIo IapaMeTpa
MOMEX0BOTO BozaeicTBus {PN}, u3 6moka BOII (pucyHok 2);

— wMaccuB 00bekTuBHOM oueHkH {OOpy}, COOTBETCTBYIOLIHMN
MaccuBy {PN}, u3 61oka BOOK (pucyHok 2);

— MaccHBBI CYOBEKTHBHBIX OIIEHKH pa3bopumBoctH peun {CPpy}
COOTBETCTBYIOIIME MaccuBy {PN}, TpH MpoBeleHHH CYyOBEKTUBHOTO
OILICHUBAHMA KadeCcTBa pedd (PUCYHOK 2);

— wuHpopManmus ans ydera B 0Oa3e maHHBIX info, w3 Omoka
BY (pucynok 2).
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ITpeobpa3oBaHue LIKAIBI 331a€TCS B BUE MOJMHOMA!

K
_ k-1
CO'=% oy 00", (18)
k=1
rage o, — k-plif koapdunuent xpusoil perpeccuy, OO — 3HadeHue
OOBCKTHBHOW OLICHKM KadecTBa peud, K — MOPANOK KPHBOHM perpeccui.

Habop xoadduuuenToB ¢, nepenaercs ULl XpaHeHHs B 0a3y IaHHBIX C

METKOM info IS ydera KOHKPETHBIX rapaMeTpoB
HCcIieIoBaHNs (HaMMEHOBAaHHE M TTapaMeTphl Kozeka, mapamerpsl PC u T.11.).
OObexTHBHAs OICHKA, monydeHHas ¢ Omoka BOOK m wmaccus

k03¢ ULKEHTOB {ak} ¢ Onoka 0a3bl IaHHBIX, MO3BOJISIOT NMPE0OPa30BATH

OOBEKTHUBHYIO OIIEHKY KayecTBa peyd K IIKane CyObeKTUBHOU
OLICHKH (PUCYHOK 3).

PC 00
—> BOOK

CO
iak 00—
k=1

A

A

baza manHbeIx {%}
{o (info)}

Puc. 3. IIpeobpazoBanne 0OBEKTHBHON OIIEHKH KauecTBa PEUH K IIKae
CyOBEKTUBHON OIIEHKH

infi
_1nto

8. KomiuiekcHbI aJIrOpuTM OLIEHKH KavecTBa pedd HA BbIXOe
koaexoB PC. ][ OIeHKH KadecTBa peYHM Ha BBIXO/E Pa3IMYHBIX KOJIEKOB
WCTOYHMKA, KaK NPH OTCYTCTBUH, TaK W NpH Hamuuuw Toimbko All, Obum
BBIOpaHBI TOKA3aTeM, OOCCIICUMBArOIe HanOojee MOCTOBEPHYIO OICHKY B
YaCcTOTHOH M BpPEMCHHOW OO0JAacTsIX, a TakKe B O0JaCTH HW3MEHCHHS
CHeKTpaibHOM quHaMuku: Tokasatens MESC, xoropslii obecrieunBaer
PAaBHOMEPHO BBICOKYIO KOPPCILIIIMIO CPEAM BCEX AITOPHUTMOB OICHKHA B
YaCcTOTHOM OOJIACTH;, OTHOIICHUE CHTHAJ-IITYM CETMEHTHOE, 0OCCIICUMBAIOIIECE
BBICOKYIO TOYHOCTh JIIS OCHOBHBIX KOJCKOB (POPMBI, W MOIHU(pUKAIHS
mokazarenst FOSD (MFOSD) — B 06macTv cieKTpaJibHOW TMHAMUKH [22].

B kawectBe kpurepus s BEIOOpa KOHKPETHBIX IIOKa3aTelneit
SIBIDIACH OJM30CTh IMONyYEHHBIX OOBEKTUBHBIX OIICHOK K CyOBEKTHBHOIM,
BO3MO>KHOCTh OIICHKH CHTHAlla BO BPEMEHHON M CIEKTpalbHOM obiacTH, a
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TaKkxke B 00JacTH CHeKTpajdbHON AuHamuku. Kpome Toro, yumThiBanach
MPOCTOTA PeaTU3aLUU NPEICTABICHHBIX METO/IOB.

OreHKa KadyecTBa peud MPOBOJMIACH HA OCHOBE TPEX IMOKa3aTeien ¢
Y4eTOM BO3/ECUCTBUS Ha KaxAbli n3 HUX All:

k = ok, SNR,, + Bk, MESC + yk; MFOSD , (19)

rae k, ,k, ,k;— HOpMHpOBOUHBIE KOddduimentsl. Koadduuuentsr £ ,k,,
k; HEoOXOOMMBI IS HOPMHPOBOK BKJIaJa METOJOB OOBEKTUBHOH OICHKH,

TaK KaK OTH OLCHKA KMEIOT pAa3IMYHBIi MOPSAOK ¥ HM3HAYAIBHO
HECOTIOCTAaBUMEI, ¢, 3, — KO(PQOUIMCHTBI, C TIOMOIIBI0 KOTOPBIX
OCYIIIECTBIISICTCSI YUET Pa3IMYHOrO BKJIa[a KaXOro M3 MoKa3aTesed OleHKH
Kkadectsa peunt SNR,,,, MESC u MFOSD mnpu neiicteun pasimuaneix All,

JUIs KOTOPBIX BBINONHAETCA yclnoBue o+ [+ 7y =1. CIpykrypHas cxema
TIPEUTOKEHHOTO alrOpUTMa n300paXkeHa Ha prCyHKe 4.

l Tectupyemsriit PC

VAD

OoClI MESC MFOSD

cer

Orenka kauectBa PC

Puc. 4. CtpykTypHas cxema KOMIZIEKCHOTO aJITOPUTMa OObEKTHBHOM OLIEHKH
Ka4ecTBa peyH
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CoracHO MOKa3HOW Ha CTPYKTYPHOH CXeMe KOMITIEKCHOTO alrOprTMa
OOBEKTUBHOM OLIEHKH KauecTBa PEdH, TECTUPYEMBI CUTHAN CHAaYaJIa IOJaeTcst
Ha cxeMy VAD, B kotopoit mpouzBomutcsi otOpoc nay3 PC, mis oueHku
TOJIBKO coJiepKaTenbHol vactu coobuieHus. 3atem PC 0e3 may3 momaercs
HapaJuleJIbHO Ha TPU CXEMbI OLICHKH — TJIe TIPOMCXO/IUT OLIEHKA KaYecTBa pedr
110 KaXIOMYy U3 nokaszaresnel SNR MESC u MFOSD. 3areMm BKJIagbl 3THX

METOIOB B OOIIYIO OLEHKY CYMMHPYIOTCS C Y4€TOM HX KO3(QUINECHTOB
a, 3,y . Habop xoahduimenTos onpezensiercs 171 Kaxaoro Buga Al

seg

9. Pe3yabTaTsl J3KCNIEPUMEHTAJBHBIX HcCaeI0BaHui
KOMILUIEKCHOT0 AJITOPUTMA OLeHKH KadecTBa pedd npu aeiicteuu All
B cooTBercTBUM ¢ TNpUBEICHHOW Ha pPHCYHKE 4 CTPYKTypHOH cXeMoi
KOMIUIEKCHOTO aJITOPUTMa OOBEKTHBHOW OLICHKH KaueCTBa PEe4YM NPOBEACH
PAI SKCIEPUMEHTANBHBIX HUCCIEI0BAHUI.

OcymecTBieH BbIOOp 3HaueHHH KodhduuueHtoB «,f,7 (c

mrarom 0,1) mpu KOTOPBIX KOA(PGHUIMEHT KOPPEILIITUN MEXIY 00bEKTUBHON
OLCHKOW MPEAJIOKEHHOTO KOMIUIEKCHOTO ajropuT™Ma W CyOBEKTHBHOM
OLCHKOW KayecTBa pPEYM JOCTHraJl MAaKCHMAlbHBIX 3Ha4eHHid. [lpm
LIMPOKOIIOJIOCHON KBa3UCTaMOHAPHOH IOMeXe 3HaueHHS KOd((PHUIIHEHTOB
JIOJDKHBI OBITH a=£=0,2,y=0,6; npu IIMPOKOTIOTIOCHOM

HeCcTalmoHapHo# momexe — o =0,1, 4 =0,9,y=0,1 ; Ipx HU3KOYACTOTHOU
KBa3WCTallMOHAPHOU nomMexe — a=0,1,=y=0,45; npu
HU3KOYAaCTOTHOW HecTarroHapHO# momexe — o = 0,25, =0,5,7=0,25.
Takxke MOXHO ONpEAeNUTh KOIPPUIMCHTH «,f,Y sl KaxIoro

nokasareJs konupoBanus PC.

IIpy WCHONBE30BAaHUHM KOMIUIEKCHOTO —alTOPUTMa OOBEKTHBHOM
OLICHKM KadecTBa peud it nexkoaupoBaHHoro PC npu peiictBuun All
JIOCTaTOYHO OMNpPENEIUTh TUI NEHUCTBYomed nmomexu u Bui koxaepa PC,
YTOOBI OJIYYUTh HEOOXOIUMbIEC 3HAUCHUS KOAPPUITEHTOB «, 3,7 .

Ha ocHoBe momydeHHBIX KOI(PPHUINEHTOB TPH YCIOBHHA HUYTO
m3BecTeH TUN JeiictByromelt AIl, BO3MOXHO OIICHUTH OOBEKTHBHOE
kauecTBO PC U cpaBHUTH €ro ¢ CyObEKTUBHBIMU OIIEHKaMH, TTOTyUYE€HHBIMU
corsacHo 'OCT P 50840-95 [1].

PasHuiia A Mexay CyObeKTHBHOW U OOBEKTHBHOW OLICHKOM,
MOJIyYeHHON C TIOMOIIBI0 KOMIUIEKCHOTO alTOpUTMa OLEHKH KadyecTBa
pevd, mpuBeNcHHAs K MATHOAUTPHON IKanie OICHKA M YCPCAHCHHAs IS
Bcex Bua0B All u koaexkoB PC B 3aBUCUMOCTH OT OTHOUIEHHSI CUTHAJI-IIIYM
OCII noka3aHa Ha PUCYHKE 5.

Kak BHIHO W3 IPUBEICHHON 3aBUCHMOCTH OIIMOKA OICHKH KauecTBa
pean cormacHo ['OCT P50840-95 we mnpeBpmmaer 0,35 Oamma mpu
otHOmeHn: curHai-myMm ot 30 nb mo -10 xb.
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>

o
w

0,1

-10 -5 0 5 10 15 ocCll, nb

Puc. 5. 3aBucuMocTh pa3HHLBI MEXAY CyObEKTUBHON U OOBEKTHBHOM OLIEHKON
KadeCcTBa pe4u l'lOJ'[y'-leHHOP’I C IOMOIIBbIO KOMINJIEKCHOI'O aJIrOPUTMa OT OTHOLICHU
CHUTHAJI-IIYM

OKcrepuMeHTalbHbBIE HccieoBanua BosaeicTBua All Ha kadecTBO
peur MpOBOMIIMCH MpH OoTCyTcTBUH M Hanmmunu O10ka KOJEK (pucynoxk 1).
[pu orcyrctBum 61oka KOJEK Bmusame AIl ckaspiBajocs Oomble BO
BpPEMEHHOW M 4YaCTOTHOH 00JacTsX, MO3TOMY HaWOOJBIIMH BeC HMEIH
nokasarenmn  SNR,, u MESC. IlomyueHHbIC OLEHKHM KadecTBa pedd Ha

BbIX0Jie kKosiekoB PC B 3aBUCHMOCTH OT OTHOIIEHHS CUTHAJ-IIIyM [TOKA3aHbI B
paborte [22].

AHaNorn4Hbple WCCIENOBAHMS MPOBOAWINCH TPH HAJIWYMU OJOKa
KO/JIEK. Pe3ynpTaTsl IpOBEICHHBIX HCCIEOBAHHUI TOKA3aIIH:

—BO3MOYKHOCTb ~ HCHOJB30BAHUS  KOMIUIEKCHOTO  @JIrOpUTMa
00BEKTHBHOM OIeHKH KadecTBa 1o ¢opmye (19). Ilokazano, 9ro ommbka
oueHku kadectBa peuu cormacHo I'OCT P50840-95 me mpessimaer 0,35
6aruta mpu oTHOIIEHUH curHai-iryM ot 30 ab mo -10 nb,

—BO3MOXKHOCTh  QJaNTallud  MNPEJIOKEHHOTO  KOMIUIEKCHOTO
aIropuTMa OOBEKTHBHOW OIIEHKM KadecTBa K HM3BeCTHBIM BuaaM All u
anroput™MaMm rnepBudHoro koxuposanus PC. ITokazaHo, uTo mpu BbIOOpE
K03(HUIMEHTOB, COOTBETCTBYIOMMX omnpeaeieHHoMy Buay All wiam Bumy
NEPBHUYHOTO KOJMPOBAHUs OIIMOKa CHIDKaercs 6onee yem Ha 20%;

— yMEHBIICHHE OIIMOKM OLEHKW KadecTBa Pedd NpPH BO3ACHCTBHH
ATl B ciiyyae orcyterust kozneka PC 1o 50%;

— HaUMEHBIIME WCKAXEHUs] B TPaKT Nepenadd BHOCIT KOAEKH
¢opmbr Ha ocHoBe KM u AJIUKM co ckopocThio mepenadn He MeHee
32 x6urt/c, a Takxke Kojeku Ha ocHoBe anroputMa CELP;

— HanuOOJBIIIME UCKKEHHS B TPAKT Iepeavyd BHOCAT HU3KOCKOPOCTHBIE
konekn LBRAMR, MMBE mipu ckopocTsx niepenadn 2 KOUT/C 1 HIDKE,

—Hanbosee 4yBCTBUTENbHBIMU K JAelicTBuio All siBnsitoTcst Komeku
LBRAMR, MMBE co ckopocTsimu niepeaaqn Hike 2,4 KOuT/c;
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— HauMeHee 4yBCTBUTENbHbIE K AeiicTBuio AIl komeku Ha OCHOBE
anroput™Ma CELP 1 BEICOKOCKOPOCTHBIE KOAEKH (POPMBI.

10. 3akmrouenne. PaccmarpuBaroTcss METOABI OOBEKTUBHON OIICHKH
Ka4yecTBa peyd, OCHOBAHHBIE HAa U3MEPEHUH JAWHAMUYECKUX U CTAaTHYECKUX
xapakrepuctuk PC Ha BbIXOome Koaeka wucTouHuka. (OOocHOBaHa
(yHKIMOHATbHAA CXEMa TPOBEICHHSA SKCIIEPUMEHTAIBHBIX HCCIICTOBaHUI.
[lpuBeneHs!  pe3ynbTaThl — aHamW3a  KOPPENALMM  OOBEKTHBHOM W
CyOBEKTHBHOM OLEHKM KadecTBa peud. [Ipemmoxkensl MoanbuKanyuu
Tokaszarensi Koppessinuu Bo30yxnaenus crekrpa MESC n Mommdukarms
rokazarenst (YHKIMH OIIyImIeHWs crekTpansHoi nuHamukd  MFOSD.
[pennoxken anroput™ (OPMHUPOBAHHS KPHBBIX PErPECCHH, MO3BOJISIOIINIA
BBITIOJIHUTH TIPe0o0pa3oBaHie OOBEKTUBHOW OLICHKH K IIKalle CyOBEeKTUBHOW
OLICHKH Ka4eCTBa Peyu.

Ha ocHoBaHuM MCIONIb30BaHMs Han0OJIEEe TOUYHBIX METO/IOB OLICHKU
KadecTBa pedn BOCCTaHOBICHHBIX PC mpeanokeH KOMIUIEKCHBIH alropuTM
OOBEKTHBHOM ammapaTypHOW omeHkH KadecTBa peun corigacHo ['OCT P
50840-95 mnpu Bo3meHCTBEM Ha MHUKPO(POH IIHPOKOTIOIOCHBEIX U
HU3KOYACTOTHBIX CTalMOHApHBIX M HecrammoHapHbIX All. Ilokaszano, 9rto
NpPUMEHEHHE  KOMIUIEKCHOTO  aNropuTMa  MO3BOISIET  MNOIYYMTh
O0OBEKTHBHYIO OIIEHKY KadectBa peun coriacHo ['OCT P 50840-95 co
cpenHeil ommbOkoi He Oonee 0,35 Oayuta MPU OTHOIIECHHSX CHTHAJI-IIYM OT
30 nb 10 -10 ab xak npu OTCYTCTBUU TaK U NpHU Hanu4uuu kogeka PC.
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Speech Signal Quality Under the Action of Acoustic Interference.

Abstract. The paper presents algorithms for objective evaluation of speech quality are
considered, based on the measurement of dynamic and static characteristics of speech signals at
the source codec output. The functional scheme of carrying out of experimental researches is
proved. The results of the analysis of the correlation of objective and subjective evaluation of
speech quality are given. Modifications of the objective quality assessment are proposed on the
basis of the correlation of the excitation of the MESC spectrum and modification of the exponent
on the basis of the calculation of the sensation function of the spectral dynamics of MFOSD. The
algorithm of regression curve formation is proposed, which allows to perform the transformation
of objective evaluation to the scale of subjective evaluation of speech quality.

Based on the use of the most accurate modifications of the speech quality assessment
indicators for reconstructed speech signals, a complex algorithm for objective hardware
evaluation of the speech quality is proposed when the broadband and low-frequency stationary
and nonstationary acoustic waves are applied to the microphone. It is shown that the use of a
complex algorithm makes it possible to obtain an objective evaluation of the quality of speech
according to GOST R 50840-95 with an average error of no more than 0.35 points for signal-
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H. SAMANI
MULTIMODAL COGNITIVE PROCESSING USING ARTIFICIAL
ENDOCRINE SYSTEM FOR DEVELOPMENT OF AFFECTIVE
VIRTUAL AGENTS

Samani H. Multimodal Cognitive Processing Using Artificial Endocrine System for
Development of Affective Virtual Agents.

Abstract. In this paper a comprehensive architecture for emotional and affective process
in a virtual agent is presented . By fusing video, audio and text emotion of the users as affective
sources to the system, the virtual agent can appraise the mood of clients. To emulate the influence
of the human hormones in the virtual agent, the proposed system employs Artificial Endocrine
System (AES) in the aspects of moods and biological needs, by controlling the concentration
level of the influential hormones. The agent affective processor engages AES, personality and
mood modules to manage the internal state. Intelligent virtual agent would interact with clients
according to its affective state circumstances.

The proposed system presents a complete platform to capture emotional channels through the
network to analyze and process them in an affective engine in order to determine the emotional
quality of the response.

Keywords: Multimodal, Emotional Agent, Cognitive Robotics, Affective Computing,
Artificial Endocrine System.

1. Introduction. Intelligent Virtual Agents are human-like embodied
characters [3]. These autonomous artificial characters have applications in
many fields, such as computer game [58], customer relationship manage-
ment [61], human-machine interface [62], virtual pets [63] and chatterbot [4].
In order to achieve an effective emulation, virtual agents must display realistic
behavior [51]. With great behavioral responsiveness, the user will have a sensa-
tion of interacting with an agent [48,51]. The virtual agent with strong artificial
intelligence should possess sapience and reasoning abilities [5]. For instance,
in [49] the virtual agent who displays sense of humor and has learning ability
to respond has presented. Some models have the ability to display emotions
while interacting with users [52]. They can also be equipped with modules like
voice recognition and language learning abilities [60]. In other words, virtual
agents should respond to human interaction in real-time and with suitable
behavior, probably with emotions rather than predetermined, highly contextual
and behaviorally subtle [53].

In the proposed system, the online virtual agent operates in a network
to capture messages of the clients by utilizing the web camera, microphone
and keyboard as sensors. Our aim is that the virtual agent gives human-like
responses to the clients. That goal is achievable if the virtual agent has internal
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affective state which resembles to the mood of the human being. In daily life, our
responses not only depend on the interaction with one specific conversational
and emotional channel, but also rely on the overall mood at that time. Hence,
we employ the concept of the internal affective state for the virtual agent to
emulate the emotional states of humans.

The internal state of the virtual agent changes according to interactions
with all of the users and its responses are based on its overall mood instead
of direct responses which merely depend on the corresponding client. We
consider both emotional and biological related hormones in order to develop
the realtime structure that provides the emotional weight of the response for
the overall decision making module of the virtual agent by developing the
Artificial Endocrine System.

In Section 2 we described the structure of the Sentimental Architecture
in details according to several layers in Figure 1. We presented an overview
of the experimental development of that platform to demonstrate the practical
functionality of the proposed architecture in Section 3. The paper is concluded
in Section 4.

2. System Architecture. We propose ac Sentimental Architecture as
the multi-layer and multi-module platform for the emotional processing of the
virtual agent in this paper. The overall schematic of this platform is presented
in Figure 1.

Each of the next sections of this paper corresponds with one layer in the
system architecture in Figure 1 to provide the detailed description regarding
the functionality of that layer. System layers include: input, perception, data
fusion, Al and output.

2.1. Input Layer. While clients chat with the virtual agent over net-
work, the input layer captures data from three different sources of video, audio
and text of all the interacting users and transmits that channel information to
the perception layer. The technical details of this layer depend on the structure
of the network. We have considered the centralized and parallel network in
our architecture.

2.2. Perception Layer. The role of the perception layer is to pre-
process, filter and classify the emotional data from input layer. This layer
computes the emotional value of the clients through n x 3 x 6 channels, where n
is number of the clients over the network; Video (V), Audio (A) and Text(T') are
3 sources of data acquisition; and Happy (H), Sad (S), Surprise(U), Disgust(D),
Anger (A) and Fear (F') are 6 basic emotions.

2.2.1. Visual Module. Facial expression is the excellent source for
identifying the emotional state of the human being. The visual module of the
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system analyzes the facial expressions of the user to recognize the emotion of
the user based on the video information which is provided by the web camera.

Proper utilization of dynamic facial motion information can is invaluable
and critical to the process of emotion recognition and interpretation [14].
Several facial expression recognition techniques are available nowadays [8-11].

By the use of neural network it is possible to develop the Multi Layer
Perceptron (MLP)system which Primary, hidden and output layers of MLP
correspond to the sensory data, facial action units and the classification layers
respectively. The output of such MLP can classify facial expressions in to
6 basic emotions: Happiness, Sadness, Disgust, Surprise, Anger, and Fear.
Details of such model is presented in others related research [2].

2.2.2. Audio Module. The process of the vocal aspect in the commu-
nication has inherent complexity in virtual agent. Firstly, in this field we are
interested in daily conversional type and contains short informal utterances.
Secondly, we need an emotion recognizer which is able to handle voices of
various people. The system should be speaker-independent and capable of
handling different voices. Furthermore, speech emotion recognition in such
situations is out of reach for current systems.

The existing work used data mining and machine learning methods
such as neural networks, Support Vector Machines or decision trees and they
use a wide variety of voice features (mean, max, min, max-min, variance, of
the pitch and intensity distribution, length of phonemic or syllabic segments
or pitch rising segments) to meet these goals [31,33-35]. They achieved good
results in their experiments. However, their systems are speaker-dependent
which is not desired for the virtual agents.

For our proposed system, we used an approach to do the recognition of
human emotion in speech speaker-dependently. To achieve this aim, the input
audio is pre-processed to remove the noise from the audio. Briefly speaking,
we remove the leading and the trailing edge to clear the input .The volume is
also normalized to make the recognition procedure optimal. Unvoiced sounds
are cut and the result of this step will be passed to the next level to extract the
features from the audio. we extract the potential features from each utterance.
The discriminatory power of these features is then analyzed using GRNN [30]
and K-nearest Neighbors classifier [28].

The GRNN is a memory based neural network based on the estimation
of a probability density function. The main advantage of such system over the
conventional multilayer feed-forward neural network is that unlike the multi
layer feed-forward neural network which requires a large number of iterations
in training to converge to a desired solution, GRNN needs only a single pass of
learning to achieve optimal performance in classification [30]. In mathematical
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terms, if we have a vector random variable x, a scalar random variable y, let X
be a particular measured value of x, then the conditional mean of y given X
can be represented as:

X Yiexp(—2h)
P = : (1)

D?
Yiiiexp(—55)

where D; is defined as:

D} = (X -X)T (X —X;). ©)

In the above equations , n denotes the number of samples. X; and ¥; are
the sample values of the random variable x and y.

After choosing the best features, these selected features are used to train
the main neural network which contains six sub-neural networks, one for each
of the emotions. The outputs of the six sub-neural networks will be passed to
the decision unit to make the final emotion. An overview of this system can be
shown in the Audio module of Perception module in the Figure 1.

2.2.3. Text Module. Generally, there are two main approaches for emo-
tion extraction from the text, keyword spotting and statistical classification [17].
The first one is the most popular and naive method for the emotion recogni-
tion [18]. In this approach, text is processed using search engine which places
tags and intensity of the emotional words. It is considered a straightforward
way of classifying words into six emotional categories. This method has two
main problems: Firstly, sometimes emotions are hidden in the concept of the
sentence and not just the words. Secondly, this technique fails to tag gram-
matically complex negations, ironic dialogs or slang. The second approach is
the statistical classification that can reflect the useful features in addition to
previous emotional keywords [19]. There are different ways of feature extrac-
tion in this method, based on the machine learning methods, such as support
vector machines [22] and conditional learning. For example in [21] the authors
used conditional probability as the salient function to automatically learn and
extract the keywords. In [19] Salton theory has been employed to automatically
recognize the emotion from the text [27]. In this work, we used support vector
machine since the training of the system is simple and has no extra complexity
based on local minimas. Furthermore, using SVM makes the system clearly
dependent on the most informative features of the input [23]. Our text-emotion
extraction system has two main modules, the training modules which processes
the training text to extract the keywords. These keywords are labeled and used
to make the attributes minimal subsets using SVM. Our extraction engine is
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actually made of these attribute sets. The other module is the test module
which we use in real time to extract the emotions. Basically, when a new input
is fed to this module, the keywords are extracted and labeled using the same
procedure in training phase. After this step, we can use the extraction engine
to get the emotions [24,25].

2.3. Data Fusion Layer. The total emotional input to the system at
any time is the combination of three perceptional modules of video, audio
and text from all the clients. The data fusion module integrates the value of
the emotional channels over the perception layer in order to supply the union
emotional array to the artificial intelligence layer.

The fused emotional input value can be defined to mix three emotional
inputs of six basic emotions for all the clients as equation (3):

n 3 6
Pom) = (2 X Y Yy Biin) &ije)) Woms ) 3)

k=1j=

where i = Happiness, Sadness, Disgust, Surprise, Anger and Fear presents
six basic emotions,

j = Vision, Audio and Text refers to three different source of emotional
input,

n is number of clients who interact with agent at time 7,

k is the counter for number of clients,

0 jk)is the emotional coefficient for the ith emotion, through jth source
in the kth client channel,

B jx)is the source coefficient for jth source through kth client channel,

}/(k)is the channel coefficient for kth client channel,

Y(m, 1)1 the emotional parameter for six basic emotions at time ¢ and

@(m; ) 1s the fused emotional value for six basic emotions at time ¢
which includes 6 values of emotional input from all the clients at the current
time by considering 3 different weights of ¢, B and 7y for emotion, source and
channel respectively.

The Softmax activation function is used for the input emotional values
in the network to be interpretable as posterior values for six different emotional
categories. In this way results lie between zero and one and the sum of them
would be one:

exp((P(m,-,l) )
Yo exp( @)

where €; represents the normalized value of input emotions.

Qi = “
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2.4. Artificial Intelligence (AI) Layer. The Artificial Intelligence (AI)
layer processes the internal state of the virtual agent by considering the multiple
emotional values of the clients and internal affective parameters to change the
characteristic parameters of the virtual agent accordingly. This layer consists of
several modules: Personality including five main character dimensions, Mood
module as long lasting affect of the agent, AES which manages biological
and emotional hormones and the Affect Processor module which computes
mentioned modules to generate the values for Response Emotion module.

2.4.1. Artificial Endocrine System (AES). Natural endocrine system
is viewed as a network of glands that works with nervous system to secrete
hormones directly into the blood so as to control the activity of internal organs
and coordinate the long range response to external stimuli [37]. Hormones
which are chemicals released by components of the endocrine system affect
other parts of the body. Hormones play a significant role in the endocrine
system so as to preserve homeostasis. Here, we will introduce the relation of
hormone with human emotion and behavior and implement the idea into our
virtual agent.

Virtual biological systems considered as research field of biological
inspired computing. Artificial Neural Network (ANN) is one of the well
known tools in computational intelligence techniques. In the same way, The
endocrine system could be also very useful tool, but there was not any interest
in that apart from some basic systems like [42,43]. Timmis and Neal [42]
first proposed an artificial endocrine system (AES) in the module of a broader
conceptual framework which incorporates artificial neural networks (ANN) and
artificial immune systems (AIS). Later Vargas et al. [43] proposed an artificial
homeostatic system based on the previous work. It focuses on mimicking the
some important mechanisms in endocrine system, such as hormone mechanism.
The system they proposed includes three modules which are hormone level
which is to record level of hormones, hormone production controller serves to
control the generation of hormones according to the variation of the internal
states and external stimulus. and endocrine glands means to generate the
required amount of hormones after receiving the input from the controller.
Any change in the internal and external will trigger the activities in ANN and
AES [38].

This paper focuses on the hormones which are related to emotions and
biological qualities.

For emotion-related hormones, we consider four hormones namely
Dopamine, Serotonin, Endorphin and Oxytocin, The level of these hormones
is related to the emotional situation of the human being as it is presented in
Table 1.
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Table 1. Emotional Hormones

Hormone [ Affected Emotion [ Effects [ Virtual function
Dopamine Excitement, Alert- | High dopamine | More Energetic
ness makes people | and Talkative
more talkative and
alert.
Serotonin Happiness, Depres- | High  Serotonin | Happier and more
sion, Anxiety, Fear, | helps maintain | Confident
Apathy, Feeling of | happiness, relieve
worthlessness, Fa- | depression, anxi-
tigue, tension ety and tension.
Endorpin Contentment Pain Killer Improves the Sense
of Well-Being
Oxytocin Trust, Empathy, | High oxytocin in- | Trust the other
Generosity, Love creases trust and | party and show
reduces fear. It | empathy over
affects generosity | others.
by increasing em-
pathy during per-
spective taking.

Increasing level of Norepinephrine with Dopamine make people more
focused, more talkative and alert. Increasing amount of Serontonin and nore-
pinephrine are used as anti-depressants to relieve depression. Low Serotonin
level may lead to depression, anxiety, fear, feeling of worthlessness, fatigue,
insomnia. Endorphin which resemble the opiates are known to produce analge-
sia and a sense of well-being. Oxytocin are the hormone of love. Its role is to
maintain healthy interpersonal relationships, high level of Oxytocin increases
trust and relieves interpersonal stress. In our artificial endocrine system, we
intend to implant the above hormones into our virtual agent so that their af-
fective states and behaviour will be affected by the variation in the hormone
levels [40,41].

Furthermore, the affective state and behavior of the virtual agent should
be affected by the physiological parameters, such as blood pressure, blood
glucose and heart rate. These parameters are influenced by hormones as
well. Hence, we introduce a group of hormones which are closely related
to the physiological parameters of humans: Melatonin, Epinephrine, Orexin,
Norepinephrine, Glucagon, Insulin, Ghrelin and Leptin.

Melatonin cause drowsiness. Epinephrine increase rate of heart beat
and raises blood glucose . Both Dopamine and Noreinephrine increase blood
pressure.Glucagon raise blood glucose level and Insulin is known as decreasing
blood glucose level. Ghrelin stimulates apeptite, but Leptin decreases apeptite.
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Table 2. Biological Hormones

Hormone

[ Effects/Action

[

Virtual

Melatonin Drowsiness T Drowsy, Sleepy
Norepinephrine Blood pressure 1 Excited, Active
Epinephrine Heart Beat Rate 1 Blood Glu- | Sick

cose T
Glucagon Blood Glucose T Full, Lethargy
Insulin Blood Glucose | Hungry, Dizzy
Orexin Heart Beat Rate 1 Appetite T stimulated, Motivated
Ghrelin Appetite T Hungry, Dizzy
Leptin Appetite | Lazy, Listless

The effect of these 8 biological hormones are explained in more details in
Table 2.

In our artificial endocrine system, we intend to implant the above hor-
mones into our virtual agent so that their affective states and behavior would
be affected by variation of hormone levels [55].

Such a system is able to generate the respective amount of hormones
based on the current hormone concentration level which represents the current
emotional state and the clients emotional input as external stimulus.

Based on the current internal states of virtual agent and external stimu-
lations, the virtual agent will signal the glands to generate the required amount
of hormones. Hence, the virtual agent will experience change in the emotional
state and biological need.

In our system all hormones are considered to be secreted by two param-
eters:

— The activation function which can be presented by employing the
logistic function;

— The gland bustle that should be considered through all the stimuli
channels.

So the glands secretion can be modeled as equation 5:

18xn

Z pi® (5)

47 1+exp

Above representing shows that the gland secretion, A, is the product of
the each gland bustle, ®,, by considering p, as the stimuli weight which can
be activated through the nonlinear activation function W() The gland
bustle should be considered over 6 emotional values of 3 different sources,
(18), for all the n clients. The coefficient a in the activation function depends
on the current volume of the hormone in the system.
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Furthermore, The ratio of secreted amount of each hormone is the
friction of that hormone to total hormone volume which can be calculated
according to the gland activity. Equation 6 shows that, §,, which is the hormone
ratio for each of 12 hormones is calculated by considering hormone rate as
produced over time ¢, by assuming coefficient { for each hormone flow rate.

5 — gq[m (Z;ixln pi®,)]t ©)
! Z;iﬁﬂm():;gnpz‘@q)}f

In this way, the virtual agent is equipped with basic emotional hormones
to control affective situation like being happy, talkative and energetic; also it
will have basic biological needs like feeling hungry, sleepy, full and sick. That
capability makes it possible to see dynamic and realistic behavior from the
agent.

2.4.2. Mood. The mood refers to more long term emotional state. Psy-
chologist have considered two fundamental dimensions for the mood. The
circumplex model of the affect is considered with two dimensions of valence
and arousal [44]. In the another model the mood is a product of two dimensions,
energy and the tension [45].

Following that fundamental concept, in our model, we also considered
mood has two main dimensions including activation and motivation. Activation
is related to the amount of energy in the mood. For instance, excitement can
be considered as high level of activation, The activation level with surprise is
higher than happiness. Motivation refers to pleasure and displeasure of a mood.
For example, joy represents high motivation in our model, but sad means low
motivation.

2.4.3. Personality. Personality is set of characteristics that makes a per-
son distinct from another. The basic five dimensions of human personality are
extroversion, agreeableness, conscientiousness, neuroticism and openness [47].

In our model, we adopt the above five big personality dimensions to
equip our virtual agents with unique personalities. Extroversion describes
the attributes as sociability, talkativeness with high level of emotional ex-
pressiveness. Agreeableness includes characteristics like trust, affection and
kindness. Conscientiousness describes people with good impulse control and
great thoughtfulness. People with high Neuroticism tend to experience anxiety,
emotional instability. Lastly, people with high openness are likely to have a
broad spectrum of interests and very imaginative, creative. The above men-
tioned five personality parameters will create the personality module of the
virtual agent in the proposed model.

SPIIRAS Proceedings. 2018. Issue 1(56). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 65
www.proceedings.spiiras.nw.ru



2.5. Output Layer. The affective processor of the system which com-
putes the affective state of the agent decides on the emotional output value
of the agent for all the clients. This layer determines the total output of the
system based on the value of the Al modules. Equation 7 presents the output
generation structure:

4
A =] %f (7
i=1

Ag represents the emotional output weight, where f and A represent the func-
tion and corresponding emotional output weight for four decision making
modules consist of Emotional input, Mood, Personality and Endocrine system.

3. Experimental Result. According to the described architecture we
developed the proof of concept virtual agent in TCP/IP network that interacts
with 5 users simultaneously. Clients could interact with the virtual agent in
this network whilst administrator control the internal state of the server. Figure
2 shows the sample of the experiment in the Sentimental layout for one client.

To evaluate the performance of the Sentimental Architecture we asked
20 users to participate in interaction experiment with the developed online
virtual agent. We put them in four groups of five participants, two with emo-
tional system and two without it, to compare their engagement level according
to the duration of conversation in the interaction test. The average interaction
time for two groups with the Sentimental Architecture was %35 more than the
duration of conversation for two groups using the system without that platform,
which shows the significance of emotional processing in the virtual agent.

We also conducted a survey including a questionnaire and interview
with each of the clients after using the system. We asked participants to rate
the system performance. Participants who used the system with Sentimental
Architecture reported %23 more engagement with the system compare to those
who used the system without such architecture.

We also asked participants to report if they felt emotions in responses
from the virtual agent by rating between 0 for no emotion and 10 for maximum
emotion. The Mean Score for the sentimental system was %28 more than a
system without that capability. Furthermore, Users expressed that they felt
more realistic behaviors during interaction with the agent which is equipped
with the Sentimental architecture.

The network included 90 emotional channels for (5 clients) x (3 sources)
x (6 emotions). According to this experiment even by using almost equal
emotional input coefficients to the system and considering similar affective
state, clients receive different emotional responses from the agent. That tallies
with the fact that even though the human can interact with few different people
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Fig. 2. Experimental result in the form of the proposed Architecture
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at the same time, we are able to response with variant emotional values, even
having the same mood [1].

4. Conclusions. We presented a multimodal sentimental system for
virtual agent base on the Artificial Endocrine System in order to improve the
affective properties of the agent. We also employed mood and personality
in order to reinforce the emotional capability of the agent. The proposed
system is capable of interacting with several users simultaneously, however
the agent’s behaviors depends on the instantaneous affective properties of the
agent. Such ability aims to grant realistic behaviors by the agent compare to
other systems which behave merely according to the interactive parameters.
We tested such system with several participants and user studies show that
the proposed sentimental architecture presents an efficient emotional system
for interaction with users. The main idea is that current virtual agent can be
equipped with emotional units and the artificial inteligent module of virtual
agents can add emotional intelligence as well. This system can be applied to
various types of virtual agents such as chatbots, virtual avatars and robots.
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X. CAMAHU
MHOI'OMOJIAJIBHA I KOTHUTUBHA S OBPABOTKA C
HCHOJIb30BAHUEM MCKYCCTBEHHOM YHIOKPHUHHOM
CHUCTEMBI 1151 PA3BBUTHS AGPEKTUBHBIX BUPTYAJIBHBIX
ATEHTOB

Camanu X. MHOroMoaibHasi KOTHHTHBHAsI 00Pad0TKa ¢ HCIO/Ib30BaHHEM HCKYCCTBEHHON
SHIOKPHHHOI CHCTEeMBI JJIs1 pa3BHTHS a(p(heKTHBHBIX BUPTYaJbHBIX areHTOB.

Annoramus. IlpeacrasiieHa BceoObeMITIOIIAs APXUTEKTYPa SMOLIMOHAIBHOTO U addek-
THBHOTO TIpoLiecca, IPONCXOASAIIEro B BUPTyaabHOM areHTe. CoenHsIsl BU3yasbHble, ayAuo- U
TEKCTOBBIE SMOLIMH N0JIb30BaTeNel Kak adpdeKTUBHBIE UCTOUHUKY B CUCTEME, BUPTYaIbHBIH areHT
MOXET OLIEHUBATh HaCTpOeH!e KiMeHTOB. C 11eJIbi0 IMUTALMK BO3AEHCTBUS TOPMOHOB YeJIOBEKa
B BUPTYaJIbHOM areHTe B MPeAJaracMoi CUCTEMe HUCTIONb3YeTCs] HCKYCCTBEHHAs! SHIOKPHHHAS
cuctema (UDC) aiist BBISBICHUS] HACTPOCHHSI M OMOJIOTMYECKUX MOTPEOHOCTEN MOCPEICTBOM
KOHTPOJISI YPOBHSI KOHIIEHTPALIMY BO3IEHCTBYIOIMX F'OPMOHOB. A(eKTUBHBIA PoLieccop areHTa
3azeiictByet Moay UIC, mapamMeTpOB JIMYHOCTH M HACTPOCHHUSI ISl YIIPABJICHUsI BHY TPEHHUM
COCTOSIHMEM. VIHTeJUIeKTyasIbHBI BUPTYalbHBIA areHT B3aHMOJEHCTBYET C KJIMEHTaMH B
COOTBETCTBUM CO CBOUMH apPeKTUBHBIMU COCTOSHUAMU. [Ipeiaraemas cuctemMa HpecTaBisieT
co00ii MosHy0 IaTgopMy /st 3aXBaTa KaHAJIOB SMOLHI B CETH C LIeJIbI0 aHAIN3a U 00padOTKH
ux B adpeKTUBHOM JIBUKKE IS ONPe/Ie/ICHUs] SMOLIMOHAIbHOI OKPAaCKU OTBETa.

Ku11oueBble CJIOBa: MHOrOMOQIBHOCTb, SMOLIMOHAIBbHBII areHT, KOTHUTHBHAST POOOTOTEXHHU-
Ka, 9MOLMO-HAJIbHbIE BBIUKCIICHN S, HICKYCCTBEHHAS SHIOKPHHHAS CHCTEMA.

Camann XymMaH — K-T TeXH. HayK, JOLEHT, PyKOBOJUTEJb JJaOOPaTOPHH HCKYCCTBEHHOTO MHTE-
nekta u podororexunku (UWP), noueHt kadeaps 31eKTPOTEXHUKN HHCTUTYTA IEKTPOTEXHUKH 1
nHbopmartuky, HarmonansHeli yHuBepcuteT Tait6as. O6acTh HayIHBIX HHTEPECOB: POOOTOTEX-
HUKA, SMOLIOHAJIbHbIE BHIYUC/ICHH S, UCKYCCTBEHHBII UHTEJUIEKT, CUCTEMHAs HHKeHepus. Yucio
HayuHBIX MyOmukamuit — 50. hooman @mail.ntpu.edu.tw, www.hoomansamani.com; [lakcseit
poan, 151, paiion Canbcsi, Cunp03ii, 23741, TaiiBaus; p.T.: (+886)2-8674-1111.
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LUMPPOBbLIE MHOOPMALIMOHHO-
TENEKOMMYHUKALUMOHHBIE TEXHONOTI M

YK 004.94, 535.421, 535-14 DOI 10.15622/sp.56.4

O.B. KO®HOB, E.JI. JIEBEJIEB, A.B. MUXAMJIEHKO
KOMIIBIOTEPHOE MOJAEJUPOBAHUE JIU®PAKIIUNA
MWJIJINMETPOBBIX DJIEKTPOMATHUTHBIX BOJIH AJI51
BBISIBJIEHUSI BHYTPEHHUX JE®EKTOB U3IEJINM,
BBIMIOJIHEHHBIX MO AJ/IMTUBHOM TEXHOJIOI U

Kognos O.B., Jlebeoes EJI, Muxaiinenko A.B. KoMnbloTepHOoe MOJeMpOBaHHe
AuGPAKIMH MUUTHMETPOBBIX 3JIeKTPOMATHHTHBIX BOJIH /IS BBISIBJICHHS BHYTPEHHHX
nedexToB U3Ae N, BHINOJTHEHHBIX M0 AJITUTHBHOH TeXHOJIOTHH.

AnHoTanus. B cTaThe mpemmaraeTcs KOMIIBIOTEpPHAss MOAENb H ONHCAaHHE METOAA
HCIIONB30BAHMS JJIEKTPOMArHUTHBIX BOJNH ¢ JUHHOH 0,1-1 MM U BBISBICHHS BHYTPEHHUX
ne(eKTOB  W3MEeNMil, BBINOJIHEHHBIX 110 AJIUTHBHBIM TexHojorusM. C HOMOLIBIO
NPEeUI0KEHHOH MOJIENH IEMOHCTPUPYETCS BO3MOXKHOCTh OECKOHTAKTHOIO HEpas3pyIUaIOIEro
KOHTPOJISL KaueCTBa M0 JU(PAKIIMOHHBIM KapTHHAM.

B Hacrosimiee BpeMsi aJAUTHBHBIC TEXHOJIOTWH, U B YAaCTHOCTH II€4aTh HAa TPEXMEPHBIX
MIPUHTEPaX, UCTIONB3YIOT ISl MOTyYEeHHs U3JeIMsl MaTepUaibl, MHOTHE U3 KOTOPBIX CBOOOIHO
MPOITYCKAKOT TEpAreproBoe usnydenue (qactora 3-10''-3-10' T'u, muna Bonner 0,1-1 Mm). B
TO e BpeMsi Ae(EeKTbl, BOSHHKAIOINE B M3ACIHUAX MPU aJJUTHBHOM NPOU3BOJICTBE, UMEIOT
pasmepbl Toro sxe nopsiaka (0,1-1 mMm), uro u TepareproBbie BoiHbL. ClemoBaTeIbHO, TPH
oOJIydeHNH WU3JeNHil ¢ TaKuMH Ae(peKTaMH MOHOXPOMHBIM MUJUIMMETPOBBIM H3IIy4CHHEM
Oynet Bo3HUKATh qudpakuus Openens.

OT0 NO3BOJIAET HCIONB30BaTh IU(PAKIMOHHBIH METON KOHTPOJSI KadyecTBa M3ZEIIHH,
BBINIOJIHEHHBIX METOJOM TPEXMEpHOH IeyaTH. B cTaTbe oOmHCaHBl cXeMa HPOBEIEHHUS
KOHTPOJIS, QJTFOPUTM  MOJCNIHMPOBAHMS JU(PAKLMOHHBIX KapTHH C  HCIIOJIb30BAaHUEM
BbIpaxkeHus Pernest — 3oMmepderntbaa n KOMIbIOTEPHAs IPOrpaMMa, peaiu3yromas yKa3aHHbIH
anroput™. IlpuBeneHbl pe3ynbTaThl ONPENENCHUs] Pa3MepoB M PACIIOIOKEHHs NIe(eKTOB B
H3CNHAX 110 AU(PAKIUOHHBIM KapTHHAM.

PaccmatpuBaercss KOMIBIOTEpHAs MOJENb TaKOro JU(PAKIHOHHOIO METOJa, KOTOPBIH
MOXKET OBITh pealn30BaH B BHIE AalllapaTHO-IPOTPAMMHBIX CPEICTB, IO3BOJITIOIINX
aBTOMATH3MPOBATh  IPOLIECC  KOHTPOIs, OOECHEYUTh ero  HH3KYI0  Ce0eCTOMMOCTb,
6€301acHOCTh (YYHUTHIBAsI CBOMCTBA AJIEKTPOMATHUTHOTO H3/Ty4YeHHs yKa3aHHOTO AUAIa30Ha JINH
BOJIH) U MOXXET KOHKYPHPOBATh C METOJAMH HIIEKTPOMATHUTHON U 3BYKOBOI TOMOrpaHIL.

KiroueBble cjI0Ba: anJuTHBHAs TEXHOJOTHs, TpPEXMEpHas Iedyarbh, TeparepLoBoe
n3lydeHue, AUQPAKIMOHHBI  METOJ, HepaspyIalomui  KOHTPOIb, KOMIIBIOTEPHOE
MOJEIIHPOBaHKE, 00paboTKa H300paXKEHUSL.

1. Beenenne. B Hacrosiiiee Bpemsi Bce OOJNBIIYIO PO B MPOH3BOJI-
CTBE M3/ICNIMI Pa3IMYHOTO Ha3HAYCHUs UIPAET MCIIOJIb30BaHUE aJUIMTHBHBIX
TEXHOJIOTHH. B o0riem cmplcie o aJIMTHBHON TEXHOJIOTHEH MOHMMaeTcs
TEXHOJIOTHsI M3TOTOBJICHHS W3/ICJIUH MTOCIONHBIM (POPMHPOBAHUEM HX CTPYK-
Typsl [1]. Cerogus cymecTByeT MHOXKECTBO CIIOCOOOB «IIOCIIOHHOTO (HhOpMH-
POBaHUS» M3JENHS MPU €TO U3TOTOBJICHNH 110 aJ/TATUBHON TEXHOJIOTHH, IIPH
9TOM HanOoJIee PACIIPOCTPAHEHHBIMH SBJIAIOTCS CIEAYIOIINE CIIOCOOBI:

— crepeomurorpadus (SL — Stereolithography) [2];

— na"ecenue tepmoriactos (FDM — 0151 Fused Deposition Mod-
eling) [3];
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— JIa3epHOE CIIEKaHHEe MOPOIIKOBBIX MaTtepuasioB (SLS — Selective
Laser Sintering) [4];

— U3TOTOBJICHHE OOBEKTOB C  HCIIOJb30BaHHEM JIAMHHUPOBA-
Hust (LOM — Laminated Object Manufacturing) [5].

YacTHBIM Clly4aeM armnapaTHOW peayM3aluy aJIMTHBHBIX TEXHOJIO-
ruid ABisroTest 3D mpWHTEpHI, peanu3yonMe yKa3aHHBIE CIIOCOOBI IMpH
TPEeXMEpHOH mevaTH nu3aenuid. JlanHas TeXHOIOTHS MO3BOJISIET U3TOTOBUTH
JEeTa U Jake KOHCTPYKIHIO, TPEIBAPUTENBHO pa3paboTaHHYIO C ITOMO-
IIbI0 TPEXMEPHOTO KOMIIBIOTEPHOTO MOAEINPOBaHUS (DOPMBI C 33 aHHBIMU
B DJICKTPOHHOM BHJE T€OMETPHUYECKUMH MapaMeTpaMH U XapaKTepPUCTHKA-
MH M IIPH HEOOXOOMMOCTH DPa3IMYAIONIMMUCS IO CTPYKType M (pu3mKo-
XMMHYECKHM XapaKTEepPUCTHKaM CIOSMH. B OTimHuMe OT TpaJuIHMOHHBIX
MAaIIMHOCTPOUTEIBHBIX CIIOCOOOB MPH TAKOH TEXHOJIOTHMHM OKOHYATEIbHOE
W3JIeTIHNE MOJy4aeTcs He yJajleHueM JIMIIHero mMarepuaina (o0paboTka pesa-
HUEM) U He (OPMOBAHHEM OJHOPOJHOM CTPYKTYPBHI C IIEIBI0 MOITYyYEHHS
TpeOyeMbIX KOHTYpOB (JIUTHE, 00paboTKa JaBJICHUEM M T.1.), @ HapalluBa-
HUEM (HaIBIJICHHEM) TIOPOIIKOOOPAa3HOTO MIIM KUIKOTO BEIIECTBA C MOCe-
JYIOIINM €ro 3aKperuyieHneM. JTO JIaeT YHUKAIBHYI0 BO3MOXKHOCTH IIOJTY-
YaTh M3JENUSI CIOKHON (POPMBI C KOHTPOIMPYEMOH HEOTHOPOIHOCTHIO IO
BHYTPEHHEH CTPYKTYype, KOTOPYIO HEBO3MOKHO pEaM30BaTh TPaJAUIHOH-
HBIMH cIloco0aMu, HalpuUMep IITaMIIOBKONH WM pE3aHHEM. JTO, B CBOIO
oyepelb, MO3BOJISET BBIIOJNHATH JETANN, KOTOPHIE paHbIle MOXXHO OBLIO
W3rOTOBUTH JIMIIb cOopkoi. Kpome Toro, «axypHas», HO ciioxkHas (opma
JieTaJieil, BBINOJIHEHHBIX 110 ITATUBHBIM TEXHOJIOTHSIM, TI03BOJISIET CHU3UThH
MX MaccOBO-TabapUTHBIE XapaKTEPUCTUKU 0€3 ITOTepH MPOYHOCTH IO CPaB-
HEHHIO C JeTaJISIMH, BBITIOJTHEHHBIMH TPAIULIMOHHO.

Y4uThIBast, 9TO MPOIECC TPEXMEPHON I€YaTH MOJIHOCTHIO aBTOMa-
THUYECKHH, 10 TIepeJaHHONW KOMIBIOTEPOM INporpaMme, 0e3 MCIOoIb30BaHUs
pYYHOTO TpyZa B NMpPUHIMIE, MPOU3BEICHHAS MO TaKOW TEXHOJOTHH IIPO-
JYKIUSI UMEET 3HAYUTEIbHO MEHBIIYIO0 Ce0eCTOMMOCTh, YeM IMPU TPAIAMIH-
OHHOM TIIPOM3BOJICTBE, W JIONYCKaeT IOJHYI0 POOOTH3AIMIO IPOHU3BOJI-
CTBEHHOTO npouecca. Ilpu 3ToM 1o cBoUM (U3HKO-MEXaHHYECKHM Xapak-
TepUCTUKaM (TIPOYHOCTH, TBEPIOCTh, N3HOCOCTOMKOCTD U IIp.) TaKue H3Je-
TSI, BBITIOJIHEHHBIE METOJIOM HAlbUICHUS, HUYEM HE YCTYNaloT IeTallsiM,
W3rOTOBJICHHBIM M3 LEJIBHBIX KYCKOB (OTIMBOK, OOJIBAHOK, TAKOBOK) MaTe-
puana, a HHOTAA U MPEBOCXOMAAT UX. 37€Ch CIEeIyeT OTMETUTh, YTO Pedb B
JTAaHHOM cliydae WIET He TOJIBKO O TpeIMeTax, M3roTaBIMBAEMbIX U3 CTajel
1 METaJJIOB, HO U U3 MOJIMMEPOB, CHIIMKAaTOB, CMECEH Ha OCHOBE IIEIUIIOJNIO-
3l U mpouee [4]. Kpome Toro, npu agIuTHUBHON TEXHOJOTHH HEKOTOPHIE
JIEMEHTBI, paHEe M3rOTABIMBACMbIC M3 METAJUIMYECKHX CILIABOB, IIEIECO-
oOpa3Hee M3roTaBIMBaTh U3 HEMETAJUIOB O€3 MOTEPU MX KOHCTPYKTHBHBIX
CBOMCTB. AJINTUBHBIC TEXHOJOTUHU TPEUIATacTCsl MPUMEHITh B TAKUX OT-
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paciiix TMPOMBINIICHHOCTH, KaK aBTOMOOHIIC- U CaMOJIETOCTPOCHHH, JJICK-
TpoHHuKe, MenunuHe. OZHAKO OIHUM M3 OTPaHHYCHUH IMHPOKOTO TPaKTH-
YECKOTr0 IPUMCHEHUS JIETaJICH, BBITIOJIHEHHBIX IO aIMTHBHOM TEXHOJIOTHH,
CBSI3aHO C HANWYMEM BHYTPEHHHX [Ie(EeKTOB, KOTOpPBIE 00pa3yroTcs NpHU
CIICKAHWW TEXHOJIOTHUCCKUX CJIOCB U SBISIOTCS OCOOCHHOCTBIO JTAHHOMN
TEXHOJIOTHH. TaKkoBBIMH JeEeKTaMHU SBISIOTCS:

— TOpBI, O0pa30BaHHBIC MPH 3aTBEPACBAHUM WM KPUCTATUTU3AINH
TEXHOJIOTHIECKUX CIIOEB M3/ICIHS;

— TIOPBI WJIK MUKPOTPEIUHBI, 00pa30BaHHBIC 10 MPUYUHE JIOKATBHO-
IO OTCYTCTBHSI aOCOPOIIOHHOTO CIEIUICHHUS TEXHOJIOTHIECKUX CIIOCB;

— MHKpPOTPEIIUHBI, BO3HHUKIINE MPHU JIOKATBHBIX TEMIIEPATypHBIX
HaAIPSDKCHUSAX B QOPMUPYEMOI eTalu MPH e¢ MPOU3BOJICTBE.

Pa3meps! JaHHBIX 1€PEKTOB BO MHOTOM OMPEIEIIIIOTCS TOIIMHON CII0-
B, M3 KOTOPBIX (DOPMHUPYIOTCS NeTaii U cocTaBisioT oT ~ 0.1 mo 1 mm. [pu
9TOM pa3MeliieHue IeEeKTOB BO3MOMKHO B KKJ/IOM IOCIeaytomeM cioe. Hanu-
YHe yKa3aHHBIX Je()EKTOB B PsJIc CITydaeB HE MO3BOJISICT PCATU30BaTh OJHO U3
OCHOBHBIX TPEHMYILECTB ACTaleH, BHIMOJHEHHBIX IO aUTATUBHBIM TEXHOJIO-
THSIM, @ IMECHHO CHH3HUTh MX MacCOBO-Ta0aPUTHBIC XapaKTEPUCTUKH O3 OTepH
TIPOYHOCTH TIO CPABHEHUIO C ICTATISIMH, BHITIOTHEHHBIMH TPaAIIOHHO.

Cerofast 1151 0OHAPYKCHHS 3TUX e(EKTOB HCIOIB3YKOTCS B OCHOB-
HOM YIIBTPa3BYKOBBIE CIIOCOOBI KOHTPOJS, OJHAKO H3-332 PACIOJIOXKCHHUS
YKa3aHHBIX JT1e()EeKTOB OJMH HaJ APYTHM, JTAHHBIA CIIOCOO HE BCET/Ia IMO3BO-
nser oOHapykuTh Bce aedekTel. TakuM 00pa3oM, aKTyadbHOH SBISETCS
3a/a4a Hepa3pylIAoNMIero KOHTPOJS BHYTPEHHHX Je()EKTOB CTPYKTYPHI
W3IENNH, TPOU3BEICHHBIX C MCIIOIB30BAaHUEM AJTUTHBHOW TEXHOJIOTHH, B
YACTHOCTHU TPEXMEPHOM MICUaTH.

2. MiiLTMMeTpOBBIe 3JIeKTPOMATHUTHBIE BOJHBI. B OeCKOHTAKT-
HBIX HEpa3pyIIAKIIMX METOIaX KOHTPOJIS Ka4eCTBa IUPOKO UCIIOIb3YHOTCS
PEHTTCHOBCKOE U TaMMa-H3JIyYeHHE, B YaCTHOCTH CIOCO0 PEHTTCHOBCKOM
tomorpaduu [6]. CaepkuBaroiuM (HakToOpoM HCIIOIB30BAHUS ITHX BHIOB
W3IYYCHUS SBISICTCS WX OIACHOCTH JUIS 4elloBeka. [lo 3Toif ke mpudmHe
OHU HE MOTYT OBITh IIPUMEHEHB! K OMOJIOTHYECKUM O00BEKTaM, IIPOU3BOAU-
MBIM TIO /TATHBHBIM TEXHOJIOTHSIM.

Teparepuosoe usiaydenue (dacrota v = 3-10''-3-10'2 T'u, mmuna
BoiHBI A = 0,1-1 MM) sBisieTcst 6e30MacHbIM IS YelloBeka. B HacTosmee
BpEMsI CYIIECTBYIOT KBAaHTOBBIC I'€HEPATOPHI, MO3BOJISIOIINE TOJIYIUTh JI0-
CTaTOYHO MOIIHOE MOHOXPOMHOE M3IIy4eHHE C MIUUTUMETPOBON U CyOMMII-
JIMMETPOBOH JU1MHOM BosHbI [7-11]. TeparepioBoe usiiyueHue UCIONb3yeT-
Csl B a’poIiopTax B CKaHEpax JJIs TOMCKa 3alpenIéHHBIX MPEAMETOB (Opy-
KU1, B3PBIBUATKH), TPOHOCUMBIX Ha O0pT camosneToB [12-14]. OHo cBoOOA-
HO TIPOHUKAET Yepe3 TaKhe MaTepHajbl, KaK TUIACTHK, KepaMHKa, ITOJINME-
PBL, TISIUTFOJI03a, OOJBIIMHCTBO OMoMaTepuaios [15, 16].
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B kadecTBe HCTOYHNKA MHJUTIMETPOBOTO MOHOXPOMHOTO M3ITyUCHHUS
MOXKeT OBITh HCIIOJIb30BaH TEParepLoBbIid Jiazep Ha CBOOOIHBIX JIIEKTPO-
Hax [17]. B kadecTBe mpuHeMHHKA II€JIECO00Pa3HO HCIIOIB30BATh OOJIOMET-
PHUECKYI0 MaTpHILy, peUIoKeHHY0 B [18]. JlaHHBIN NPHEMHUK MO3BOJISET
MOJYYNTh ABYMEPHYIO KapTHHY M3Iy4eHHs, MIPOLIE/IIEr0 CKBO3b HCCIey-
eMbIi MaTepuan 0e3 UCIO0Ib30BaHU KPHOTEHHBIX Temreparyp [19].

Crnenyer OTMETHUTh, YTO MpU JJIMHE BOJHBI MOHOXPOMHOIO Teparep-
LIOBOTO M3JIy4eHHS MOpsAAKa | MM OHO JOJDKHO AM(PAarupoBaTh HA HETPO-
3payuHbIX Ul HErO WM OTIMYAIOLIUXCS 10 ONTHYECKON CTPYKType BHYTpPEH-
HUX 3JIEMEHTaX MaTepHaJIOB C pa3MepaMH TOro ke nopsaka. K stum snemen-
TaM MOTYT OTHOCHTBCSI Pa3jInyHble 1ePEKThl CTPYKTYphl MaTepuasa: Tpeliu-
HBI, 3aII0JTHEHHBIC BO3/{yXOM HIJIM BOJIOH, aOCOJFOTHO HETPO3pPavHON JUIsl Te-
pareproBOro U3y4eHusl, BKPAaIUICHHUsI METaJUIOB B TU3JIEKTPUK U IIpoUee.

3. Iuppaxkuusi Ha gedexTax u3e/Mil, BbINOJHEHHBIX MO0 ajIH-
THBHOW TexHoJioruu. Pemenne kiaccuyeckol 3ajaun ToMorpaduy BHE 3a-
BHCHUMOCTH OT HCHOJIB3YEMOTO JJIsl IPOCBEUMBAHNS OOBEKTA M3ITydEHHS CBSI-
3aHO BBINIOJIHEHHEM CHEMKH NPH OOJyYEHUH C Pa3HBIX PaKypcoB C IOCIEIY-
FOIIMM peIIeHneM ypaBHEHWH PanoHa mist 3aMKCHpOBaHHBIX 3HAYCHUH WH-
TEHCHUBHOCTH CHTHaJa B pa3HbIX HampasieHusx [20, 21]. Orcrona BBITEKarOT
HEJIOCTaTKH MOJ00HBIX TOMOTPaUIECKUX METOJIOB, CBSI3aHHBIC C 3AMETHBIMU
BPEMEHHBIMH 3aTpaTaMH Ha ChEMKY W CJIO)KHOCTBIO BBIYHCICHUI pEIICHHH
VHTETrpalbHbIX YPaBHEHUN U1 MOCIEAYIOIIEH BU3yaTU3aliy Pe3yIbTaTOB.

JudpakunoHHble METO/II KOHTPOJISI KauecTBa [22] MO3BONSIOT, OC-
HOBBIBAsICh Ha siBJIeHMN andpakinun PpayHrodepa, ¢ JOCTaTOUHON CTere-
HBIO TOYHOCTH OTIPENENATh T€OMETPHUECKUE MapaMeTphl (JIMHEHHBIC U yT-
JIOBBIE) BJIEMEHTOB CTPYKTYpbI m3zaenuii. OJHAKO 3TH METOJBI, UCIIONIB3Y-
IOIIME B KAa4eCTBE MCTOYHMKA M3IY4YCHUs] ONTHUUECKUN JIa3ep, MO3BOJISIOT
(pMKCHPOBATh TOJIBKO BHIMMBIC IEEKTHI, PacHOI0KEHHbIE OOBIYHO HA I0-
BEpXHOCTH MaTepuana. Kpome Toro, audpaxkuuoHHas KapTHHA B IPHOIH-
xeHun dpayHrodepa CTPOUTCS MPH YCIOBUH, YTO PAcCTOSHHE 10 HKpaHa
3HAYNTEIHHO MPEBBIIIAET JIMHEHHbBIE pa3Mephl KaK HCCIIETyEMOT0 3JIeMEHTa
CTPYKTYPBI, TaK U PACCTOSIHUS MEXAY TOJy4yaeMbIMH JU(PPAKIMOHHBIMH
MakCHMyMaMH. JTO ()aKTHYECKH MO3BOJSET CUATATh PACCTOSIHUE MEXKIY
00BEKTOM M IKPaHOM OECKOHEYHO OOJBIINM U (UKCUPOBATH reOMETpHYe-
CKHE pa3Mepbl JJIEMEHTOB CTPYKTYPbI MaTepHaia TOINbKO B IBYX H3MEPEHH-
AX (B INIOCKOCTH UCCIEAYyeMOro 00beKTa, KOTopasl mapajuieiabHa MI0CKOCTH
9KpaHa ¢ TUPPAKIIUOHHOW KapTUHON). Y CIOBHEM JOIYCTHMOCTH PACCMOT-
penus sinenus qudpaxunu B npudmxkennn Opaynrodepa ssisiercs [23]:

kaz(L+L)<<1, (1)
D, D,

rne k = 2mn/A, A — AJMHA BOJHBI, d — JIMHEHHBIA pa3Mep pacceuBaroniel
CBET HEOIHOPOJHOCTH, Dy — paccTOSHHE OT UCTOYHHKA CBETa 10 Paccem-
Baloliell cBeT HEOJHOPOAHOCTHU, D, — pacCTOsIHUE OT Hee A0 dKpaHa, rie
npoenupyercs TudpakuoHHas KapTUHA. Eciu ke 0TKa3aTbest OT MpuoIu-
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xenust Opaynrodepa u paccmoTpers audpaxunio Operens mpu paccTos-
HHUH OT 00BEKTa JI0 IKpaHa, COM3MEPHMOE TI0 BEJIMUUHE KaK C pa3MepaMu
HEOJHOPOJHOCTH BHYTPU O0BEKTA, PACCEHBAIOIIEH MTPOXOIsIIIee Yepe3 Hero
U3JIyYeHHUE, TaK U C JJIMHOW BOJIHBI U3ITyYCHUSL:

1 1
ka* (—+—)>1
(D D )>1, )

P q

TO JUIsl TOCTPOEHUS MOJIENN M300pakeHns! AN(PPAKIIMOHHON KapTUHBI MOX-
HO BOCIOJIb30BaThCs BeIpaxkeHneM Penest — 3ommepdennna [24]:

U(B) == [y ZEE coseas G

rne U(Py) — KOMIUIEKCHAsI aMIUTUTYya M3JIy49eHHs! B TOuke Py Ha 3KpaHe,
U(P;) — KOMIUIEKCHAs aMIUTUTYy/ja U3JIy4eHHs] B TOUKe P; BHyTpU 0ObEKTa,
¥ — paccTOsIHHE MEXTy TOuKaMu Py M P;, A — JUIMHA BOJHBI M3Ty4CHUS,
0 — yros Mex1y HOpMaJIblO M3 TOYKU P; K TUNIOCKOCTH 3KpaHa M BEKTOPOM F
13 TOYKH Py B TOUKy P;, i — MHHMasl eIMHHUINA, S; — MOBEPXHOCTb, COIEP-
JKarmas CeMeHCcTBO Todek P;. BaxxHo# 0coO€HHOCTHIO BhIpaskeHHs (3) SBISICT-
Csl UCTIONIb30BaHKE B MOJBIHTETPATBHOM BBIPAXKEHHH PACCTOSHUSA ¥ OT TOUKU
HEOIHOPOJHOCTH /10 TOYKH Ha SKpaHe. DTO 03HAYACT, YTO MOIy4YEeHHAs MpU
o0nyuyeHnn o0bekTa TudpakMOHHAas KapTHHA Oy/leT cojepiarh MH(popma-
LU0 HE TOJIBKO O BBICOTE M HMIMPUHE HEOJHOPOAHOCTH, HO U O €¢ TIIyOuHe, a
TaKKe O PACCTOSIHUM OT Hee JI0 SKpaHa. B kauecTBe Takol HEOJHOPOTHOCTU
MOXET BBICTYIaTh, HAIPUMEP, TPEIIMHA B TOJNIIE MaTepuana. s momyde-
HUS JAU(PPAKIMOHHONW KAapTHUHBI MCHOJIB3YIOTCS SJIEKTPOMArHUTHBIE BOJIHBI
TaKoOHM JUIMHBI, YTOOBI caM MaTepuan ObUI Ui HUX NPO3pateH, a TPelnHa
BBICTYIAJIa B KAYECTBE PACCEUBAIOLIETO U3TydeHHE PEMATCTBUS.

4. Anroput™m mMoaeaupoBanusi fudpaxuuu Dpenensi. Ha pucyn-
ke | mpuBezieHa cXxeMa ONTUYECKOW YCTaHOBKH JUISl ITOJy4YeHHs JAUPpaKy-
OHHOM KapTHHBI TIPH BBIIICYKAa3aHHBIX YCIOBHUX. llapaiienbHbIi ITyqok
JJIEKTPOMArHUTHBIX BOJH 1 00nyuaer pedexT 2, B rpyOOM yIpOIEHUH
TIpeACTaBIAIONMNA coboii mapannenenunen. Ha paccrosanu L oT KOHTpO-
aupyemoro aedexTa HaxOAMUTCS IUIOCKUIT dKpaH 3, pacrojioKeHHbIH Tep-
MICHIUKYISIPHO MyYKy M3Iy4eHHs, HAa KOTOPBIH M mpoenupyercs: audpak-
MOHHAs KapTuHa. [Inockuii yroa 0 mexny ocbto Z u BektopoM 7. [lepenu-
eM BeIpaxkeHue (3) B cIeayIolmeM BUe:

exp(ikr)
A
rJie TPE/IoNaraeTcs, YTo CeUYeHHe My4ka U pa3Mepbl dKpaHa OCCKOHEUHBI,

TOJIIMHA TPEUIMHBI (BIOJb OCH Z) KpaifHe Majla 10 CPaBHEHUIO C €€ LINpPU-
HOW (BHOJIB OocH &) U BRICOTOH (BIOINIB OCH 1)).

Ulx,y)= %T [UEM,L) cos OdEdn , @)
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Ha pucynke 2 npezcrasiena ynpoineHHas ¢popma nedekra ¢ ykasa-
HUEM €r0 T€OMETPUYECKUX Pa3MEpOB.

Po
N

Puc. 1. Cxema ycTaHOBKH NOTy4eHHS AU(DPAKIHOHHON KapTUHBL: 1 — My40oK
u3IydeHus; 2 — nedext; 3 — sKkpaH

/S U

I / X
2h
o
zZ
/ v
Puc. 2. Yipouiennast popma KOHTpoIHpyeMoro fedeKTa u ero reoMeTpuIecKue
TlapaMeTphl

Ocwu K0OpAMHAT TEPECEKAIOTCsl CTPOTO B IIEHTPE MapaulesIeuIIe]ia,
KOTOPBIH UMEET IUPUHY 2w, BBICOTY 2/ U TommuHy 2d. B maHHOM ciydae
He OyzeM mpeHeOperaTh pasMepamu aedekxrta BAoib ocu Z. B peanpHOCTH
nedexT OymeT MpeAcTaBIATh COOOW TEMHOE OTBEPCTHE, TO €CTh MpEIsT-
CTBHE, BHYTPH CBOOOJIHO IMPOITYCKAIOIIEe MCIOJIb3yeMble BOJIHbBI MaTepHa-
na. OpHaKo, BOCIIOJIL30BAaBIIMCh TeopeMoi babune, nedekr-npensTcrere
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IUIs pacyeTa AU(PPAKIHOHHON KapTUHBI MOXKHO TPAKTOBAaTh KaK SpKOe OT-
BepCTHE, B Mpee/iax KOTOPOro HHTEHCHUBHOCTh curHana [=UU*>0 (U* —
BEJIMYMHA, KOMIUIEKCHO COTIPSDKEHHasl ¢ aMIUINTyA0# curHaia U), a BHe ero
1=0. B aToMm ciy4ae uHTerpai (4) MOXXHO IIeperucarh B BUJIE:

L+d hw 21-5
Ux,y) == I I [—COST’L =T mT}dgd”d ©)

IJle pacCTOsIHWE » OT TOYKM C KOOpAWHATaMH (X, y) Ha 3KpaHE 10 TOYKU
BHYTpH Ae(exTa ¢ KOOpIAUHATAMU & U 1|, HAXOASLICHCS Ha PACCTOSIHUH Z OT
TUIOCKOCTH 3KpaHa:

r=y(x=8) +(y-m)’ +2° . (6)

Ha pucynke 3 n3o0paxkeHa cxema M300pa)KeHUsI MOJIENIN AU PaKIH-
oHHOM Kaptunbl. Cocennue AUppPaKIOHHbIE MAKCUMYMBbI M HaxomsiTcs Ha
paccTOSTHUAX A JPYyT OT JApyra.

Puc. 3. Cxema m3o0paxkenns 1uQpaKIOHHON KapTHHBI

CpenHee pacCTOSHHE MEXIY COCCTHUMHU MU(MPAKINOHHBIMA MaKCH-
MyMaMH{ MOXET OBITh OTIPENIEIICHO Mo (hopMyIe:

s
$a, .
X = 0 . (7

.] max

rre A j+; — PaccTOsHUE MEXIYy COCEIHUMH TU(PaKIMOHHBIMA MaKCHMY-
Mamu M; u M+ ;; j — MHAEKC MakCUMyMa, e j=0 — HHAeKC HeHTPaILHOTO
IA(PPAKIHOHHOTO MAaKCHMYMA, Jmax — HHIEKC IOCIETHEro HaOIIoaaeMo-
ro (HanboIee yIaIeHHOTO OT IEHTPAIBHOT0) AU(PPAKIIMOHHOTO MaKCHMyMa.
BrieykazaHHOe MOJENIUPOBAHKE IPOBOAMIOCH IPH CIIEAYIOIIHX YCIOBUIX.
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PaccmarpuBanach 3amaua oOHapyKeHHsI 1e(EKTOB B H30TPOITHOM IS
TepareploBOro M3IyYeHUs] MaTepHaie IPH MONEPEYHOM pa3Mepe IMydKa H3-
JIy4eHHs] 3HAUMTENIbHO MEHbIe pa3MepoB u3zenus. [lpeanonaraercs, 4to
TIPY TIPOBEICHNH OECKOHTAKTHOTO KOHTPOJISI KauecTBa M3JEIHS 110 JIAHHOMY
METO/y MCTOYHHK M3JIyUeHHUs B BUJIE TEPAreplioBoro Jjiazepa ¢ OJIHOM CTOpo-
HBI, 1 MaTpUIla PErucTpalyy MPOLIEIIEro U3IydYeHNs] — ¢ APYroi, OyayT
PAacCroJIOKEHbI BIUIOTHYIO K KOHTPOJMpPYEMOMY 00pasily JUisi UCKIIOYCHHS
TIPOXOXKACHNST M3ITyYECHHs Yepe3 WHBIC CPeJIbl, HEeXENn MaTephajl W3/IeNusL.
BeiiieykazanHble YCIOBHS HEOOXOJMMBI ISl UCKITFOUeHUsI BIHsIHUS d(dexTa
MOJISIPU3aLK U3ITyYEeHHs] B MaTepualle, a TakKe WCKIIFOUCHUs! BIIMSHUS Tpa-
HUI M31eMs Ha IU(PPaKINOHHYIO KapTUHY U IIPEIOMIICHUS U3IIy9IEHHs TIPH
MIPOXOXKACHUU Yepe3 TPaHHIly MEXIy H3IeJHEM W OKpYXalolleH ero cpe-
JoH (HarpuMmep, BO3AyX). AJTOPHTM MOIEIHPOBAHUS M300paskeHns audpax-
[IMOHHOM KapTHHBI MPHU MPOX0KAECHUH MOHOXPOMHOT'O U3ITy4YEHHsI C MHJLIH-
METPOBOM UTMHON BOJIHBI Yepe3 H3/EIHE, BBINOJIHCHHOE M3 OXHOPOIHOTO
M30TPOIHOTO MaTepualia u cozepkaiiee Ae(eKT (TpelrHy), KOTOPbId MpH-
OMKEHHO MOXET OBITH IIPE/ICTABIICH B BUJIC MApaUICIICITUIE/Ia, BBITSIHYTOTO
BJI0JIb OCH Y (PUCYHOK 1), COCTOHT U3 CIIEAYIOIIUX IIaroB.

[ar 1. 3agarotcs pa3meps /1, w, d nedekra (pUCYHOK 2) U paccTos-
HHUE OT IeHTpa nedeKTa 10 IKpaHa ¢ U300pAKCHUEM TUPPAKIIMOHHON Kap-
THHBI. 33/1a€TCsl Iar HHTETPUPOBaHUS A.

[lar 2. BermonHseTcst 00X0/ MOy W300paKeHHs AU(PPAKITUOHHON
KapTUHBI C IIaroM B | MUAKCETb.

lar 3. B kax/10¥ Touke N300paKeHHsI C KOOPAUHATAMH (X, V) BBI-
TIOJHSAETCA PacueT KOMIUIEKCHOM aMIUIUTY[ABl TEpareproBOro CHIHANA IO
CIIE/IyIOLIIEMY JITOPUTMY.

ar 3.1. O6HynseTcst HaYaJIbHOE 3HAYE€HHE KOMIUIEKCHOM am-
IUTATY/I6I B BBIOPAHHOMN TOYKE n300pakeHus Ha 3kpaHe U(xy, y,) =0.
[ar 3.2. BayTpu o0bema gedekra 6epercs Touka ¢ KOOpIuHa-

TaMu (-W, -h, Zmin) — JI€Bas HWKHSS HauOoJiee yJalleHHAs TOYKa

BHYTpH JIe(peKTa, €CIIM CMOTPETh CO CTOPOHBI SKpaHa.

[ar 3.3. PaccuuThIBaeTCsl paccTOSIHUE ¥ OT TOYKU (X, Vi) O

TOUKH (-W, -h, Zmin) BHYTpH Aedekra mo Gpopmye (6).

Hlar 3.4. PaccuuThIBaeTCs MOABIHTEIPAIBHOE BBIPAXKECHUE

hopmymst (5).

lar 3.5. PaccunTanHoe Ha mare 3.4 3HaueHue J00aBiIsETCS K

HaKaruIMBaeMoMy 3HaueHHIO U(Xy, Vn).

[ar 3.6. OcymiecTBisieTcs Mepexoj]] B TOUYKY C KOOpAWHATA-

MU (-w+ A, -h, Zmin). [ToBTOpsiFOTCs maru 3.2-3.5. [locne 3Toro mpo-

WCXOJUT MePEX0 B TOUKY (-w+2A, -h, Zmin) U TaK Jalee.

IIar 3.7. [Tocite AoCTHXEHHUS TOYKH (W, -h, Zmin) THaru 3.2-3.5

MOBTOPSIOTCS TSI TOUeK (-w, -h+A, zZmin), (-WHA, -AtA, Zmin), (-

WH2A, -h+A, Zmin) ¥ TaK gajee.

SPIIRAS Proceedings. 2018. Issue 1(56). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 83
www.proceedings.spiiras.nw.ru



Iar 3.8. [Tocne moctmkeHUs TOYKU (W, /i, Zmin) mmaru 3.2-3.5

MOBTOPSIOTCS IS TOUCK (-W, -h, ZminTA), (-WHA, -h, ZnintA), ...,(-w,

-h+A, zZmintA) U Tak ganee. TakuM 00pa3oM, OCYIIECTBIISICTCS UHTE-

rpupoBanue 1o Gopmyie (5) mo Bcemy 00beMy nedeKTa.

[Ilar 4. B pe3ynprare BeIONHEHHWA maroB 3.1-3.8 Beramcasercs
KOMIUTEKCHAs aMIUTATy1a curHaia U Ui TOYKH Ha SKpaHe ¢ KOOpAWHATAMHU
X L Y.

[ar 5. JIns Bcex TOYEK SKpaHa ¢ MIaroM B 1 MUKCEIb BIMOIHSIOTCS
mard 2-4. B pe3ynbpTare BBIYHACISICTCS IMOJIC 3HAYCHUH KOMIUICKCHBIX aM-
IUIMTY ]l CUTHAJIA Ha 3KpaHe.

Ilar 6. ITo BEIYMCIEHHBIM HaA IIAare 5 3Ha4YEHUSIM KOMIUIEKCHBIX aM-
IUTATY]] BEIYUCIIAIOTCS] 3HAYCHUSI HHTCHCUBHOCTH TEPareprioBOro CUrHama B
Ka)KIOH TOUKEe IKpaHa 1Mo GpopmyIie:

.
I(xm’yn):U(xm’yn)U (xmﬂyn)9 (8)

rne (X, y») — WHTCHCUBHOCTh CHTHATA B TOYKE JKpaHa C KOOPIMHATAM,

UXm, yn) 1 U*(Xp, yy) — aMIUDIUTyJla CHTHAJA W BEIUYMHA, KOMILICKCHO

CONPSDKEHHAsS C HeH B 9TOH K€ TOUKe HKpaHa.
5. IIporpamma MojeJHpoOBaHusA AM(PPAKNHMOHHBIX KapTuH. Ha
JUCTUHTE | IpeacTaBIeHa peanu3anus alropuTMa Ha sizpike C++.

for(int n=0, Y = -0.5*Ws; n<Vimage; n++, Y+=1.0)
for(int m=0, X = -0.5*Hs; m<Himage; m++, X+=1.0)

Re =0;
Im=0;
for(double z = zmin; z <= zmax; z+=delta)

for(double y = -h; y <= h; y+=delta)

for(double x = -w; x <= h; x+=delta)

{
Dx = x-X; Dy = y-Y;
r2 = Dx*Dx+Dy*Dy+z*z;
zOnr2lambda = z/(r2*lambda);
argCosSin = TwoPiOnLambda*sqrt(r2);
Re+=zOnr2lambda*cos(argCosSin);
Im+=zOnr2lambda*sin(argCosSin);

1
1
pfld->setSignal(m, n, Re, Im);

Jluctunr 1. MonenupoBanue AUppakHOHHON KaPTHHBI
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Jns MopenupoBanusi AupakMOHHBIX KapTHH Obula pa3padoTaHa
OpHUTHHAJIbHAs KOMITBIOTEpHAsI IPOrpaMMa MOZEIMPOBAHUS PACIIPEIeICHUS
KOMIIJIEKCHOW aMIUIMTYZbI TEPareplioBOro CUrHajia B AM(ppPaKIMOHHON Kap-
TuHe. [lepBbIii M BTOPOH IMKJIBI BHITOJIHSIOT MOMUKCEIBHBIA 00X01 Moje-
nupyeMoro uzobpaxenus. [lanee ais Kaxaod TOYKU JudpaKIMOHHON Kap-
THHBI BBINIOJIHACTCS YHCIEHHOE MHTErpHpoBaHue (5) B mpeaenax KOHTPO-
mupyemoro aedekTa BIoib oceit Z, ¥ u X ¢ marom delta. Pesynbrar unte-
TPUPOBaHMS — KOMIUIEKCHOE 4yHcio (Re, Im) — 3anmchiBaeTCs Uil TOUKA
IU(PPaKINOHHOW KapTHUHBI C TIOMOIIBIO MeToa setSignal.

Ilocne momydeHHs TakuM 0OpPa3OM MO KOMITIEKCHBIX aMIUIHTY[
pfld ono BU3yanmsupyeTcs B BHIE IH(poBoro nzobdpaxkerns. Ha pucynke 4
IPUBEACHO B KayecTBe INpUMepa M300paKeHHEe MOJETH IU(PPAKIHOHHOH
KapTUHBI 11 Aedekra ¢ pasmepamu d = 0,05 MM, £ = 1,50 mm, w = 0,50 mm,
C PAacCTOSIHUEM MEXJIy KOHTPOJIHPYEMbIM Je(EeKTOM U IKpaHOM
L =100,00 MM nipu JutnHe BoJHBI W3inydeHus A = 0,15 MM u nipu mare uH-
terpuposanus 0,05 M.

Puc. 4. Indpakunonnas kaptuna aedexra ¢ pazmepamu d = 0,05 mm, 7 = 1,50 mm,
w = 0,50 MM (paccTosiHIE MEX/Iy KOHTPOJIHPYEMBIM Je(hEeKTOM U IKpaHOM
L =100,00 mm npu aiuHe BOIHBI m3aydeHus A = 0,15 MM n nipu mare
unterpuposanus 0,05 mm)

PaccrosiHus Mexay coceTHHMMH MU(PaKIMOHHBIME MaKCUMyMaMHU
OTIpeNIeNIAI0TCS MPOTPaMMHO TI0 METOTY, OTIMCAaHHOMY B [25].
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Ha pucynke 5 mis cpaBHEHHUs IpUBEEHA peanbHas AU(PaKIIUOHHAS
KapTHHA, TOSBIIIOIIASICS Ha SKPAaHE NPH OCBEIIEHUU Ae(EeKTa BHYTPH OA-
HOPOJIHOM ONTUYECKU NIPO3PAYHOU Cpebl.

Y2

a) 06)
Puc. 5. lndpakunoHHas KapTHHA PeanbHOro AedeKra ¢ pa3Mepamu
0,06x1,91x0,83 MM (paccTostHUE MEX Ty KOHTPOJIHPYEMBIM Je(EeKTOM U SIKpaHOM
L =100,00 MM ripu [uTiHE BOJTHBI H3Iy4YeHUs A = 0,63 HM)

W3 mpuBeneHHON HAa pPHCYHKE 50 JuarpamMMbl pacrpeieiCHUs WH-
TEHCHBHOCTH CUTHAJIA / BUTHO MPHUCYTCTBUE TUPPAKINOHHBIX MAKCHMYMOB
BIIOJTb OCH Y M300pakeHUs, XOTS U PACIOIOKCHHBIX 3HAYUTEIFHO Yalle U
HE TaK YeTKO BBIICIIONINXCS HA NHU(POBOH oTorpaduu mo cpaBHEHHUIO C
MozenupyeMor TupakIHuOHHON KapTHHE, YTO MOKHO OOBSICHUTH HCIOIb-
3yeMBIM ICTOYHHKOM U3JIy4eHHs ¢ O0iee KOPOTKOI BOTHOM.

6. Onpenenenne reoMeTpM4ecKHX NapaMeTpPOB BHYTPEHHHX Je-
(dexToB Mo TUPPaAKIMOHHBIM KapTHHaAM. C ITOMOIIBIO POrPaMMbI MOJIC-
JIUPOBaHMS TU(PPAKIIMOHHONW KAPTUHBI OBUTH MOCTPOCHBI U MPOAHATHU3HPOBA-
HBI H300paKCHUS TUPPAKIIMOHHBIX KapPTUH IS 1e(hEKTOB pa3HBIX pa3MEpOB.

B Tabmurie 1 cBeeHBI CPEAHUE PACCTOSHIS MEKIY TUPPAKIIMOHHBIMA
MaKCHMyMaMH B 3aBUCHMOCTHU OT pa3Mepa UCCICAyeMbIX IedekToB. Bemnuu-
HBI CPEJTHUX PACCTOSHUI OKPYTJICHBI IO TETIBIX 3HAYCHUH B MIJLTUMETPAX.

MonenupoBanue TUPPAKIUOHHBIX KapTUH MPOBOIWIOCH IIPH
L =500 MM, A= 0,1 MM u mare uarerpupoBanus 0,1 mMmm.

Tabnuma 1. 3aBUCHMOCTB CPETHETO PACCTOSIHUS MEXKIY AUPPAKLUOHHBIMH
MaKCHMYMaMH OT pa3MepoB KOHTPOJIUPYeMoro fedexra

TpemuHa, pazmepsl Cpen. paccT. Mexay aud. Makc.

d, MM h, MM W, MM Acpen.ropus., MM Acpel.BepTUK., MM
1,00 3,00 0,50 10 21
1,00 3,00 3,00 10 10
1,00 3,00 1,00 10 17
1,00 2,00 1,00 16 23
1,00 2,00 0,50 17 29
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st pasaudYHBIX pa3MepoB JedekTa HAOMIOJAUCh pPa3IMYHBIC
CpeIHHE PACCTOSIHUS MEXJy AU(PAKIHMOHHBIMM MakCUMyMaMu. Takum
o0pa3om, cocTaBUB OHMOJIMOTEKY pacueTHBIX IU(PPAKIMOHHBIX KapTHH,
METOJIOM CPaBHEHHs C KapTHHAMH peasbHbIX OOBEKTOB TPEXMEPHOM Iie-
4aTh MOXHO ONpEIENsATh XapakTep BHYTpeHHUX aedekroB. Kak Obuio
yKa3aHO BBIIIE, paccMaTpuBaeMas B JaHHOM CTaThe MOJENb AU(PaKINU
HE YYHUTHIBACT BO3MOKHOW MOJSIPU3AIMHM TEPareproBOr0 H3Iy4YEHUS B
MaTepHale H3/AETHs, BHIOJHEHHOTO M0 aJAUTUBHON TexHoioruu. IIpen-
MOJIaraeTcsl, YTO 3TOT MATEpUal SIBISAETCS M30TPOIHBIM C TOYKH 3PEHUS
pacmnpocTpaHeHHs B HEM MHIJUIMMETPOBBIX BOJH. B ciydae mossipusanum
W3Iy4YeHHUs B MaTepHale, H3TOTOBICHHOM, HAMpPUMEp, MO TEXHOJOTHU
FDM, B pacueTHyr0 MOJeNb IO BEIPAXEHHUIO (5) HOKHBI OBITh BBEICHBI
K03 pUIKEHTH! yyeTa nossipuzanun. Takxke B MPEAI0KEHHOM alTrOpUTMe
MO/JICJIMPOBaHUsI MOTYT OBITh YUTEHBI /1Ba U Ooiiee nedexroB. B atom ciy-
Ya€ HMHTCIPUPOBAHUC JOJDKHO HPOBOAUTHCA IO HECKOJIbBKHUM O6HaCTHM,
COOTBCTCTBYIOIIUM MOACIUPYEMbBIM }qu)eKTaM, YTO YBCINYUBACT 00BbeM
BBIUMCIICHUH U B JajbHEWUIIEM ITOJHUMAET MPO0JIeMy ONTUMH3AINN ajro-
puT™Ma uHTerpupoBaHusi. Clenyer TakKe OTMETHTh, YTO Ipejjiaraemas
KOMIBIOTEPHAST MOJIEIbh MCXOJUT U3 MPEATIOIOKEHHS, YTO TP OCYIIECTB-
JeHnN TU(PPaKINOHHOTO KOHTPOJISI Ka4ecTBa C ITOMOIIBIO TepareproBoro
Ja3epa MOMEPeYHbIH TUaMeTp ero Jyda CyIIECTBEHHO MEHBIIE pa3MepoB
W3JeNNs, 9TO MO3BOJISIET HE YUUTHIBATE B MOJIENN TUPPAKINN N3TYICHUST
Ha OOKOBBIX rpaHulax m3genus. C UCTOIb30BaHUEM IIPOTPaMMEI [26] ObLT
MIPOBEICH aHAJIM3 WHTCHCHUBHOCTH CBETOBOTO CHTHAIA B MOJEIHPYEMOM
n3o00pakeHNH IU(PaKIMOHHON KapTHUHBI. Tak Kak MCHOJIb30BAJIOCh KOM-
IIBIOTEpPHOE M300paXkeHne TU(PAKIUOHHON KapTHHBI Ae()eKTa, TO HHTEH-
CHBHOCTh CBETOBOT'O CHTHANa Ka)XTOH TOUYKH (THKCeNs) H300paKeHUs
MOTJIO NMPUHUMATh Lejoe 3HaueHue oT 0 1o 255 (MHTEHCHUBHOCTH IIE€H-
TpaJbHOTO MakcuMyMa). [TosyueHHbIe pe3ynbTaThl CBEJICHBI B TAOIUILY 2.

IIporpamma [26] BBIUHCISTIA CyMMAapHYH) HHTEHCHBHOCTH BCEX
MUKCeNed M300paXkeHus, CPeTHIOI0 HHTEHCUBHOCTD, TO €CTh CyMMapHYIO
WHTEHCUBHOCTb, OTHECCHHYIO K IUIONIaIU HW300pakeHHsl, ¥ IHMCIEPCHUIO
WHTEHCUBHOCTH /ISl 1€(DEeKTOB pa3IMYHOTO pa3Mepa INpH JUIMHE BOJIHBI
A= 0,1 MM, mare uarerpuposanus 0,01 MM M paccTOsIHMM OT LEHTpa
TpelmuHsl 10 3kpaHa L = 100 MM. AHanu3 cyMMapHON M CpelHEN UHTEH-
CHUBHOCTH ITTOKa3bIBAET, YTO MPU OJMHAKOBBIX pazMepax cedeHus aedek-
Ta (IIUpUHA W BBICOTA) C YBEIUYCHHEM €r0 TIIyOMHBI CHIKAIOTCS CyM-
MapHasi M CpenHSAs HMHTCHCHBHOCTH CBETOBOIO CHTHala. XapakTepHas
3aBUCHUMOCTh CpeHEeHl MHTEHCUBHOCTH IJisi TpemuHbl ¢ 7= 1,00 MM u
w = 0,50 MM TpuBeIcHa HAa PUCCYHKE 6.
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Ta6J’II/IL[a 2. 3aBHCHMOCTh PasMEpPoOB LUCHTPAJIBHOI'O CBETOBOI'O IISITHA U 06HII/IX
napaMe€TpoB UHTCHCUBHOCTHU OT pasMepa z[e(beKTa B HaIpaBJICHHUU PAaCIIpOCTPaHCHUSA

U3JIyYECHHS
Tpermaea Pa3smepst HapaMeTvaI WHTEHCUBHOCTH
LEHTPAJIHOTO MATHA MHKCeNeH n300paxeHns
1\:111:/1 h, | w, HJPII\/II)I\I/I/IHa’ BB;‘;;T& /luenepens I/IHSeyIrIIv(I:I\I/I/[BH HH'liI;{e(:II;BH.
0,50 1,00 | 0,50 9 11 30,316 29794 0,477
1,00 1,00 | 0,50 9 11 29,504 25089 0,398
1,50| 1,00 | 0,50 7 10 29,433 22763 0,366
2,00 1,00 | 0,50 8 10 28,811 21223 0,341
2,50 1,00 | 0,50 9 11 28,188 20164 0,318
3,00 1,00 | 0,50 9 11 28,216 19230 0,306
1,00| 3,00 | 0,10 9 4 12,557 12891 0,204
3,00 3,00 | 0,10 9 4 12,306 10812 0,171
1,00| 3,00 | 0,25 9 4 12,051 12442 0,199
3,00 3,00 | 0,25 1 2 11,684 10512 0,166
1,00( 3,00 | 1,50 9 7 10,584 11415 0,182
3,00 3,00 | 1,50 9 7 10,334 9817 0,156
1,00( 3,00 | 2,00 9 6 11,746 12259 0,195
3,00 3,00 | 2,00 1 6 11,766 10585 0,171
1,00| 3,00 | 2,50 9 10 11,373 12021 0,193
3,00 3,00 | 2,50 1 1 11,306 10453 0,169
T 06

05 1

04 4 \

03 +

0.2

0.1

0 | |
0,50 1,00 1.50 2,00 2,50 3,00 d.omm

Puc. 6. 3aBUCHMOCTD Cpe/iHel HHTEHCUBHOCTH CBETOBOIO CUTHAJA OT Pa3-
Mepa nedekra ¢ napamerpamu 2 = 1,00 mm, w = 0,50 mm u d € [0,50;3,00] mm B
HAIPAaBJICHUU PACIPOCTPAHECHHS H3ITY ICHHUS
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BbIsiBIeHHAS 3aBHCHMOCTH IT03BOJISIET, HCIONB3YS ITU(PPAKIIHOHHYIO
KapTHHY, ONPENENsTh HE TOJIBKO FeOMETPHUIECKUE pa3Mephl CeUeHus 1edeKTa B
TUIOCKOCTH, TICPIICHANKYIJISIPHON HAIPABJICHUIO PACTIPOCTPAHCHUSI M3ITyUCHUS,
HO U €T0 ITTyOMHY B HaIIPaBJICHUH PAaCIIPOCTPAHEHHUS W3ITyYEHHS.

7. Onpenenenue pacnoJo:kenust gedexra BHyTpu usneans. Co-
N3MEPUMOCTh PACCTOSIHUM MEXKIY HWCTOYHHKOM H3IIyYeHHUS MHJUTUMETPO-
BBIX BOJIH, OOBEKTOM HCCIIEAOBAHUS W HKPAHOM O3HAYAET BO3MOKHOCTH
PAcCMOTPEHNUs BOSHUKAIOIIEH B 3TOM cilydae TU(PaKLIUU B MPUOIIKCHUH
@penensi. B atom ciiydae Ha pacnosoxkeHne AuppaKkIHOHHbIX MAaKCUMYMOB
Ha 9KpaHe BIMSAIOT HE TONBKO (hopMa M pasMephl TPEUIMHBI, HO M PaccTos-
HHE OT TPEUIMHBI JI0 3KpaHa. TakuM 00pa3oM, MOSBIAETCS BO3MOXKHOCThH
OIIpe/IeTICHUs] TIPUMEPHOTO PACIOJIONKEHUs JedeKTa Ha ocu Z, TO €CTh
OIpeieNIeHus], B KaKOM CJIO€ MaTepuala, MOJyYeHHOM IO aJAUTUBHON TeX-
HOJIOTHH, 3TOT Ae(EKT HAXOUTCSL.

B Tabnuue 3 npuBeqeHa 3aBUCUMOCTb CPEAHEr0 PACCTOSHHUS MEX-
Ny COCEAHMMH NU(PPAKIMOHHBIMH MaKCUMyMaMH, PacIoJIO)KEHHBIMH Ha
ocu X, OT PacCTOSHHSI MEX/y TPEIIMHOW BHYTPH HCCIIEAYEeMOT0 00BbeKTa
¥ TTOCKOCTBIO XY 9KpaHa ¢ nupakInOHHON KapTHHOW. MoaennpoBaHue
MPOBOAWIIOCH I TpemuHbl ¢ pasmepamu d = 0,05 mMm, £ =1,50 MM nu
w = 0,50 MM mipu asHE BOJHBI M3nydeHus A = 0,15 MM U mare uHTErpH-
poBanus 0,05 MM A7 BEIUUMH PACCTOSIHUI MEXY TPEIIMHONW U HKPAHOM
L ot 70 mm 10 100 mMm.

Tabmyna 3. 3aBHCHMOCTD CPEJHEr0 PACCTOSHHS MEXTY TH(PPAKIMOHHBIMU
MaKCUMyMaMH OT PACCTOSHHS L MEXIy TPEIIUHON 1 SKPAaHOM

L, Mm A, MM
70,00 17,25
75,00 18,47
80,00 19,72
85,00 20,94
90,00 22,16
95,00 23,41
100,00 24,63
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Ha pucynke 7 yka3aHHast 3aBHCHMOCTb H300paXkeHa B BHJIE TpaduKa.

A, MM
30
25
20 /
——

15
10

5

0 | | | |

70 75 80 85 90 95 100 L,au

Puc. 7. YBennueHne cpeHero pacCTOSIHUS MKy TU(PAKIIHOHHBIMHA MaK-
CHUMyMaMH C yJJaJICHUEM TPELIHHBI OT 3KpaHa

W3 npuBeneHHOro rpaduka CleAyeT, YTO ¢ YBEIMYCHHUEM PacCTOs-
HUSI MKy TPCIIMHON M SKPaHOM, Ha KOTOPOM IMpOCHUpyeTcs AupaKiiu-
OHHAsl KapTHHA, BO3PACTACT M CPEIHEE PACCTOSHUE MEXIy MU(PPAKIINOH-
HBIMUA MaKCHMYMaMHU.

8. 3axumouenue. [IpuBeieHHbIC JaHHBIE CBUAETEILCTBYIOT O TOM, YTO
OCCKOHTAKTHYI0 HEPa3pYIIAOIIYI0 NE(PCKTOCKOIHMIO H3/CITHA, U3rOTOBIICH-
HBIX 110 aJJTATHBHON TEXHOJIOTHU U3 BEIIECTB, IIPO3PAYHBIX IS SIEKTPOMar-
HUTHOTO WM3Iy4eHUs ¢ JymmHamyd BOMH 0,1-1 MM, MOXXHO OCYIIECTBISITH HE
TOJBKO METOJIOM PEHTTCHOBCKOW ToMorpaduu, HO U Ooiee Oe30macHbIM (¢
TOYKH 3PEHHUS UCIIONB3YEMOTO M3IydeHHsI) B 0oliee MPOCTHIM (C TOUKH 3pe-
HUS peaji3aliin) TNPPaKIIOHHFIM METOIOM, HCTIONIB3YOIIIM TeparepIioBoe
MOHOXpOMHOE m3nmydeHue. OH IMMO3BOJISIET B aBTOMAaTHYECKOM PEXHME H C
BBICOKOH CKOpPOCTBIO, 0€3 TMPOBEIEHNsI CheMKH C Pa3HBIX PAKypCOB H pa3py-
1IeHHs1 00bEKTa UCCIICAOBAHMS, HE TOJIBKO BBISBISITH HAIMYKUE CKPBITOTO Jie-
(ekra CTPYKTYpbl B 00BEKTE, U3OTOBJICHHOM MO a/UIMTUBHON TEXHOJIOTHH,
HO U OIICHMBATh €T0 TEOMETPHUYECKOE pa3Mephl U MPOCTPAHCTBEHHOE Pacrio-
JIO’)KEHUE B KOHTPOJMpYEeMOH netanu. /(s peanuzauuu npezjiaraeMoro me-
TOJa OCTATOYHO MCTOYHHUKA KOTEPCHTHOTO H3JIydcHUS ¢ (DUKCHPOBAHHOU
JUTMHOM BOJIHBI B nuanazone oT 0,1 1o 1 MM u 3KkpaHa, 4yBCTBUTEIHLHOIO K
BBIIIICYKA3aHHOMY H3ITyYCHHUIO, C YCTPOWCTBOM TPEOOpPa30BaHUS HHTCHCHB-
HOCTH TIPUHSTOTO CHTHANA B IU(PPOBOI KOMITBIOTEPHBIN (popMar.

KommeroTepHOe MomennpoBanue Au(paKiy MIJUTAMETPOBBIX BOJH
MTO3BOJISICT MTOTYYUTh U300pakeHNs TUPPAKINOHHBIX KapTUH U JePEKTOB
Pa3IMYHBIX Pa3MepOB, KOH(MUTYPAIIMH U PACIIONIOKEHHUS BHYTPH UCCIIEaye-
MOTO O0BEKTa, YTO TO3BOJIIET MOCTPOUTH 3aBUCUMOCTH JUIS ONpEACTICHHUS
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napaMeTpoB Jedekra Ha OCHOBAaHMH CpeIHEH WHTEHCUBHOCTH CBETOBOTO
CHTHAJIa U CPEIHEr0 PACCTOSIHUS MKy TU(PPaKIMOHHBIME MAaKCHMYMaMH.
[To 5TMM 3aBUCHMOCTSIM MOXHO OyJIET OLIEHHTh XapakTep W IapameTphbl
peanbHBIX JIe(EKTOB TPH COIOCTABICHHU MOJECIUPYEMbIX ATAJOHHBIX
n300pakeHu ¢ UICTUHHBIMU JTU(PPAKIIMOHHBIMU KapTHHAMH, I1OJTyYeHHBIMU
TIpY OOJIy9YEeHNH TEepareploBbIM JIa3epOM HM3/EIHs, H3TOTOBJICHHOTO IO aj-
JUTUBHOM TEXHOJIOTHH (pelnieHne 00paTHOH 3a/1a4n).

[Tpn 3TOM HET HEOOXOIUMOCTH MPOU3BOAUTH CHEMKY OOBEKTa C He-
CKOJIBKUX PaKypcoB, KaK 3TOT0 TPeOyeT HCIOJIb30BaHHE TOMOTpadMyecKux
METO/IOB, C MOCICAYIOIIAM PECYPCOEMKUM PEIICHHEM JIOCTaTOYHO CIIOJKHBIX
ypaBHeHu# Pamona. MuHpopmammio o pacmonokeHHH W TEOMETPHIECKUX
pa3mepax geekTa B TPeXMEPHOM MPOCTPAHCTBE MOYKHO MOTYYUTh U3 aHAJIH-
3a pacHoOKeHHs AU(PPAKINOHHBIX MakcuMyMoB. [TosrydeHHo# TakuM oOpa-
30M MH(OPMALUK JIOCTATOYHO JUISl YTBEPXKACHHS O MPUCYTCTBUH JAe(eKTa B
TOTOBOM M3JICJTMM ¥ NMPUHSATHS PEIICHHs O 00Jiee TOYHOM ONPEJNEJICHUH €ro
MECTOIOJIOKEHHSI ¥ TPAHUIL C TIOMOIIBI0 TOMOrpaduu OO BCKPBHITHU HU3/IC-
M M €ro NepeneyaTbiBaHus, HauuHasg ¢ JIeQEKTHOro CIios, WM OLEHKH
MIPOYHOCTHBIX XaPAaKTEPUCTUK H3JCIHS C y4EeTOM TPHUCYTCTBHS JedekTa n
TIPUHATHS PELICHHS O JIOITyCTUMOCTH €r0 UCIIONB30BaHMS JTMO0 OTOPAKOBKY.
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COMPUTER SIMULATION OF THE DIFFRACTION OF
MILLIMETER ELECTROMAGNETIC WAVES TO DETECT
INTERNAL DEFECTS OF PRODUCTS MADE USING ADDITIVE
TECHNOLOGY

Kofnov O.V., Lebedev E.L., MikhailenkoA.V. Computer Simulation of the Diffraction of
Millimeter Electromagnetic Waves to Detect Internal Defects of Products Made using
Additive Technology.

Abstract. The article describes the computer model of using electromagnetic waves with lengths
from 0.1 mm to 1 mm for detection of internal defects of products made by additive technology.

Now additive technology and 3D printing use materials transparent for terahertz
waves (frequency 3-10''-3-10'> Hz, wave length 0.1-1 mm). At the same time, defects in 3D
printed products have sizes like a terahertz wave’s length. Thus the Fresnel diffraction can be
observed during illumination of a product with the same defects by monochromatic milliwaves.

Thereby the simulated diffraction method for 3D printed products quality checking can be
applied. In this article the checking scheme, the diffraction pattern modeling algorithm using the
Rayleigh — Sommerfeld integral, and the computer programme for this algorithm are described. The
determination of sizes and positions of defects in products using diffraction patterns is shown.

The proposed diffraction method is fully automated and low-cost, uses safety
electromagnetic radiation and can compete with tomography methods.
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T".H. MAJIbLEB, A.B. HA3APOB, B.JI. IKUMOB
HCCJIEJJOBAHUE IMPOLIECCA JUATHOCTUPOBAHMS
BOPTOBOM AIIIMIAPATYPbBI ABTOMATUYECKHX
KOCMHMYECKHUX AIIIIAPATOB C UCITOJIb30BAHUEM
JUCKPETHO-COBBITUMHOM NMUTAIITMOHHOM MOJIEJIA

Manvyes I'.H., Hazapos A.B., HAkumos B.JI. UccienoBanue mpouecca AMArHOCTHPOBAHUS
00pTOBOI anmapaTypbl aBTOMATHYECKMX KOCMHYECKHMX aNNapaToB ¢ HCHOJIb30BaHHEM
JTMCKPEeTHO-COOBITHITHOI MMUTAMOHHOIT Moae/TH.

AnHoTauus. PaccMoTpeHbl 0cOOCHHOCTH (DYHKIIMOHUPOBAHUS KOCMUYECKHUX arnaparoB ¢
BBICOKMM ypPOBHEM aBTOHOMHOCTH KaK OOBEKTOB TEXHHYECKOTO JIHArHOCTHPOBAHUS.
ITonaraercsi, 4To OGOPTOBBIC CpPEICTBA KOHTPOJISI M JWATHOCTUPOBAHHS (YHKIHOHHPYIOT
ABTOHOMHO M O0pallalTcs K HAa3eMHbIM CPEICTBAM TOJBKO IPU HEBO3MOXXHOCTH PELIUTH
3aa4dl PACIO3HABAHWS HEUITATHBIX CHUTYallMii W BOCCTAHOBJICHHS pPabOTOCIOCOOHOTO
cocTosiHusl  OOpTOBO# ammaparypbl. IIpoliecc IHAarHOCTHPOBAHWS OOPTOBOW  armaparypbl
OITMCHIBACTCS C MOMOIIBIO Tpad)a COCTOSHUH, YYMTHIBAIOIIEr0 OCOOCHHOCTH OOHApYXKEHUs
HEIITATHBIX CUTyaluii 00pTOBBIMHU M Ha3eMHBIMHU CPEICTBAMHU. Pa3paboTaHHAas MIMUTAIIOHHAS
MOJICTIb TTO3BOJISICT YYMTHIBATh HAKOIUICHHE IOCIICACTBHH OTKa30B OOPTOBOM armaparypbl
BCJICCTBHE BO3JICHUCTBHs (DaKTOPOB BHELIHEH Cpelbl OJMKHEr0 KOCMOCa M H3MEHEHHE
WHTCHCUBHOCTH HMX  BO3HMKHOBEHHMs. [IpeiCTaBlIeHBl  pe3yjabTaTbl  HMMHTAIMOHHOTO
MOJICIUPOBaHMs  Tpollecca JIMAarHOCTHPOBAHHMS KOCMHUYECKHMX  amlapaToB  COBMECTHO
OOpTOBBIMM M HA3eMHBIMH CPEICTBAMH CHUCTEMBbl HMH(OPMALMOHHO-TEIEMETPHUYECKOTO
obecrieuennsi. [loka3aHa BaXHOCTh HAa3eMHOTO CETMEHTa CHCTeMbl HH(MOPMAIMOHHO-
TEJIEMETPHUYCCKOTO O0CCIICUCHHs YNpPAaBJICHHS KOCMHYECKHX allllapaTtoB MpPH IMPOBEICHUH
[UIAHOBO-NIEPUOAMYECKOr0  YIIIyOJEHHOr0 aHajlu3a MX TEXHHYECKOro coctostHus. [lo
pe3ysibTaTaM MMHUTALMOHHOTO MOJEIMPOBAHUS IPOBEICH aHAIU3 BIIUSHUS JJOCTOBEPHOCTH
JIMarHOCTHPOBAHUS OOPTOBOIA amnapaTypbl Ha yPOBCHb aBTOHOMHOCTH KOCMHYECKHX alapaToB
JMCTAHIIMOHHOTO 30HUPOBAHUs 3EMIIH.

Ki1oueBble c10Ba: KOCMUYECKHI amnmapaT, aBTOHOMHOE (DYHKIIMOHUpPOBaHME, OOpTOBas
arnmaparypa, TEXHU4eCKOe COCTOSIHUE, THarHOCTHPOBAHHE.

1. Beenenne. /luarHoctupoBanue Texamdeckoro coctosaus (TC) koc-
Mmuyeckux ammaparoB (KA), Kak CIOKHBIX TEXHHUYECKUX CHCTEM, SBJISETCS CO-
CTaBHOH 4acThi0 MH(OPMAIMOHHO-TEIEMETPUIECKOTO O0ECTICUEHHs YIIpaBIle-
Hust KA 1 HanpaBiieHO Ha OJJIEPIKKY BEICOKOTO YPOBHSI X 3KCILTyaTallHOHHON
HaJieKHOCTH B roniete [ 1-3]. Peanmu3anust AuarHoCTUPOBaHUS U BOCCTAHOBJICHUS
paboTocmocobHocTr 6opTOBOI ammaparypsl (BA) KA npenmymectseHHO 60p-
TOBBIMHM CDPEJICTBAMH SIBIICTCSI COBPEMEHHON TCHCHIIMEH Pa3BUTHUSI CHCTEMBI
uHpopMarroHHo-TesieMerpudeckoro  odecreueHnss (CUTO) wu  Hemocpen-
CTBEHHO CBf3aHa C IOBBIIICHHEM YPOBHSA aBTOHOMHOCTH (DYHKIIMOHMPOBAHMS
KA [3-5]. OueBunHO, 4TO € pacmIMpeHHEM BO3MOKHOCTEH OOPTOBBIX CPEICTB
JIMarHOCTUPOBAHMS 1O BBIBIIEHNIO HemTaTHbIX cutyaumnii (HC) u nx nmapupo-
BaHUIO OyJIET YBEIMUMBATHCS BPEMsI aBTOHOMHOTO (hyHKIMoHMpoBaHus KA. B
TO K€ BpeMsl BO3MOKHOCTU HazeMHoro cermenta CUTO mpu perienuu 3anau
xoHTpona TC u manarsHoctupoBanus BA KA o0beKTHBHO ropasfo mmpe, yeM
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BO3MokHOCTH OopToBoro cermenta CUTO. Otcroza ciemyer B3auMOCBsI3b J0-
CTOBEPHOCTH IWArHOCTHPOBAaHUS BA ¢ UMTEIFHOCTRIO MHTEpBAJa aBTOHOM-
Horo (yHKImoHMpoBaHusa KA 1 3a1aua parioHaITbHOTO pacipeeNeHus (pyHK-
M MEXK/Ty HA3eMHBIMU U OOPTOBBIMH Cpe/ICTBaMHU 110 KOHTporo TC 1 iarto-
crupoBannio BA KA ¢ BEICOKHM ypOBHEM aBTOHOMHOCTH (DyHKIIHFOHMPOBAHUSL.
[IpencraBieHHbIC B CTAaThE PE3YIBTATHI JEMOHCTPUPYIOT BaXKHOCTh HA3EMHOTO
cermenta CUTO s mpoBeeHUs TUIAHOBO-TICPUOANYECKOTO YIITYOJICHHOTO
aramm3a TC BA KA ¢ BbIcOKHM ypoBHEM aBTOHOMHOCTH. B manpHefimeM uzio-
JKCHUH T10]] IMATHOCTHPOBaHNEM BA OyieM MOHUMATH MPOLIECC PACIIO3HABAHIS
HC wu onpenenenusi nmpuurHBI € BOSHHKHOBEHHS! CPENICTBAMH OOPTOBOTO H
HazemHoro cermeHToB CUTO, peanmm3yemsrii 1o pe3ynsTaTam KoHTpoist TC KA.
Jns nceneioBaHus IPOLECCOB (PYHKIMOHUPOBAHUS CIIOXKHBIX TEXHUUECKUX CH-
creM, B ToM uncie KA, B HacTosiiee Bpems IIMPOKOE PacpoCTpaHEHHE MOJTy-
YIJIA METOABI MMHTAIIIOHHOTO MoJieimpoBanus [6-12]. JlocraTrouro moapobHO
BOIIPOCHI MOJICITUPOBAHMS CHCTEM THArHOCTHPOBAHUS CIIOXKHBIX TEXHUYIECKUX
00BEKTOB paccMOTpeHHI B [9, 13]. OTIHMYUTEILHBIMU OCOOCHHOCTSMH MPEICTAB-
JICHHBIX B CTaThE PE3YJIBTATOB SBISIIOTCS: pean3alys TUCKPETHO-COOBI THITHOTO
MOAX0Aa JUTsl IMUTAIIMOHHOTO MOJICIMPOBAHMS MPOIIECCOB AUArHOCTHPOBAHIIS
KA ¢ BBICOKAM ypOBHEM aBTOHOMHOCTH (DYHKIIMIOHHPOBAHHUS B HA3eMHOM H
6optoBom cermenTax CUTO ympasienns KA; paccMOTpeHIe BIASHAS Xapak-
TEPUCTHK OOPTOBBIX W HA3eMHBIX cpencTB KOHTposst TC M IMarHOCTHPOBAHS
BA Ha uHTEpBai HAJIEKHOTO aBTOHOMHOTO (DYHKIIMOHHPOBAHHWSI M aBTOHOM-
HocTh KA pa3paboTka HOBBIX JIOCTATOYHO OOLIMX AMHAMUYECKHX MOJIEIIeH pas-
Butust HC B BA 114 paznuyHbIx 3TanoB skciuryatauuu KA.

2. AHAIN3 KOCMUYECKHUX ANNapaToB ¢ BHICOKUM yYPOBHEM aBTO-
HOMHOCTH KaK 00BbeKTOB TEXHHYECKOro TuarHoctupoBaHus. [Ipumenu-
TENFHO K aBTOMATHYECKNM (HemmwIoTHpyeMbiM) KA moHsATHE aBTOHOMHOCTH
MOXKHO C(hOpMyYJIMpOBaTh Kak criocobHocTh KA u ero 60pToBoro koMuiekca
ynpasnenus (BKY) x camocrosTensHOMY (YHKIIMOHUPOBAHUIO M BBITIOJTHE-
HUIO TIOJIETHBIX Oflepanuii 6e3 HHPOPMAIIMOHHOTO B3aUMO/ICHCTBHUS ¢ HA3eM-
HBbIM KoMITeKcoM yrpaeieHus (HKY). ABTOHOMHOCTB XapaKTepu3yeTcs pas-
JMYHBIMA YPOBHSMH U 3aBHUCHT, IPEKIE BCETO, OT PYHKIIMOHATBHBIX BO3MOXK-
Hoctelr BKY, BeImonmHsromero B yacTu HHPOPMAMOHHO-TEIEMETPUISCKOTO
obecnieuenust yrpasiennsi KA ¢ynkuun 6oprosoro cermenra CUTO. Ilpu
9TOM BBOJWTCS ITIOHSTHE WHTEpPBaja aBTOHOMHOTO (yHKIHMOHHMpoBaHMs KA
KaK MHTepBajia BpeMeHH, B TeueHne KoToporo KA mMoxeT (QyHKIIMOHHPOBATH
6e3 uadopmanmonHoro B3aumozericteus ¢ HKY [14].

Bompocs! ¢yHkimonnpoBanus cymectByonieid CUTO ymnpasienust
KA nocrarouno mogpo6no paccmotrpeHns B [1, 3, 15, 16]. AHanu3 maHHBIX
HCTOYHHMKOB IOKa3ajd, uTo Juii KA C BBICOKHM ypOBHEM aBTOHOMHOCTHU
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(YHKIMOHUPOBaHUS, KaK OOBEKTOB TEXHUYECKOTO IHarHOCTHPOBAHMS,
MOJKHO BBIJIEIATH psifi ocoOeHHOCTeH (Tabnmma 1).

Ta6muna 1. Ocobennoct KA ¢ pa3iuyHBIM ypOBHEM aBTOHOMHOCTH KaK OOBEKTOB
JIMarHOCTUPOBaHUS

KA ¢ BBICOKMM ypOBHEM aBTOHOMHOCTH

KA ¢ HU3KUM ypOBHEM aBTOHOMHOCTH

VHTepBal aBTOHOMHOIO (yHKIIMOHHPOBa-
Hust KA — HECKOJIBKO CYTOK.

MHTEepBad aBTOHOMHOTO ()YHKIIHO-
HupoBanust KA — MeHee CyTOK.

O6ecreunBacTcst BRICOKAs HameKHOCTE KA u
npenbsBisitorest TpeboBanus ['OCT k otcyT-
CTBHIO pa3BUTHSI ITOCIIEACTBUHN 0TKa30B BA.

[TpeOoBaHMsT K BBICOKOH HAIICKHOCTH
KA 1 oTCYTCTBHIO pa3BUTHs HOCIE-
ICTBHIA 0TKa30B BA He CTOJIb BBICOKH.

Peanusyrorcss mpuHOMIBL  (QU3NYECKOTO |
MPOrPaMMHOTO KOMIUIEKCHPOBAaHHSA OOpTO-
BBIX CPEJICTB M IPOTPaMMHOTO YIIPaBICHUS
OGOpPTOBBIMU CHCTEMAMH, YTO MO3BOJIAET OTKA-
3aThCsl OT JOMOJIHUTENBHOH KOHTPOIUPYIO-
el anmapatypsl Ha O0OpTy.

[MpuHimnel  GU3MYECKOrO0 U IPO-
IPaMMHOTO KOMIUIEKCHPOBaHUS OOp-
TOBBIX CPEICTB, @ TAK)XE MPOrpaMM-
HOTO YNpaBJICHUs OOPTOBBIMH CHUCTE-
MaMH pealu3yIoTcs He BCer/a.

YMeHblIIeHNE 00beMa TeNeMETPUYecKON HH-
¢dopmanru (TMU), nepenasaemoii ¢ KA B HKY
B LITATHOM PEXHME (PyHKIIMOHUPOBAHUSI.

B HKY no Bo3MoxxHOCTH nepenaeTcst
nosiHbli noroxk TMU.

Haxoxxnenue KA B wactuuno pabotocnocoo-
HoM cocrtosinuu (UPC) B mepuon aBTOHOM-
HOro ()YHKIMOHUPOBAHHUS SIBJISACTCS OITY CTHU-
MBIM.

Haxoxnenue KA B YPC B nepunon aB-
TOHOMHOTO ()YHKLIIMOHUPOBAHHS SIB-
JISICTCS HEAOIY CTHMBIM.

3anaun koHTpoia TC u quarnoctupoBanus BA
MPEUMYILECTBEHHO DEIIAIOTCSA C HCIHONb30Ba-
HHEM OOPTOBBIX CPE/ICTB, a IPH «TSDKEIIBIX)» OT-
Ka3ax — ¢ ucrons3oBanueM cpeacts HKY.

Bce 3agaun kontposss TC u auarso-
ctupoBanus BA pemarorcs ¢ ucnomnb-
3oBaHueM cpencts HKY.

Brimonnenne BKY un HKY mmpoxoro me-
pedHs GYHKINI 10 BOCCTAHOBJIEHHIO paboTo-
criocobHOocTH BA myTem aBTOHOMHOTO yTIpaB-
JICHUS NIEPEKIIOUCHUEM PE3EPBHBIX KOMILICK-
TOB U pexuMaMu pabotel bA.

ITapupoBanue OTKa30B M BOCCTaHOB-
neHue padortocrocodHoctH BA ocy-
IIECTBIISIETCS. TOJNBKO C HCIONB30Ba-
Huem cpencts HKY nyrem panumo-
YIpaBJICHHs IIEPEKITIOYCHHEM Pe3epB-

ITapuposanue otkazos B HKY mytem koppek-
1Y TporpaMM (PyHKIIMOHUPOBAHHUS U yTIPAB-
nenus BA, mporpaMMsl Tenen3MepeHui, IKC-
IUTyaTalOHHON JOKYMEHTAIH.

HBIX KOMIUIEKTOB WU PEKHMaMH pa-
6o0t1hI BA.

Pacummpennsiit cocraB Mojiesieil 1 METOJIOB B
OOpTOBBIX CpEICTBaX JUATHOCTUPOBAHUS
KA.

Hcrnons3oBanue B cpeicTBax JAUarHo-
crupoBanust HKY kmaccuueckux me-
TOJIOB JIOIIyCKOBOI'O KOHTPOJS M Te-
ctupoBanus BA.

CymecTBeHHas: HEOOXOAUMOCTD MPOBEACHUS
IUIaHOBO-NIEPHOANIECKOTO yrayOJIeHHOTO
aHamm3a TC BA ¢ ucmnone3oBaHuEM CPEICTB

Heo0xomumocts mpoBenenust yriry0-
nennoro ananansa TC BA ¢ ucnomnas3o-
BanueM cpeacts HKY we cyme-

HKY.

CTBCHHA.

SPIIRAS Proceedings. 2018. Issue 1(56). ISSN 2078-9181 (print), ISSN 2078-9599 (online)

97

www.proceedings.spiiras.nw.ru




JuarHoctipoBaHne aBTOHOMHBIX KA C HCIIONB30BaHMEM CPEINCTB
HKY ocymecTBisieTcst Kak B LeIsIX NPOGHIAKTHKY 110 BeIxony KA u3 pexxnma
ABTOHOMHOTO (DYHKIIMOHUPOBAHII, TAK M ITPH BOSHUKHOBEHHUH (TSKEIIBIX) OT-
ka3oB Ha 0opTy KA [3]. [Tox «rspkenbiM» otkazoM monumaercs HC, mis ma-
pHpOBaHMS KOTOPOH HEOOXOIMMO 3a/IeHiCTBOBATh CPEICTBA AUArHOCTHPOBA-
Hus U ynpasienust HKY. Cnoxsocts Takux HC nposiBiisiercs B TpYAHOCTH UX
pacrio3HaBaHUs [P OTCYTCTBUH B MEPEUHE PACCMOTPEHHBIX B SKCILTyaTallH-
OHHO-TexHuuYeckoi nokyMmeHTtaiu HC, a Takke B TpyAHOCTH UX NapupoBa-
HUS ¥ BOCCTAHOBIICHHS paboTocmocodHocTH cpenctBamu BKY. Tlpu o6Hapy-
YKEHUH «TSDKEJBIX)» 0TKA30B OOBIYHO OCYIIECTBIISICTCS aBTOMaTHIECKUM Iiepe-
Box KA B crienuiansHbIi pexkuM paboThl — HEOPHEHTUPOBAHHBIH TI0JIET, B KO-
TOPOM OTCYTCTBYET pUcK HeratuBHoro passutust HC [3].

B psne cnydaes HC npengycmarpuBaroTcst SKCIUTyaTalUOHHO-TEXHH-
yeckoil moxkymentanuend Ha KA u cpenctsa HKY. Ilpu stom KA moxer
HaxomuThcst B YPC, B KOTOPOM OH CIIOCOOCH BBITIOJHATEH (DYHKITMOHAJIBHBIE
3a/1a4¥l 0 MPEeJAHAa3HAUYEHUIO C JOMYCTUMBIMU OrpaHudeHusiMu [17]. Yder
YPC umMeeT BaxHOE 3HaueHHe Ipu auarHoctupoBaHuu bA KA ¢ BeicokuM
YpOBHEM aBTOHOMHOCTH (YHKIIMOHHPOBAHHA. YBEIWYCHHE YHCIa pa3pe-
meHHbIX YPC — oHa U3 BO3MOXKHOCTEH YBEIMUYUTH HHTEPBal aBTOHOMHOIO
(YHKIMOHMPOBAHUS U MOBBICUTH aBTOHOMHOCTh KA. IIpu atom dopmupo-
BaHue MHOecTBa UPC mpencraBisieT co0o0il OTAENbHYIO 3a/1a4y, TpeOyro-
Y0 HHANBUAYAIFHOTO OAX0a I Kaxkaoro Tuma KA.

Otka3sl BA 00nanaroT pa3iuuHON KPUTHYHOCTBIO M, KaK HPaBHIIO,
TIPUBOIST K pa3IMIHBIM nociencTsusM Ha 6opty KA. Kpome Toro, mpu npo-
eKTUPOBAHHUHU CIIOKHBIX TEXHHUECKUX CHcTeM, B ToM uucie KA, He Bcerna
ymaeTcst 00eCTIeYUTh OTCYTCTBHE HeratuBHOro pasputus HC, ocobeHHO npn
BO3JICHCTBIH Pa3IMYHBIX HEYYTEHHBIX (DaKTOPOB, B TOM 4YHCJIE BHELIHEH
cpensl [18]. B Tabmurie 2 npencrabnena kinaccudukainus HC, mveBmmx me-
CTO Ha IpaKTUKe NMpH dKcIutyaTard KA ¢ BEICOKUM ypOBHEM aBTOHOMHO-
CTH, ¥ MOKAa3aHO WX BO3MOJKHOE BIUSHHE HA TOKA3aTelb HAIC)KHOCTH BA
KA — MHTEHCHUBHOCTH IOTOKA OTKA30B A — C Y4ETOM BO3MOYKHOCTEH Ha3eM-
HBIX 1 00pTOoBBIX cpenactB CUTO. Ha ocHoBe cBeneHuit U3 TaOIUIIE 2 ¥ UMe-
IOIIMXCs cTaThucTHdeckux naHHeix 0 HC Ha 6opty peansHoro KA yrouynum
3aKOHOMEPHOCTH HM3MCHEHUS WHTEHCHUBHOCTH TOTOKAa OTKa3oB BA. [lms
3TOTr0 PaCCMOTPUM 3aBUCHUMOCTh BO BPEMEHH CyTOYHOM MHTEHCUBHOCTH I10-
Toka oTka3oB KA «Pecypc-[IK1» 3a nepuoj, paBHbIM 2.5 roaa JIETHOU KC-
IUTyaTaIiy, B TeU€HHE KOTOPOTO MPOU30IIIIO 29 0TKA30B, B TOM UHCIIE 7 «TH-
skenbix» [3]. Ha pucynke 1 mpencraBieHbl MOCTPOSHHBIE MO IKCIEPUMEH-
TaNbHBIM CTAaTHCTHYECKUM JaHHBIM 3aBUCHMOCTH, XapaKTEPH3YIOLIHE CY-
TOUHYI0O HHTEHCUBHOCTh OTKa30B BA 3a BpeMs JIETHOM 3KcCIIyaTalluu
KA [3]. Cymmapnast 3aBUCHMOCTG (KpuBasi 1) MoXeT OBITH IpeICTaBIcHA
KaK COBOKYITHOCTh HU3KOYaCTOTHOTO TpeHAa (KpuBast 2) ¥ BLICOKOYAaCTOTHON
cocraBisromnei (kpusas 3). KpuBas 4 cOOTBETCTBYET ydacTKaM, Ha KOTOPBIX
HaOJIIOATINCH «TSDKEITBIE» OTKa3bl.
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Ta6muna 2. Bimsiaue cpencts CUTO Ha xapakTepucTHKU oToka oTkazoB BA KA ¢
BBICOKUM YPOBHEM aBTOHOMHOCTH
JleticTBHS 110 3aeiicTBOBaHHBIC

Tun HC ycrpanennto HC cpeactea CUTO

u ee nocuencTeui | boprosele |HazemHble
Baecenne orpanmue-
HUIl Ha IIeJeBOE IIpH- YMeHsbe-
MeHeHue bA 1o Ha3Ha- HHE A
YEHHUIO.
CTpyKTypHOE pe3ep-
BupoBanue BA.
TToBTOpHOE BEIMIONHE-
HUE olepanui.
IIepesanyck cuctemsl
U3 «KOHTPOJIbHBIX TO- + +
YeK».
CpabatbiBanue 60pTo-
BBIX YCTPOHCTB 3a- +
IUTHI ¥ ABTOMATHKH.
Koppexuus nporpamm
(YHKIMOHUPOBaHUS U
ynpasieHus bA, cre-
LHAJBHOTO IIPOrpaMM-
HOTo 0oOecneyeHus YMenbe-
BA, nmporpammer Tene- HHUE A
HU3MEpEeHHH, IKCIITyaT.
JOKYMEHTAIHH B IPO-
Hecce JICTHOM 3KCILTy-
aTaIyu.
Honymenue UPC BA. +

ODyHKIMOHATIBHOE pe-
3epBrpoBanne BA. YBemmienue
[ponymennsie u | Bo3MoxHbI 1r00BIE A
HETIPaBUIIBHO Pac-| epeUnCIICHHbIC Teii-
IIO3HAHHBIE Ha CTBHS 110 pe3yJIbTaTaM
6opty HC, camo- |meranpHOro aHammsa
ycrpanstoruecst | HC. A=const
OTKa3bl ¥ cOOU.

Bnusane
HC ma

Heycrpanumeie HC

A=const

[Mapuposannsie HC

Hpyrue HC

IlepBoHauanbHbBIl POCT HU3KOYACTOTHOW COCTaBJISIOIIEH CYTOYHOU
MHTEHCUBHOCTH OTKa30B CBSI3aH C MPUPaOOTKON n3zenust. Jlanee 3HaUueHUE Cy-
TOYHOH MHTEHCUBHOCTH OTKA30B YMECHBINAETCS 1 JOCTHIAET HEKOTOPOTO yCTa-
HOBUBIIIETOCS 3HAYCHIA. DTall H3HOCA U3/IEHS IPUBEACHHBIC 3aBUCMOCTH HE
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oxBaThIBalOT. Hu3Kko9acTOTHBINA TpeH | (KpuBas 2) XapaKTepHu3yeT «Kelae-
Myto» 1151 maHHoro KA 3aBHCHMOCTh MHTEHCHBHOCTH OTKa30B BA oT HoMepa
OTKa3a B YCJIOBHSIX OTCYTCTBHSI BO3/EHCTBHS (DAKTOPOB BHEIIHEH Cpenpl U
HeraTuBHOro pa3sutus HC. AHanu3 BEICOKOUYAaCTOTHOMN COCTaBIISIOIIEH MOKa-
3BIBAET, YTO B Hauajle JIETHON 3KCIUTyaTallM BBICOKA BEPOSATHOCTb HETATUB-
Horo pa3Butust HC Ha 60pTy KA 1 BOZHHKHOBEHHS 3aBUCHMBIX OTKa30B, YTO
CONPOBOXKIACTCS YBEIMUECHIEM HHTEHCUBHOCTH 0TKa30B Ha O6opty KA. C Te-
YEHHUEM BPEMEHM OSKCIUTyaTalluM KOJIMYECTBO 3aBUCHMBIX OTKa30B BA KA
YMEHBIIIAETCSI, 3 KOJIMYECTBO CITyJaifHbIX OTKA30B — BO3PAcTaeT.

)\’ T T T T
0.08 1 )
0.06 /<\/\\ 2
0.04 ’\\/ .
0.02

0 k, oTkas

1 5 10 15 20 25
Puc. 1. 3aBucuMocTH: CyTOYHOI HHTEHCUBHOCTH OTKa30B OT HOMEpa OTKa3a 3a
BpeMs JIeTHOM akciityaTtanuu KA (kpuBas 1), HH3K0O4aCTOTHOIO TPeHa JaHHON
3aBHCUMOCTH (KpHBas 2), BHICOKOYACTOTHBIX M3MEHECHUH TaHHOH 3aBUCHMOCTH
(xpuBas 3), y4acTKH, COOTBETCTBYIOIIIE «TSDKEIBIM OTKa3zam» (KpuBas 4)

Ha pucynke 2 npuBeneHbI 3aBUCHMOCTH TIOJIOKUTEIBHBIX (KpuBast 1)
¥ OTPHULATENBHBIX (KpHBas 2) MPUPALICHHN CyTOYHON HHTEHCUBHOCTH OTKa-
30B BA 3a Bpems tetHOM sKkcrutyatam KA, crynenuartoit (kpuBas 3) v riaj-
KOH (KpuBas 4) anmpoKCUMHUPYIOIUX QYHKITUH 3THX 3aBUCHMOCTEH, a Taroke
YUYaCTKH, COOTBETCTBYIOLIHE «TsDKEIBIM» OTKa3aM (kpuBas 5). 13 npescras-
JICHHBIX JTaHHBIX BUAHO, YTO NPpHUpAICHUA CyTO‘IHOﬁ WUHTCHCUBHOCTU OTKa-
30B MOI'yT GBITB TMOJIOKHUTECIIbHBIMU, OTPUIATCIBHBIMA U OJIM3KHUMH K HYJIIO.
YpoBeHb MOJIOKUTENBHBIX IPUPALICHUH CYTOYHOH MHTEHCUBHOCTH OTKa30B
C TEYEHHEM BPEMEHHM YMEHBIIAETCs, IPUYEM, JJIsl 3aBUCHMBIX OTKa30B Xa-
PaKkTepHO YMEHBILIEHHE TIpUpaieHus dA oT oTkasa K otkasy. [logoOHoe mo-
BeJICHHE 3aKJIabIBacTCs Ha dTamne npoekTupoBanus KA c nensio obecneye-
HUS UX YCTOMYMBOCTHU K BO3JeicTBUIO 0TKa30B BA. Cpennue 3HaueHus mo-
JIOXKHTENBHBIX NPUPAIIEHUH CYTOYHOW HHTEHCHBHOCTH OTKAa30B MOXKHO aIl-
MIPOKCUMHPOBATH CTYTICHYATON WK TTafkon pyHkImen (kpusble 3 u 4). 3Ha-
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YUTECJIbHBIC OTPUHIATCIIBHBIC MPUPAIICHUA CyTO‘IHOﬁ HUHTCHCUBHOCTH OTKa-
30B KOPPEIUPYIOT C HHTEpBajJaMH BpeMeHH HaxoxaeHus: KA B pexxume He-
OpPHEHTHPOBaHHOTO TosieTa u B3aumozneicteust ¢ HKY cienyromum obpa-
30M: 3Ha4Y€HHE CYTOYHOHW HMHTEHCHBHOCTH OTKa30B B OKPECTHOCTH 3THX
YYaCTKOB YMEHBIIAETCS 10 YPOBHS HU3KOYACTOTHOTO TPEH/A, MHOTA C He-
GospnM 3amaszzpiBaHieM. OCOOEHHO 3TO XapaKTEpHO Ui dTara IpHpa-
6otku KA. TlocienHioro 3aBUCHMOCTh COBMECTHO XapaKTEpU3YIOT KpuBas 4
Ha pUCYHKe | U KkpuBas 5 Ha pUCyHKe 2.

dh
0.02
0.01

0
-0.01
0.02F 5
N - ; ./ } - k, oTkas
1 5 10 15 20 25

Puc. 2. 3aBucHMOCTH: TTOTOKHUTENBHBIX (KpuBasi 1) M OTpHIIATENBHBIX (KpUBast 2) pHpa-

IIEHNH CYTOYHOH HHTEHCHBHOCTH OTKa30B OT HOMEpa OTKa3a 3a BpeMsl JICTHO# IKCILTya-

TaIY, CTYIIEHYaToH (KpHBast 3) U I1aaKoi (kpuBast 4) annpOKCUMUPYIOMMX (QyHKIWI,
a TaKoKe y4acTKH, COOTBETCTBYIOIIHE «TSDKEIBIM OTKa3am» (KpHBas 5)

HesnauuTenbHble OTpUIATENBHBIE, @ TAK)KE HYyJIEBbIC MPHPAILICHUS
WHTEHCHBHOCTH OTKa30B (KpuBast 2), MOXKHO CBsi3aTh ¢ paboTol OOPTOBBIX
CpelCTB AuarHoctupoBaHus BA u BoccTaHOBIIEHHS €€ PabOTOCIOCOOHOrO
coctosiuus pu BosHnkHOBeHnu HC Ha 6opty KA.

Jnst paccMOTpeHHOTo mpHMepa MaTeMaTHYeCKHe 3aBUCHMOCTH, all-
MIPOKCHUMHPYIOLIHE TpeH Ac=(k) (prcyHOK 1, KpuBas 2) 1 M3MEHEHHS 3HAUCHUH
TIOJIOXKUTENBHBIX TIPUPAILIEHIH CYTOYHOH MHTEHCUBHOCTH OTKa30B dA¢ +(k) (pu-
CYHOK 2, KpuBas 4) Ha dTane IprupadOTKH UMEIOT CIIETyFOITHIA BH:

ho_(k)=3,06%107+9*10"k—1,3*10"k* +1.5*107* &> —107k"* +
+3*%107 k% =3.3%107k°, )
dh, (k) =1,8*%107 =2,1*107 k+9*10° k> =107°k’, ke [1,22],

rae k — HoMep oTkaza BA KA.
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,21_]'[5[ YCTaAaHOBUBLICTOCA PEKMUMaA Ha dTale HOpMaHBHOﬁ OKCILTyaTalluu
Ut OlleHKH 3HAaYeHUH Ac—(k) U dAc+(k) MOXKHO HMCIIOJIB30BATh CIIEAYIOIIME
BBIPAKEHUS:

A~ (k) =0.038, d\._, (k)=0.0013. )

BrisiBiIeHHBIE 3aKOHOMEPHOCTH, a Takxke BeIpaxkerus (1) u (2) mpen-
JlaraeTcs MOJI0KUTh B OCHOBY MOJIENH pa3BUTHs 0TKa30B BA KA.

AHau3 TaHHbIX, PESCTABICHHBIX B TaONUI@ax 1 u 2, a TAK)Ke paccMOT-
PCHHBIX IKCIIEPUMEHTAILHBIX CTATHCTHUCCKHMX MAHHBIX 00 oTka3zax BA KA,
MO3BOJISCT CJICTIATh BBIBOJ] O OOJICE IMUPOKHUX BO3MOXKHOCTSIX apupoBanus HC
6opToBbiMU U HazeMHbIMU cpecTBaMu CUTO u oka3aHus TeM CaMbIM BITUSI-
HUS Ha TTapaMeTphl MOTOKa 0TKa30B bA mpu ynpasnenuu KA ¢ BBICOKUM ypoB-
HEM aBTOHOMHOCTH B CPaBHEHHHU C yrpaBieHHeM KA ¢ HI3KIM YpOBHEM aB-
ToHOMHOCTH. [Ipu 3TOM 3a7aua nuarnoctupoBanust BA KA ¢ BeICOKUM ypoB-
HeM aBToHOMHOCTH B HKY B LIensax npomIakTHKY 1Mo BRIXOY U3 peKUMa aB-
TOHOMHOTO (PYHKIIMOHUPOBAHUSI MM TIPH OTPAOOTKE «TSHKENBIX» OTKA30B BU-
IUTCs OoJee CII0KHON M MMEIOMIEH OONBIIYIO CTeTIeHh HEOIPEIEICHHOCTH.

3. ®opmanuzanus npouecca guarnocrupoanus KA ¢ Beicokum
YPOBHEM aBTOHOMHOCTH (yHKIMOHHMpoOBaHHsA. CoriacHO TpeOOBaHMAM
COBPEMEHHBIX CTAaHAAPTOB, CPEICTBA KOHTPOJS M JUATHOCTHKH CIOXKHBIX
TEXHUYECKHUX CHUCTEM JOJIKHBI CTPOUTHCS Ha OCHOBE OTKPBITOW MOJYJIbHOM
ApPXUTEKTYPhI M BKJIFOUATh B CBOM COCTaB MOIYJH (TIOACUCTEMBI) cOOpa UH-
(dopmanun, koHTposs U quarnoctiposanus TC [19]. Moayins coopa nundop-
Maruu 00ecreunBacT cOOp JaHHBIX O MapaMeTpax TEXHUYECKOH CHCTEMEI,
10 KOTOPBIM MpoBoAUTCS KOHTposb ee TC u auarHoctupoBaHue. Moayib
koHTpoJst TC ocyliecTBIsieT cpaBHEHHE 3HAYSHHUI KOHTPOJIMPYEMBIX Mapa-
METpPOB CO 3HAYCHUSIMH JOITYCKOB U (POPMHPYET CUTHAJ OMOBEUICHUS MPU
MIPEBBIIICHNH COOTBETCTBYIOMIMX TPaHUI. MOIylb OHATHOCTHPOBAHUS WC-
MOJIE3YET AKCIEPTHBIC MPABMIA U BRIYHCIUTEIBHBIC TIPOLICAYPHI IS OTIpe-
JIENICHNS] TeKYIIEro COCTOSHUS IHATHOCTUPYEMOH CHCTEMBI M BBISIBICHUS
BO3MOJKHBIX HEHCTIpaBHOCTeH [19].

B crpykrype CUTO aBroHOMHBIH KOHTPOiIh TC M THarHOCTHpOBaHUE
BA KA peammzyercs BKY, ncnosnbp3yronmm Bo3MOKHOCTH 00pTOBOH HHGBOP-
MAaIMOHHO-TEIEMETPUIECKON CUCTEMBI, TaTYMKOBOH anmapaTypsl U BCTPOCH-
HBIX cpencts kKoHTposst TC [3]. CBoeBpeMeHHO BhIsBICHHBIE Ha O0pTy KA He-
UCIIPABHOCTH MOTYT OBITh YCTPAHEHBI MOJIHOCTHIO MJIM YAaCTUYHO ITyTEM pea-
JIM3AIIUH TIPOIICYP BOCCTAHOBJICHHS pabOTOCIIOCOOHOCTH BA, mpuBeaeHHBIX
B Tabnune 2. [Ipu HeONAaronpusTHBIX YCIOBUSIX MPOITYCKH HEUCIIPABHOCTEH
W/WITY UX HEJJIOCTOBEPHOE PACIIO3HABAHKE MOTYT IIPUBECTH K YBEIIMICHHUIO UH-
TEHCUBHOCTHU MTOTOKA OTKA30B, POCTY HEOIPEIEICHHOCTH 3HAUEHUI mapamer-
poB TC, camxeHnto noctoBepHOCTH KOHTpois TC 1 mpoteayp moucka MecT 1
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npuYuH HeucnpaBHocTeil [17]. Pa3Burie TexHOMOrMiA aBTOHOMHOTO JTMarHO-
ctupoBanus BA KA 60pToBbIMHU CpeAcTBaMU SBISAETCS OJAHUM M3 KITIOYEBBIX
BOIIPOCOB CO3/IaHUS NEPCIEKTUBHBIX KoMILIekcoB ympasieHus KA [20]. On-
HaKoO € y4eTOM TOro, 4To cpejcTBa HazemHoro cermenra CUTO obnanator 60-
Jiee MUPOKMMHU BO3MOXKHOCTSIMU I10 PELICHHUIO 337ad AUAaTHOCTUPOBAHUS U
ynpasnenust TC BA, yem GoproBsie cpencTsa, pu co3nanni KA ¢ BRICOKHM
YPOBHEM aBTOHOMHOCTH ()YHKIMOHHMPOBAHHS IPELYCMOTPEHO IIEPHOANYC-
ckoe B3aumozeiicTaue nocnennux ¢ HKY c nenpio nposenenus yriayOneHHOTo
anamm3a TC BA. TlomoXutenbHBIH MPaKTHYeCKU OMBIT pearn3anii moa00-
HOTO KOHTpOJIIA B emsix npodumaktukr HC Ha 60pTy CI0KHBIX a3pOKOCMITYe-
CKUX OOBEKTOB UMEETCS, HallpuMep, 3a pyoexom [21].

PaccMmoTpuM opranusanuio mporiecca auarHoctupoanus bA KA ¢
BBICOKMM ypOBHEM aBTOHOMHOCTH (yHKiroHupoBanus [3]. Ha pucynke 3
npescTaBicHa (YHKIMOHAIbHAs CXeMa Ipoliecca JUarHocTupoBaHusi bA
KA ¢ BBICOKMM ypOBHEM aBTOHOMHOCTH C MCIIOJIB30BAHHEM HA3€MHBIX U
6oproBbix cpeacts CUTO.

Cpencrea HKY ynpasmstor TC u neneBbsM (pyHKunoHnpoBanueM KA,
a TaKke BXOJIT B nojacucteMy koHTpoist TC u auarHoctuposanus bA Hazem-
Horo cermenta CUTO. Ha cxeme mojpoOHO BBIICIICHEI MOy TH OOPTOBOM MO/
cuctemsl kKoHTpoist TC u auarnoctupoBanus bA 6oprosoro cermenta CUTO,
TIPUHAMAEMbIe UM PEIIeHNs M Pe3yIbTHPYIOIINE COCTOSHIUS TaTHOTO U He-
mratHoro ¢yHkunonuposanust bA. Hemraraeie curyanun oOHapyXHBarOTCS
B poriecce koHTpoist TC BA. Ha npaxtuke npu npoBenernu koutpoist TC BA
CYIIECTBYET HEOOXOANMOCTE HE TOJIBKO B ONPEACICHUN e¢ PaboTOCIIOCOOHO-
CTH, HO U B COOTHECEHNH €€ HEPabOTOCTIOCOOHOTO COCTOSHHMS K MHOKECTBY H3-
BectHBIX HC [1]. Kpome Toro, B pesynsrare HC BA moxer okasarecs B UPC.
B cooTBeTcTBHM ¢ IPUBEACHHOM (DYHKIIOHAIBHON CXEMOH MpoIiecca THarHo-
crupoBanus bA KA 6optoBsivu cpencrBamu KouTposa TC u quarHocTpoBa-
Hust BA HenpephIBHO OCYIIECTBISIETCS PEIICHHE CIEeIyIOMUX 3a1ad: 1) KoH-
tponb TC BA; 2) B ciydae npunstus pemenus o HC ¢dynkunonupoBanuns BA
— nepeBox KA B crienmasbHbIi peskuM pabOoTHL, B KOTOPOM PHUCK Pa3BUTHS
HETaTHBHBIX ITOCIIEICTBII OTKa30B MUHMMaJIeH; 3) pacno3naBanne HC ¢yHK-
LIMOHMPOBaHUA BA 1 noKkaM3anust HeNCIIPaBHOCTH; 4) BOCCTaHOBJIEHHE pabo-
TOCTIOCOOHOTO COcTOSIHUS BA.

Paboty Mmomymst korTposst TC BA xapakTepru3yroT CIESIYIOIIie TPH BbI-
XOJIHBIEC peaKIyu: paBuiibHOe 00Hapyx)erne HC, mporryck HC 1 nmosxHOE 00Ha-
pyxerne HC. B mocnexnem ciryuae momyneM koHTpois TC mpuHUMaeTcs pe-
menne o HC, xots BA KA naxomutcs B UPC. Eme ogHIM BO3MOYKHBIM PE3YITh-
taroM KoHTpois TC sBisercs npaBmibHOE HeoOHapyxerrne HC (paBuiibHOE
obHapyxenue YPC). OHako BEpOATHOCTHIO 9TOM BBIXOJHOW PEaKIIUN MOYKHO
npeHedpeyb, YTO BBI3BAHO CIIEAYIOMIMMH IPUIHHAMH.
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Bo-niepBbix, koHTpoiupyemble mapameTpsl B UPC uMeroT 3HaveHus,
OJF3KYE K TIPEIeNTbHO IOMYCTUMBIM, B TOPa3a0 OOJBIIEeH CTEEHH COOTBETCTRY-
rorme HC, wem paboTocriocoOHOMY COCTOSIHIIO. BO-BTOPEIX, CyIieCTBEHHOE
nepeceueHne MHO)kecTBa UPC B mpocTpaHCTBE KOHTPOJIMPYEMBIX ITapaMeTpOB
MEXITy co00i M TIO0 OTHOIIEHHIO K MHOKecTBY HC He TO3BOJISTIOT ¢ BBICOKOM
JIOCTOBEPHOCTBIO PEIIUTh 33[ady MX OIEpaTHBHOTO OOHApY)KEHHUS B MOYJe
koutpoiss TC BA. Ilpu stom komudectBo Bo3MOkHBIX UPC 3HaunTenbHO
Gombie, weM paccMoTpeHHBIX HC, uTo yeyryomser npobiemy X oOHapy KeHHS
¢ 3alaHHOM T0cTOBEpHOCTRIO. Kak crnencreue, Ha Moxyns koHTpoist TC BA He-
neecooOpasHo Boznarath (yHkuuto ooHapyskenuss UPC BA. B To ke Bpems ua-
cTuyHas paboTocrnocoOHocTh BA i ommoka onpenenenus kiaacca HC moryt
OBITH BBISIBIICHBI HA 3TAIlE AMArHOCTUPOBAHUSL, UTO TpeOYeT yueTa BEIXOIHOU pe-
aKuuM JIokHoro obHapyxenus HC, kak 3To Moka3aHo Ha (yHKIMOHAIBHOW
cxeMe mporecca auaraoctapoBanist bA KA.

Iocne pemenns 3agaun o0HapykeHnss HC HaumHaeTCs poriecc Tua-
rHOCTUpOBaHUs BA ¢ ucronb3oBaHreM OOPTOBBIX CPEICTB, B X0/I€ KOTOPOTO
ocymecTBisieTcs pacrno3HaBanne HC W jokanm3anusi HEHCIPaBHOCTH, a
Takxke oleHka padotocrocobHocti BA B YPC. PaboTy MomyIst muarHoCTH-
poBaHus BA xapakTepu3yrOT BBIXOAHBIE PEAKIMH MPABUIBHOIO WM OIIH-
6ouHOTO pacmo3HaBanus u Jokanmzarun HC. [Ipn HEBO3MOXKHOCTH PEIIUTH
3amaun pacnosHaBaHus HC 1 BOocCTaHOBIIEHHS pabOTOCIIOCOOHOTO COCTOSI-
Hust BA OOpTOBBIMH CpencTBaMM, BOCCTAHOBJIEHHE €€ paboTOCHOCOOHOTO
COCTOSIHHSI OCYIIECTBIISIETCS 11OCJIE IUIAHOBOTO MIIM MHUIIMUPYEMOTro OOpTo-
BBIMH cpefcTBaMu obpainenns K HazeMHoMy cermeHTy CUTO. Takoe obpa-
LIeHUEe, KaK MPaBHJIO, MPOUCXOAUT NMPH OOHAPYKEHHH CEPhE3HBIX («TsKe-
JIBIX») OTKA30B, BEPOSTHOCTh BOZHUKHOBEHUS KOTOPBIX TOPA3I0 HIDKE U IS
YCTpaHEHUS KOTOPBIX BO3MOXKHOCTEH OOPTOBBIX CPEACTB TUATHOCTHPOBAHMUS
HesocTaToyHo. Ha mpakTuke KOJIM4ecTBO TAKUX «TSXKENIBIX» OTKa30B 4acTo
cooTBeTcTBYeT mpaBuiy [lapero u coctapnser nmopsaaka 20% ot ux odIero
kommyectBa [3]. BoccranoBnenme pabortocmocobHOCTH BA cpencrBamu
HKY ocymecTtBnsercs myTeM BbIIa4M pa3lIMYHBIX YIPaBISAIOIIUX BO3JEH-
cTBHiT — koMmaHn ynpaeienus (KVY).

OyHKIMOHAIBHAS CXeMa Ha PUCYHKE 3 OTpaskaeT BOIIPOCHI TapHupoBa-
HUS HE TOJIBKO ammapaTHBIX 0TKa3oB, HO u HC, 00ycIOBIeHHBIX HEKOPPEKT-
HOH paboTO#i crielranbHOro MPOrPaMMHOT0 00ECTICUEHNS], B TOM YHCIIE BCTPO-
endoro B bA KA. Crienyer oTMETUTh BaYKHYIO POJIb BCTPOSHHBIX CPEJCTB Ca-
MOIMarHOCTUKH BA, mozBomsromux oneHuTh ee TC W CHTHAIM3UPOBaTh Kak
00 anmapaTHBIX OTKa3aX, TaK ¥ OIIMOKaxX B paboTe CHEHaIbHOrO IPOrpaMM-
Horo oOecrieuenuss bBA. Ilpu 3ToM ocHOBHyrO ponb BeImonHAeT BKY, ocy-
IIECTBILTIOMMH mapuposanue Takux HC myTem mepe3arpy3ku COOTBETCTBYIO-
myx Moxyied BA wiam Bcell cMcTeMBbl U3 33/IaHHBIX «KOHTPOJIBHBIX TOYEK),
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COOTBETCTBYIOIIMX MOCIEAHEMY PaOOTOCIIOCOOHOMY COCTOSIHHIO, a TAKKE ITy-
TEM IEPEKIFOUEHISI HENCIIPaBHBIX KOMIUIEKTOB BA Ha pe3epBHble. CpencTsa
HKY mnpuBnekarorcs B Ciiydae «TSDKEIBIX» CHUTYyalMH, CBA3aHHBIX C OIIMO-
KaMH, JIOMYIIEHHBIMH Ha 3Tare pa3padoTKy POrpaMMHOT0 00eCIeYeHH s, KaKk
JUTSL TIEPEKITIOUCHUST PE3EPBHBIX KOMIUIEKTOB BA, Tak u mepe3akiiaiku crieru-
AJILHOTO TporpaMMHOro obecriedenust Ha 6opt KA. Ciexyer oTMETHTB, 4TO B
HKY coo0mienus 00 anmapaTHBIX OTKa3axX M OMIMOKax B paboTe mporpaMm-
HOTO oOecredeHns, B TOM YHCIe BCTPOEHHOTO B bA, paccmaTpuBaroTcsi Kak
enunbli otok HC, Tak kak pesynsrarom takux HC siBisiercs HepaboToctio-
cobHoe coctostnue BA. Ilpu sTOoM paccMoTpeHHast Ha pucyHke 3 (yHKIHO-
HaJIbHAsI CXEMa HAIlpaBJICHA KaK Ha MOBBIIICHUE OTKa30yCTOWYMBOCTH ara-
paTHOM 4acTu, TaK ¥ MOBBIIIEHUE HAEKHOCTH CHELUATIBHOTO IPOrPaMMHOIO
obecrieueHnst BA KA. OcHoBHOE OTIH4Me AaHHOW (pyHKIIMOHAIBHOW CXEMbI
1uist KA ¢ HU3KuM ypoBHEM aBTOHOMHOCTH OyZIET 3aKJIF0UaThCsI B OTCYTCTBHU
6oproBoro cermenta CUTO ynpasienns KA u nepepacnpenenennn GyHKIHI
xoHTposst TC u quarnoctupoBanusa bA KA na cpencrsa HKY.

Pio

Puc. 4. I'pa¢ cocrostamii nponecca guarsoctupoBanust BA KA ¢ BelcokuM ypoBHEM
ABTOHOMHOCTH ()YHKIIMOHHUPOBAHUS
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OyHKIMOHATIBHOM cxeMe mpoliecca auarnoctupoBanusi BA KA ¢ BbI-
COKHM YPOBHEM aBTOHOMHOCTH, ITPUBEJCHHOM HA PUCYHKE 3, COOTBETCTBYET
rpad cocTostHU, IpecTaBIeHHBINH Ha pucyHKe 4. U1CIIo TeKyInX COCTOSHUN
rpada, o0pazyronmx MHOKECTBO S=(So, S1, Sa,.. ., Si1), OIpenensercs JoruKon
1 YPOBHEM ONMCaHUs npolecca quarnoctuposanus bA KA nmpu Bo3HHKHOBe-
Hun HC. VIHTEeHCHBHOCTH NTEPEX00B MEXKY COCTOSHHUSMH OTPEIEIIIOTCS Be-
POSATHOCTHBIMHM U BPEMEHHBIMH XapaKTEPUCTUKAMH COOTBETCTBYIOLIUX IPO-
neccoB koHTpoIst TC u quarnoctrpoBanmst bA KA.

HcxomupM coctostHneM rpada siBisieTcst COCTOsIHUE Sy, COOTBETCTBY-
romee Bo3zaeiicTBuio HC va BA KA, Haxozsmryrocst B paboTocImocoOHOM co-
crosiany, TC KOTOPOH KOHTPONUPYETCsl OOPTOBOM MOJCHCTEMOM KOHTPOJIS
TC u puarnoctupoBanust BA.

PabGoty GoproBoii moacucrembr koutpoisisi TC U AnarHoCcTHpOBaHUS
BA xapakTepusyror cieyonye TeKyIye COCTOSHUS:

S1— xoHTpons TC cucremsl nposezeH, nMeeT Mecto npomyck HC;

S> — xontposs TC mposenen, HC npaBuibHO oOHapyxeHa, ocy-
HIECTBISIETCS MIEPEXO0]] B CHELHUANbHBIA PeXUM paboThl M pacro3HaBaHUE
IpaBuIIbHO 0OHapyxeHnHoi HC;

S3 — koHTtposis TC mpoBezieH, UMEET MECTO JIOKHOE OOHapY)KeHHE
HC, ocymecTBisiercst nepexo/] B ClieNUaIbHBIA PeXUM pabOThI M PacIo3Ha-
BaHHE JI0XKHO 0OHapyxenHoi HC;

S4 — HC mpaBmiibHO 00Hapy’keHa, B pe3ybTaTe AUArHOCTHPOBAHMUS
pacniozHaBanre HC BBIIOJITHEHO MPaBMIIBHO, PeaTU3yeTCs IPaBUIIbHAS TIPO-
Lielypa BOCCTaHOBIIEHUS paboTociocodHocTH BA;

S5 — HC nmpaBuiibHO 0OHapyxeHa, B pe3yJibTare AUarHOCTHPOBAHUS
pacrio3HaBanre HC BBINOJIIHEHO HENPAaBUIIBHO, PEATN3YETCsl HETIpaBUIIbHAS
npoIieIypa BOCCTaHOBIICHHsI paboTocmocooHoCTH BA

Ss — uMmeeT MecTo JokHOe oOHapyxenue HC, HO B pe3ynbTare 1ua-
THOCTUpOBaHMs pacrno3HaBaHne HC BBEIMOIHEHO NMPaBHIBHO, peanu3yeTcs
IpaBWIIbHAs IPOLIEypa BOCCTAHOBJIEHUs pab0TOCIIOCOOHOCTH BA;

S7— umeet MecTo JoxHoe oOHapyxenne HC, B pe3ynpTare Anarao-
cTupoBaHus pacrno3HaBaHre HC BBINOIHEHO HENPAaBUIIBHO, pealn3yeTcs He-
MIpaBHIIBHAS MIPOIIEIypa BOCCTAaHOBICHHS paboTocmocooHoCTH BA.

Paboty noxcucremsl koutpoist TC n quarnoctupoBanus BA Hazem-
Horo cermeHTa CUTO xapakTepu3yeTr cOCcTOsIHUE Sg, COOTBETCTBYIOIIEE 00-
pamennto KA x HKY nocie npaBuiibHOTO MM J10kHOTO 00HapyxeHus HC
 BbIOSTHEHUIO KOHTpoist TC n muarHoctupoBanuio BA cpeacTBaMu HazeM-
Horo cermeHTa CUTO.

CocrostHuS S9, Si0, S11 ABISIOTCS MOTIOMIAIONINMH U XapaKTEPH3YIOT
cnenytomue cocrosinus bA KA:
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Sy — BA KA Haxomutcs B HEpaOOTOCIIOCOOHOM COCTOSIHUU BCIIC-
ctBue mpormycka HC u HeBwImomHeHHS OOPTOBBIMH CPEICTBAMH H CpEJ-
ctBamu HazeMHOro cermeHTa CUTO mporenyp BOCCTaHOBIICHHS PabOTOCIIO-
cobHoro coctostuus bA;

S10 — BA KA naxomurca B UPC u crmocoOHa BEITIONHATE 3aJa4H 110
(YHKIMOHAJIBHOMY TpEIHA3HAYCHHIO C OTPAaHUYCHHUSIMH BCIICACTBHE HEKPH-
tuynoctd HC k MPaBUJIIbHOCTU BBIITOJIHCHUA 60pTOBBIMI/I CpeacTBaMu I1po-
Lielyp BocCTaHOBIIeHHs1 paboTocriocooHocTH BA;

S11 — BA KA naxoaurcst B paboTocriocoOHOM COCTOSTHUM Onaronapst
paboTe OOPTOBBIX M HA3EMHBIX CPEACTB TUATHOCTHPOBAHUS U BBHITOTHCHUIO
mocne ooHapyxeHuss HC mpaBUIBHBIX MPOIETYpP BOCCTAHOBICHHS paboToO-
criocoOHOro cocTostHUS BA.

TTomaraercs, uro Hasemusblii cermentr CHUTO, obnagaromuii 0ojiee
IIMPOKUMH (YHKIIMOHATIHHBIMH BO3MOXHOCTSMH JHATHOCTUPOBAHHS, YE€M
6oproBas moncucrema koHTponst TC m muarHoctupoBanus BA, mpu mpa-
BUIILHOM 00OHapyxenun HC ocylecTBiIseT J0KaInu3alio HEUCTIPABHOCTH U
BOCCTaHOBJICHHE pab0OTOCIIOCOOHOr0 cocTostHus BA B pesynbrare hopmupo-
BaHus cooTBeTcTBYIOmUX KY. Ecin ke HC He oOHapyskeHa cpecTBaMu JH-
arHoctupoBanusi HazeMHoro cermenta CUTO, TO BO3MOKHOCTh BOCCTaHOB-
nenusi padborocnocodnoro cocrostausi BA KA orcyrcrByer.

Ilepexonbl MEXy COCTOSHUSIMHU OIHUCBHIBAIOTCS BEPOSTHOCTIAMU P .
repexo/ia U3 TEKYIETo COCTOSIHUS ¢ B COCTOsIHUE 7. BepostHoctu P, 00pa-
3yIOT MaTpully BeposiTHocTell nepexonoB P: P,,eP. B paccMmatpuBaemoM
cinydae matpuua P umeer pazmepnocts 11x9. HyneBbie 3HaueHuUs 371eMEHTOB
MaTpuIsl P COOTBETCTBYIOT OTCYTCTBHUIO MEPEXOJI0B MEXKIY COOTBETCTBYIO-
OIMMHA COCTOSTHUAMH. J{71s1 Tpada COCTOSHMIA, MPUBEICHHOTO Ha PUCYHKE 4,
q=0...8, r=1...11, maTpuia nepexoa0B UMeET CICTyIOIINI BHI;

B, B, By 0 0 0 0 0 0 0 0
0O 0 0 0 0 0 0 0 By, B, O
o 0 0 B, B, O 0 B, O 0 0
0 0 0 0 0 B, B, By, 0 0 0
P={ 0 0 0 0 0 0 0 P, 0 0 P, 3)
o 0 0 0 0 0 0 0 P, P, O
0o 0 0 0 0 0 0 B, 0O 0 B,
0o 0 0 0 0 0 0 0 P, P, O
o 0 0 0 0 0 0 0 B, 0 B,

Bce yxa3aHHbIE BEpOATHOCTH MOXHO CBECTH B 4 TPYIIIHL,
XapaKkTepu3yle ypoBHH 00paOOTKH JHAarHOCTHYECKOH HMH(pOpMAIMu O
HC. Ilepsslil ypoBeHb OTBedaeT 3a onepatuBHbll koHTpoib TC BA KA ¢
HCIIOJIb30BaHNEM OOPTOBBIX CPEIICTB U XapaKTEPHU3YETCs] BEPOSTHOCTSIMHU:
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Py, — mponycka HC; Py, — mnpaBwibHOro obuapyxkenus HC; Pyz —
noxuoro ooHapyxenuss HC. BTopoii ypoBeHb OTBeuaeT 3a pacro3HaBaHUE
HC B BA KA u J1okanu3anuio HeMCIPaBHOCTH € HCIIOJIb30BaHUEM OOPTOBBIX
CPE/ICTB JAMAarHOCTHPOBAHUSI W XapaKTEPU3yeTcsl BEPOSTHOCTIMH: Pr4 —
MPaBWIPHOTO PAacliO3HAaBaHHWs W JIOKAJM3alUUH HEHCIIPaBHOCTH MOCIE
npaBwibHOTO OOHapyxxeHnss HC; P>s — oOmMOOYHOTO pacro3HaBaHHS U
JIOKIM3allid HEUCIPaBHOCTH TOCe MpaBMiIbHOTO oOHapyxenus HC;
P36 — npaBUIBHOTO pacTIO3HABAHMS U JIOKAIN3AIMN HEUCIIPABHOCTH 11OCIIE
noxHoro oOHapyxennss HC; P37 — OmMOOYHOro pacrlo3HaBaHUS W
JIOKAM3aIlA HEMCIIPAaBHOCTH TMocje JIoXKHOTo oOHapyxenus HC; Pg,
P33 — obpamenns x HazemHOMYy cermMeHTy CUTO mocne mpaBMIbHOTO WK
noxHOro ooHapyxeHus: HC COOTBETCTBEHHO IpH HATMYUM 3HAYUTEIHHOH
HEOMPENCIIEHHOCTH B 3HAYEHUAX KOHTPOJIMPYEMBIX I1apaMETPOB, HE
NIO3BOJISIIOILECH 3aJelCTBOBaTh OOPTOBBIE CPEICTBA JAMArHOCTUPOBaHUS BA
KA. Tperuii ypoBeHb OTBEUACT 32 BOCCTAHOBJICHHE pab0oTOCIOCOOHOCTH BA
KA u xapakrepusyercs BeposTHOCTSIMHU: Pig, Pijo — mnepexoga BA B
HepaborocriocobHoe cocrosiHne W YPC COOTBETCTBEHHO B pe3ysbTrare
nponycka HC; Ps11, Ps11 — BoccTaHOBJIECHHs paboTocmocoOHocTH BA ¢
WCIIONIb30BaHMEM  OOPTOBBIX  CPEACTB  JAWAarHOCTHPOBAHUS  MOCIHE
MIPaBIIIBHOTO WM JIOXKHOTO 00HapyxeHnss HC cooTBeTCTBEHHO; Pag, Psg —
obpamenuss k HazemMHoMmy cermenty CUTO mnocie mNpaBWIBHOTO WIH
noxHOTO 0OHapykeHns: HC cooTBETCTBEHHO, BCIIEACTBHE HEBO3MOXKHOCTH
BOCCTaHOBHTH paboTocnocoOHocTh BA GopToBBIMEU cpeacTBaMu (Ciaydait
«TSDKEIBIX» OTKa30B); Psoy, P79 — mepexoma BA B HepaboTocmocoOHOE
COCTOSIHME  BCJIEJCTBUE HeENpaBWIbHOrO jauarHoctupoBanuss HC wu
peausanun HEMPaBUJIBHBIX npoueayp BOCCTAHOBJICHUSA
paborocniocobHocTH BA mocne npaBHIBHOIO WIIM JIOKHOTO OOHApY)KEHHs
HC cootBerctBenno; Psio, P710 — mnepexona BA B UYPC mnocrie
HenpaBwiIbHOTO JuarHoctupoBanuss HC w peanmsanuu HeNnpaBHIBHBIX
Ipoueayp  BOCCTaHOBJIEHUs  paborocnocobHoct BA  BeienctBue
HekputHyHOCTH HC K IpaBMIIBHOCTH BBITIOIHEHUSI OOPTOBBIMH CPEACTBAMU
MIPOLIEAYp BOCCTaHOBICHUSI paboTocrmocoOHOocTH BA mocie mpaBuibHOTO
i noxkHoro obHapyxennss HC coorBercTBeHHO. UeTBEepTHIi ypOBEHB
otBevaeT 3a kKoHTpoinb TC BA ¢ mcmonp3oBaHHEM Ha3eMHOTO CETMEHTa
CUTO u xapakrepusyeTcst BeposTHOCTIMU: Pso— He oOHapysxeHmst HC B
BA mpu yriaybnenHom anammze ee TC cpeincTBaMu Ha3eMHOTO CETMEHTa
CUTO; P — 90-5+ — mpaBwisHOro obHapyxenus HC wu
nuarHoctTupoBanusi BA mpu yrioy6nennom ananmuze ee TC cpenctBamu
HazemHoro cermenra CUTO.
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Ha ocHoBe npuHATHIX fomymieHuit o xapakrepe YPC BA MoxHO moma-
raTh, YTO BEPOSTHOCTH IIPABHIBHOTO PACHO3HABAHUS M JIOKAIM3ALMN HEUC-
MIPABHOCTH TI0cJI€ JIoxKHOTO 00HapyxeHus HC P3¢ MeHbIIE, 9eM BEpOSITHOCTh
MPaBIIBHOTO PACIIO3HABAHMS U JIOKATM3AIIMH HEUCIIPABHOCTH HOCJIE TIPaBHIIb-
Horo obHapyxeHust HC P 4: P36<P»4. Taxoke MOKHO TOJIaraThb, 9TO IPH Ipo-
nycke HC, noxxuom obnapyxernn HC, ommOo4HOM pacrio3HaBaHWH U JIOKa-
JIM3alMM HEMCIPaBHOCTEH BEPOSTHOCTH IEpexoja CHCTEMBI B HEPaboTOCHO-
cobHoe cocTostHue BhIiIe, yem B UPC: P1,10<P1,9, P5,10<P5,9, P7,10<P7,9. BepOHT-
HOCTH IIEPEXO0/I0B IS BCEX COCTOSIHUH, KPOME ITOTJIOMIAIOIINX, 00pa3yIoT IMoJI-
HYyI0 Tpymiy COOBITHIA: P0,|+PO,Q+P0,3:1, P1otP110=1, P2,4+P2,5+P2,8:l,
P3gtP37tP35=1,  PagtPan=1, PsotPsi=1, PestPsu=1, Pr9tP710=1,
Psot+Pg11=1. B ucX0nHOM COCTOSIHUU BEPOATHOCTH Py, P24 U P3¢ UIMEIOT 3a-
nanHble 3HaueHus. [Iponssenenue BepostHocTed Pos U P24 MOXET OBITH HC-
NOJIB30BAaHO B KAueCTBE IOKA3aTellsl JIOCTOBEPHOCTH OOPTOBOW MOJICHCTEMBI
koHTpossi TC u muarHoctupoBanust BA KA: D1=Po, P, 4. BepostHOocTh Ps 11
MOXET OBITh HCIIOJIb30BaHA B Ka4eCTBE IOKa3aTelisi JOCTOBEPHOCTH CPEICTB
xoHTposs TC n quarnoctuposanus bA HazemHoro cermenta CUTO ympasie-
Hust KA: Dy=Ps 1. Pe3ynbrupytomas BeposSTHOCTb P11 ONajaHusl CUCTEMBI B
TIOTJIOIIAOIIEEe COCTOSIHUE S11, COOTBETCTBYIOIIEE PAdOTOCIOCOOHOMY COCTO-
SIHHUIO M IITaTHOMY (yHKIHMOHHpoBaHHI0O BA KA mocie BbINONHEHUs [UKJIa
npouexyp kKoHTposst TC, TMarHOCTUPOBaHKS U BOCCTAHOBIICHHUS pabOTOCIIO-
cobroct BA KA, 3aBHCHT Kak OT 3HAYCHUI IMOKa3aTelNel JOCTOBEPHOCTH Dy
U D, Tak ¥ OT 3HaUCHUHN APYTHX BEPOSTHOCTEH, OMUCHIBAIOIIUX MEPEXO/bI B
paccMaTpruBaeMoM rpade COCTOSHHH.

TpynHOCTD paszeneHns: NepeMEHHBIX U ITOTyYEeHHs! aHATUTHIECKON 3a-
BUCHUMOCTH BEpOSITHOCTH padoroctiocobHoro coctosiuust BA KA or nokasare-
JIeH TOCTOBEPHOCTH BHYTPEHHETO W BHEIIHETO AuarHoctupoBanus Pii(D1, D)
MIPUBOJUT K HEOOXOIMMOCTH HCTIONB30BaHMS METOI0B NMUTAIIMOHHOTO MOJIe-
JIMPOBaHUs A1l KCCIIEOBaHuUs IIPOLIECCOB AuarHocTupoBaHus bA KA.

Ha ocHoBe rpada cocTosiHH#, MPUBEICHHOTO Ha PUCYHKE 4, ObLIa pas-
paboTaHa HMHTAILMOHHAS AUCKPETHO-COOBITHIHAS MOJEIb MPOLEcca TUarHO-
crupoBanusg BA KA ¢ BEICOKMM ypOBHEM aBTOHOMHOCTH. Moiens peann3oBaHa
B cpene AnyLogic [6]. OcHOBHAsI PUYHHA, [T0 KOTOPOI BHIOPAH JaHHBINA OTe-
YEeCTBEHHBIH TPOTPaMMHBIN MPOIYKT, 3aKIFoUaeTcs B ToM, uto AnyLogic 00-
JIaJIaeT paciIMPEHHBIMHI BO3MOYKHOCTSMH B 00J1aCTH OO BEKTHO-OPHEHTHPOBAH-
HOTO IPOTrPaMMHUPOBAHUS | MO3BOJIIET Pa3pabOTUHKy, IO CYTH, CO34aTh COO-
CTBEHHYIO Cpely MOSITMPOBAHMS JUTS 33 JaHHON IPEMETHOH 00/1aCTH, a TAKKe
JlaeT BO3MOYKHOCTh COBMEIATh Pa3IMYHbIE MTOAXO0/bI K MOJAEITHPOBAHUIO.

Ha Bxox mMozenu nmoctymnaer motok 3asBok, umutupyoomux HC, koto-
PpBI€ TOPO’KAAIOT PA3INYHBIE COOBITHS, PACIIPOCTPAHSOLINECS B MOJIEIH OT CO-
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CTOSIHUS K COCTOSIHUIO. B HauanmpHbIM MOMEHT BpeMeHU BA HaxomurTcs B co-
crostHAH So. B mocnenyrome MoMeHTH BpeMeHn bA moaBepraercst Bo3eii-
cTBHI0 IMUTHPYeMbIX HC, BO3HUKAONINX ¢ HHTEHCHBHOCTBIO Ag. Kaxkmast HC
HOPOXK/IAET PACHPOCTPAHSIIOLIYIOCS B MOJIENH 3asiBKy Ha oOpabotky HC Gop-
ToBEIMHU cpenctBamu KoHTpoisi TC m mmarHoctupoBanus BA. B pesymnbrare
00pabOTKH 3TOH 3asBKU CHCTEMa MOMAAaeT B OJJHO M3 OTJIONIAIOIINX COCTOSI-
HUH So, Sio wn Si1. MIHTEpBaN aBTOHOMHOTO (DyHKIMOHHMpOBaHMs KA sBis-
€TCsl CIIy4aliHOM BEJIMUMHOW U OIPENENSETCS] KAK MHTEPBAJI BPEMEHU MEXITY
coObITHsIME 0OpareHus K HazeMHoMy cermeHTy CUTO. Bee nponeccst B Mo-
JIeJT CHHXPOHU3UPOBAHBI, a UX JUIUTEJIBHOCTD OIIPEAETISIETCSI MOJIEJIbHBIM Bpe-
MeHeM. [Ipn nepexoax U3 TEKYIIEero COCTOSHUSA ¢ B COCTOSIHUE ¥ TIPOUCXOAUT
3a7epXKKa MOJICIIBHOTO BPEMEHHU Ha BeMuMHYy 1y, 3amgepxku T, , oOpa3yroT
marpuity 3anepxex T, T,,€T. [ns rpada cocrostHui, TPHBEAESHHOTO HA pH-
cyake 4, ¢ =0...8, r=1...11, maTpuma 3amepkeKk UMEeT CIICAYIOIINIA BUI:

L, T, ,, 0 0 0 0 0 0 0 0
o 0 0 0 0 0 0 0 T, T, O
0o 0 0 ., ,;, 0 0 Ty, 0 0 0
0 0 0 0 0 T, T, Ty 0 0 0
T={ 0 0 0 0 0 0 0 T, 0 0 T, | 4)
0 0 0 0 0 0 0 0 T, T, O
o 0 0 0 0 0 0 T,, 0 0 T,
0o 0 0 0 0 0 0 0 T, T, O
0o 0 0 0 0 0 0 0 T, 0 T,

Matpuna T umeer Takyro ke pa3MEpHOCTb U CTPYKTYPY, KaKk U MaT-
puna P. HyneBsle 3HaueHus 31neMeHTOB MaTpullbl T COOTBETCTBYIOT OTCYT-
CTBHMIO NEPEXOA0B MEXKIy COOTBETCTBYIOUIMMHU COCTOSIHUSMH, a HyJIeBas
JUINTENIBHOCTD MEPEXOJI0B MEXKy COCTOSIHUSIMHU UCKITIOYAETCSl.

Hecmotpst Ha moctaTtodHo obmiee omnpesiesieHHe MapaMeTpoB MOJCTH
T, n Py, BCE OHU CBOAATCS K KOHKPETHBIM TEXHUYECKAM XapaKTEePHUCTHKAM 1
CBEICHMAM U3 HOPMATHBHBIX JOKyMEHTOB. Hanmpumep, mapamerpsl 00pToBOTO
CerMEHTa PacCMOTPEHHOW (DYHKIIMOHAJIBHON CXEMbI — OOPTOBOTO IHArHO-
CTUYECKOTO KOMIIEKCA — JIOCTATOYHO TOYHO ONPEJIEIIIIOTCS IIPU IPOSKTUPO-
Banuu KA, npuBopsiTes B TokyMeHTanun Ha KA v npy Heo0X0AUMOCTH yTOU-
HSIOTCS IO pe3yIbTaTaM Ha3eMHBIX aBTOHOMHBIX ¥ KOMIUICKCHBIX UCTIBITAHUN
OOpPTOBBIX CHCTEM, JIETHBIX UCTIBITAHUN U JIETHOI AKcIITyaTaru KA, npu mMo-
nempoBannn HC Ha crenae ['maBHoro xoncrpykropa KA. Bo3moxHble He-
TOYHOCTH B OIPE/IEIEHUH HEKOTOPBIX MapaMeTpoB 7T, - HUBEIMPYIOTCS UX He-
3HAUYUTEIbHBIM BKJIQJIOM B KOHEUHBIH Pe3yJIbTaT ¥ BOZMOXKHOCTBIO CPEJIbl MO-
nenvposanust AnyLogic 3a1aBaTh HHTEpBaJIbHbIE OLEHKN 3HaYeHHH 7, C HC-
MOJIb30BaHUEM PA3IMYHBIX 3aKOHOB pactpeneneHus. CiaegyeT OTMETHTh, YTO
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nokasaTenu goctoBepHocTd KoHTposst TC u nuarHoctuposanus BA Gopro-
BbIM D; 1 HazeMHbIM D> cermenTaMmu CUTO, koTophle 0Ka3hIBAIOT HAHOOIb-
1ee BIMSIHUE Ha KOHEYHBIH pe3yJIbTaT, IIPU MOJAEIUPOBAHUM HE SIBISIOTCS
KOHCT@HTaMH, a BAPbUPYIOTCS B IIMPOKOM JIaNia30HE 3HAYEHUH C IIENIBI0 110-
JIy4EHHS! BEIXO/THBIX 3aBUCUMOCTEH.

B Mopzens BKITIOUeH HabOp IPaBHII, B COOTBETCTBHU C KOTOPHIMH IIPO-
HCXOJISIT U3MEHEHHS XapaKTEPUCTHK IIOTOKA OTKA30B 32 CUYET MPOrpaMMHOTO
HM3MEHEHHS NapaMETPOB COOTBETCTBYIOIIETO KOMIIOHEHTa WMHTAILMOHHON
Moend (MCTOYHHKA 3asBOK) BO BpeMeHn. OOBIYHO TaHHEIH HaOOp MpaBwil, B
cooTBeTcTBUM ¢ m3BecTHRIMU MeTomamu FTA u FMEA, cBszbiBaetcs ¢ pepe-
BOM OTKa30B 00BEKTa TUATHOCTUPOBAHMS, B pAaCCMaTpUBaeMoOM cirydae — BA
KA [22-24]. B Hamem ciy4ae HabOp 3THUX MpPaBUII NPUBSI3BIBAETCS K rpady
COCTOSIHUH, TIPEACTaBICHHOMY Ha pUCyHKe 4. B HawdanpHBIII MOMEHT Bpe-
MEHHU 3HaueHHe MHTEHCHBHOCTH OTKa30B npuHuMaeT 3HadeHue A(1)=Ac=(1)
B COOTBETCTBHHU C BoIpaxkeHueM (1) mim (2) st k=1, a 3Ha4eHUsI TapaMeTpoB
CHCTEMBI IMarHOCTUPOBAHUSI — COTJIACHO TEXHUUYECKOMY ornucanuio. [lanee,
B 3aBHCHMOCTH OT HAIPaBJICHHS! pacIpOCTPAHEHHUS 3asBKH B MOJICIH, OCY-
LIECTBIISETCS N3MEHEHNE HHTCHCUBHOCTH OTKA30B CIIEIYIOMINM 00pa3oM:

}\'(k)+d}\‘c,+ (k)’ SO - S9’SIO’ Ci}\’c,wt (k) = (P(k),
A(k+1) =0 (k), Sy = Sy, (5)
}“C,= (k)ﬂ SS - S“, )\'c,=(k) = f(k),

rae dhe(k), he-(k), ©(k), f(k) — nmapameTpsl 1 HYHKIUH, OIPEAETISIEMBIE B COOT-
BercTBuM C (1) wu (2), B 3aBUCHMOCTH OT 3Tara dKCIuTyaTanuu (IpupaboTKu
WM HopMaltbHOH dKctutyaratyi BA KA); k— nomep HC (3asiBku B rpade). [Tpu
9TOM HEOOXOAMMO YUHTHIBATH, 4TO Ha 3Tare npupadotku BA KA ke [1,22].

[pu noctwxenun cocrosuus Ss GpuUKCHpyeTcs Bpems oOpalieHHs K
HazeMHOMy cerMeHTy CUTO f3(j) u BbIYHCISETCS BpeMsl aBTOHOMHOTO
¢ynkponupoBanus KA Ta():

Ta(N=tg())~ta(G=D =T (/) (6)

rae £s(f), t8(j-1) — MomenpHOE BpeMs ABYX IMOCIICIOBATCIBHBIX 00palcHu
k HazeMHoMy cermMeHTy CUTO, Ty(j) — Bpems auarHoctupoBanus BA KA
cpeactBamu HazemHoro cermenta CUTO, j — Homep obOpamienust. [Ipu Ta-
KOM OTIpe/ielIeHNH BenInHa 1 A(j) IpeAcTaBiIsaeT coOO0H HHTEPBAI BPEMEHU
MeXIy j-bIM U (j-1)-pIM oOpameHmsiMu K HazeMHOMy cermenty CUTO. Be-
nmuanHa Tn(j) ompenensercs cinemyromuM obpazom: 1n(j)=T3,1(j) mpu mpa-
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BUIILHOM oOHapyxeHur HC u BoccTaHOBIIEHHH pabOTOCIIOCOOHOTO COCTOSI-
Husa BA, Trn(j)=T3(j) npu He obHapyxennn HC 1 HEBO3MOXKHOCTH BOCCTa-
HOBJICHHS pab0TOCTIOCOOHOTO COCTOSIHUS BA.

BbIsiBrICHHE 3aBHCHMOCTH MHTEpBAa aBTOHOMHOTO (hyHKIIMOHHPOBA-
Hust KA OT mapaMeTpoB MOJIEINH OCYIIECTBISETCS IO aHCAaMOIII0 peaTn3aluii,
TIOJTyYCHHBIX B pe3yJIbTaTe IMUTAIHOHHOTO MOJIeIMpoBanus. Hakomus craTu-
CTHUKY 3HaYeHHH BemMInHBI TA(f) IO pe3ysIbTaTaM MHOXKECTBa IKCIICPUMEHTOB,
MOXKHO MOCTPOUTH (PYHKIHMIO TUIOTHOCTH BEPOSTHOCTH €€ PaclpeiesicHHs U

OLICHHUTH 3HAYCHUE HHTEPBaJia aBTOHOMHOTO (hyHKIHoHUpoBaHus KA T'a, ra-
PaHTUPOBAHHO AOCTUIAaEMOI0 € 33JAHHON BEPOSITHOCTBIO Pa:

Ta

(Pa ()2Tr)=Ry), ()

a TaKKE MOJIYUYUTb 3aBUCUMOCTHU 9TOH BEJIMYHMHBI OT nmapaMeTpoB MOACIN.
B JaHHOM CJ1y4ac, BEPOATHOCTDH Pa— BCPOATHOCTL TOI'O, YTO HAa UHTCPBAJIC

Bpemenu ot 0 1o f" A He mpomsoiaer «Tspkenbix» HC u 3ameiicTBoBaHusA
cpeacts HKY as nuarHocTHpoBaHus U BOCCTAHOBJICHHUS PabOTOCIIOCOOHO-
ctu bA.

B npemioskeHHON MOZENN CyIIECTBYET BO3MOKHOCTh KATMOPOBKHU €€
MapamMeTPOB HAa OCHOBE CPABHCHHUS CTATUCTUYCCKUX XaPAKTEPUCTHK TOTyUCH-
HOTO MOJIEITBHOTO TIOTOKA OTKAa30B CO CTATUCTHYCCKUMH XapaKTCPUCTUKAMU
peansHOro MOTOKa OTKa30B, Kak Ha OopTy uccienyemoro KA, tak n Ha Oopry
omHoTuHBIX KA. Jl7st Bepudukarmm Moei MOXKHO UCTIONTB30BATh JTOBEPH-
TENBHBIN HHTEPBAJ, TIOYUYCHHBIN C 33JaHHOW JOBEPUTEIHEHON BEPOSTHOCTHIO

Ha 3HaueHHs T A , XapaKTEpHBIC [T BHIOOPKU COBpeMeHHBIX KA.

[IpencraBnennas Moenb 001a1aeT OPUTHHATBHOCTHIO M HOBU3HOW B
YacTH COBMEICHHS JAUCKPETHO-COOBITUHHON MMHUTAIIMOHHOW MOJEIH Hpo-
mecca IuarHoctupoBaHus BA u ananmtudeckoit mozenu passutus HC Ha
60pty KA ¢ BBICOKHM ypOBHEM aBTOHOMHOCTH.

4. Pe3yJbTaThl HMMUTALMOHHOT0 MO/ TMPOBAaHMS NPolecca AUATHO-
CTHPOBaHNs 00PTOBOIi aNMapaTypbl KOCMUYECKOTro annapara. MimuTarmon-
HOE MOJZEJIMPOBAHKE IpOIiecca TUarHoCcTUpoBaHus BA mpoBoxuinock Uit uc-
XOJIHBIX JAHHBIX, COOTBETCTBYIOIINX 3KCINTyaTAlIMOHHO-TEXHIIECKUM XapaKTe-
puctukam KA nucranimionHoro 3ouaupoBanus 3emin ([133) «Pecype-K1»
[3]. 3amaBanack cyTo4yHas WHTEHCHBHOCTh BO3HHKHOBEHHS OTKAa30B WU Mapa-
MeTpsl OopTOBBIX Moayieii kontponst TC u quarnoctupoBanust BA Py, Paa,
P3 11. Ha Bxome Mopenu 6su10 chopmuposano 6oiee 40000 coowruii — HC (ue-
HCTIPaBHOCTEN), BpeMsI M)XKy KOTOPBIMH OBLIO pacIpeiesieHO 10 SKCIIOHEHIIU-
ampHOMY 3aKoHy. [lepBoHawasHO paccMatpuBaics star npupadbotku BA KA.
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Ilpu >TOM H3MEHEHHE WHTEHCHBHOCTH OTKA30B OCYIIECTBISUIOCH B COOTBET-
CTBUHM ¢ MOjieIbio (5) u BeipakeHHeM (1). Ilo momydeHHBIM B pe3ysTaTe HMH-
TalIOHHOTO MOJICITUPOBAHMS peasti3aiysiM 7 a(j) Ompenersiyicss MHTepBaJl aBTO-

HOMHOro (yHkuronnposanusi KA T4 B coorserctBuu ¢ (7). Ha pucynke 5
IPEZICTaBIICHbI IOCTPOCHHBIE 10 aHCAMOJII0 peaM3alMi U CIIaKeHHBIe Ipa-

(UKW 3aBICHMOCTEH MHTEpBAIa aBTOHOMHOTO (PyHKIHMOHUpoBaHI KA 75 oT
JOCTOBEPHOCTH aBTOHOMHOIO JuarHoctupoBanusi BA D;. 3aBucumoctu

T A(D,) COOTBETCTBYIOT OLICHKE MHTEPBA/IA ABTOHOMHOTO ()YHKIIMOHUPOBAHHMSI

C BEPOSATHOCTHIO TOCTIKEHHS PA=0.95 1 pa3nudaHON TOCTOBEPHOCTH BHEIITHETO
JquarHoctupoBaHusi. Kpusas 1 coOTBETCTBYET BBICOKOI JOCTOBEPHOCTH BHEII-
Hero auarHoctupoBanus (D,=1), kpuBasi 2 — cpeaHel JOCTOBEPHOCTH BHEI-
Hero quarHoctupoBanus (D,=0.75), kpuBas 3 — ycoBUsIM, KOT/Ia BHEIIHEE JT1-
arHocTupoBaHue He ocymecTeisiercs (D>=0.1).

0 ; ; ; ; i D,
0,39 0,52 0,68 0,83 0,96 1,00

Puc. 5. 3aBucuMocT HHTEpBaia aBTOHOMHOTO (pyHKIIMOHUpOBaHUs KA ot
JIOCTOBEPHOCTH aBTOHOMHOTO JHAarHOCTUPOBAHMS HA dTame npupaboTku BA npu
pa3IM4HON JOCTOBEPHOCTU BHELIHEIO JUATHOCTUPOBAHUS

AHaornuHbIe UCCIIeI0BaHMS TPOBOMIIICH JUIS 3Talla HOPMAIBLHON DKC-
ryarauun KA. [pu 5ToM M3MeHeHHe MHTEHCUBHOCTH OTKa30B OCYILECTBIISI-
JIOCh B COOTBETCTBHH C MOJIENbIO (5) 1 BeIpakerreM (2). Ha pucyHke 6 mipen-
CTaBJICHBI 3aBHCHMOCTH, ITOJTy4YECHHBIE [UIS IBYX CIIydaeB: 3Tara HOPMAIbHON
sKcIuTyaranyu (kpusas 1) u tama npupabotkn BA KA (kpuBast 2). 3aBucuMo-

CTH T A (D,) COOTBETCTBYIOT OLIEHKE MHTEPBAIA ABTOHOMHOTO (DYHKIIMOHUPO-
BaHMS C BEPOSTHOCTHIO NOCTIOKEHUSI PA=0.95 mpm BBICOKOHM JOCTOBEPHOCTH
BHEIITHEro auarnoctuposanus (D,=1). Ilpu 6ompmx 3Ha4eHMAX D) MOITydeH-

HBIC 3aBUCUMOCTH AllIIPOKCUMHUPYIOTCA CTCIICHHBIM, a IPU MaJIbIX 3HAYCHUAX D2
— OKCIIOHCHIIHAJIbHBIM 3aKOHOM.
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Ha pucynkax 5 1 6 myHKTHPOM OTMEYEH JUana3oH 3Ha4eHuil T A, HC-
T10JIb30BAaHHBIN /7151 BepruuKanuy Moiesid. OueBUIHO, YTO KpUBast 3 Ha pH-
CYHKE 5 He IOIajaeT B JaHHBIA AMANa30H, TaK KaK COOTBETCTBYET MaJlOBE-
POSITHOM CUTYyallMU.

0,39 0,52 0,68 0,83 0,96 1,00

Puc. 6. 3aBucumocTH UHTEpBajia aBTOHOMHOTO GyHKIHOHUpoBaHusi KA ot nocro-
BEPHOCTH aBTOHOMHOT'O IMarHOCTUPOBAHMS Ha PA3IMYHBIX dTarax dKCIUTyaTaluu
1pu PUKCHPOBAHHOM JOCTOBEPHOCTH BHELIHETO JUArHOCTHPOBAHHS

C yBenuuyeHueM MoKa3aTems JOCTOBEPHOCTH aBTOHOMHOTO JTUArHo-
CTHPOBAHHUSI C HCIOJIb30BaHHEM OOPTOBBIX cpenctB D1=PP>4, 3ddekt
HaKOIUICHHS IMOCIEACTBHIA 0TKa30B BA mposiBisieTcss B MEHBILCH CTereHH,
YTO MO3BOJISIET YBEIHMYUTH HHTEPBAI aBTOHOMHOTO (hyHKIIMOHNpOoBaHus KA.
[Ipu stom Ha srtame mpupabotk BA koHTpons TC c ucmnonp3oBaHueM
cpenct HazeMHOro cermMenTa CUTO HeoOX0IMMO OCYIIECTBIIATD Yallle, 9eM
Ha JTare HOPMaJbHOHW dKCILTyaralyu. [IpecTaBneHHbIe pe3yIbTaThl U pas-
paOoTaHHasi UMHUTAIMOHHAS! MOJENIb MOTYT UMETh NMPAKTUYECKOE 3HAYCHHE
g maaHdpoBaHus BHewrHero koHTpons TC BA KA ¢ ucnonb3oBaHneM
cpeacts HazemHoro cermenTa CUTO u onpenenennst HAYaIbHOTO 3HAYCHUS
NepHOANYHOCTH TIpoBeAieHHs yriryonenHoro ananu3za TC BA, kotopoe mo-
KET KOPPEKTHPOBATHCS Ha 3Talle JIETHOH skcIutyaTaun KA B 3aBHcHMOCTH
OT KOJIMYECTBA «TSHKENBIX» OTKa30B Ha OOpTY.

B pa6orte [14] momydeHa 3aBUCHMOCTb, alllIPOKCUMUPYIONIAst 3Ha4e-
HHE ypOBHS aBTOHOMHOCTH (pyHKIMOHMpoBaHus KA JI33 B cooTBeTcTBHU C
ATHOAIBHON KiTaccu(uKanoHHON mkanoi NASA:

~0.0657 ~0.0842
C t

A== = , (3
C, Ta
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rne Cy — mporyckHas ciocoOHocTh KaHaia cesizu ¢ HKY; C, — nporycknas
CIIOCOOHOCTP KaHaIa Mepe/iat CrenuaIbHON HH(POPMALH; ¢, — BPEMS, 3aTpa-
yeHHoe Ha ynpasiienue KA cpeacrsamu HKY B TeueHne BBIIOIHEHNS LIEIEBBIX
3a1a4. Vcrione3ys 3aBUCHMOCTH, NPEICTABIICHHBIE HA PHCYHKE 5, a TAKXKE Xa-
PaKTEepUCTHKHU KaHaANOB nepeaaun uHpopmarmu st KA «Pecypc—/IK1», onpe-
JIENTUM BIIMSIHUE Tokaszareneil D1 u D, Ha ypoBeHb aBToHOMHOCTH KA. Pe3yib-
TaThl aHAJIM3a MIPE/ICTABIICHBI Ha PUCYHKE 7 B BHJIE 3aBUCMOCTEH YPOBHS aBTO-
HOMHOCTH 4 OT ToKa3aressi focrosepHocTr D 6oproBoro cermenta CUTO npu
pa3niyHbIX 3HayeHuX D>. KpuBas 1 cooTBETCTBYeT BBICOKOH JOCTOBEPHOCTH
BHEIIHETO JuarHocTupoBanus (D,=1), kpuBasi 2 — cpenHeil JOCTOBEPHOCTH
BHEIITHEro JuarHoctupoBanus (D>=0.75), kpuBast 3 — ycIOBHsM, KOT/Ia BHEII-
HEe TUarHOCTHPOBaHue He ocyirectrisiercs (D,=0.1).

A

34

33 4o
32

3,1

3,0

29 4 “

28 ; ‘ ‘ : i D,
039 0,52 0,68 0,83 0,96 1,00

Puc. 7. 3aBucumocTH ypoBHS aBTOHOMHOCTH KA OT 10CTOBEpPHOCTH aBTOHOMHOTO
JquarHoctuposanus TC Ha 3Tane NpupadOTKH MPH Pa3INIHOH JOCTOBEPHOCTH
BHEIIIHETO JUarHOCTUPOBAHUS

JlaHHBIC 3aBHCHMOCTH MO3BOJISIIOT CJHENAaTh BHIBOA O BIMSHHUU
XapakTepucTuk cpeacts  aumarHoctupoBanuss CUTO Ha  ypoBeHs
aBToHOMHOCTH KA U ero usmenenue B npenenax 8% MsSTHOANTBHON MIKaJIbI
YPOBHSI aBTOMATH3allMM a’pOKOCMUYECKUX CPEICTB IO Kiaccupukaimu
NASA. INonyueHHast BenmMuMHa TPHOOpETAeT 3HAUMMBIH Bec Ha (hOHE H3Me-
HEHUH ypoBHS aBTOHOMHOCTH KA [ByX MOCIeAyIOMHMX APYT 3a APYTOM IO-
KOJICHHH, MpuOImKeHHo paBHbIX 10-24% 3ol ke mikans! [ 14].

5. 3akaroyenue. IloBbllieHHEe ypOBHS aBTOHOMHOCTH SBISETCA B
HACTosIee BpeMs aKTyaJIbHOW 3a/1adyeid pH CO3JaHUU MepCcreKTUBHBIX KA
pasnuyHoro HazHaueHus (He Toyibko KA JI33), o yem CBUIETEIBCTBYET IKC-
MIOHEHIMAIIBHBI POCT YPOBHS aBTOHOMHOCTH a’POKOCMHUYECKUX CPEJICTB,
HaOII0JaeMBIH B MOCIIEAHUE JIECSATUIICTHS KaK y HAac B CTpaHe, Tak M 3a py-
ocxxoMm [14]. OmHUM W3 CIOCOOOB JOCTHKCHUS BHICOKOW AaBTOHOMHOCTHU

116  Tpyas CMIMMPAH. 2018. Bbin. 1(56). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



¢dyakmuonnpoBanus KA sBIsieTCs MOBBIIEHNE O0TKa30ycToiunBocT bA. B
peanbHBIX ycnoBusax (yHkumoHupoBaHus BA KA mpomyckm 0TKa3oB u
oLMOKHU pacrio3HaBaHKs HEUCIIPABHOCTEH IPH HU3KOHM JOCTOBEPHOCTH aBTO-
HOMHOTO JHAarHOCTHPOBAHMS MOTYT NPHUBECTU K POCTY MHTCHCUBHOCTHU OT-
Ka30B, 3¢ (PeKTy HAKOTUICHHS ITOCIIEACTBII HEUCIIPAaBHOCTEH M 0TKa30B B BA,
a TaKKe COKpAIEHHWI0 MHTEepBaJla aBTOHOMHOrO (yHKIHOHHMpoBaHus KA.
910 YTBEPKACHUE OTHOCUTCA K HIMPOKOMY KJIACCY CIIOKHBIX TEXHHYCCKUX
CHUCTEM C BBICOKUM YPOBHEM aBTOHOMHOCTH. ,21.]'[51 CHMXKXCHUA HOCHC}ICTBHI?I
TaKOTO Pa3BUTHS CUTYaI[M HEOOXOAMMO IMOBBIIIATE JI0CTOBEPHOCTH OOPTO-
BBIX (AaBTOHOMHBIX) CPEJICTB JHAarHOCTHPOBAHMS U INEPUOIMYECKU IPOBO-
muth yrayoneHnsrit anam3 TC KA ¢ ucmons30BaHHEM CPECTB TUATHOCTH-
poBanus HazemHoro cermenta CUTO. IIpencraBneHHble pe3yIbTaThl Kade-
CTBEHHO MOATBEPXKIAIOT JAaHHOE YTBEPXKJICHNE, a PACCMOTPEHHBIN B CTaThe
TIOJIXOJT MOSKET OBITh MCIOJIB30BaH KaK JUIsl ONpe/IeIeHNs 3HAYCHNI CUCTEM-
HBIX MoKa3aTesneit KA ¢ BRICOKMM ypoBHEM aBTOHOMHOCTH (DyHKITHOHHPOBA-
HUS, Tak ¥ A7l 000CHOBaHMS TPeOOBaHMH, NPEABSBISEMBIX K CPEACTBAM
kouTpois TC n nuarnoctupoBanus bA.
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THE STUDY OF THE DIAGNOSING OF AUTOMATIC
SPACECRAFT ON-BOARD EQUIPMENT USING A DISCRETE-
EVENT SIMULATION MODEL

Maltsev G.N., Nazarov A.V., Yakimov V.L. The Study of the Diagnosing of Automatic
Sacecraft on-Board Equipment Using a Discrete-Event Simulation Model.

Abstract. Features of functioning of spacecraft with a high level of autonomy as objects of
technical diagnosis are considered. It is assumed that on-board monitoring and diagnostic
functions are autonomous and refer to ground facilities when it is impossible to solve problems
of recognition of abnormal situations and restore the operational state of on-board equipment.
Diagnosing of on-board equipment is described using a state graph that takes into account the
peculiarities of the abnormal situations detection by airborne and ground-based means. The
developed simulation model allows taking into account the accumulation of consequences of
onboard equipment failures due to the influence of the environmental factors of near space and
the change in the intensity of their occurrence. The results of simulation modeling of spacecraft
diagnosing by means of on-board and terrestrial means of the information telemetry system are
presented. The importance of a terrestrial segment of the information telemetry system for the
spacecraft control during the periodical and in-depth analysis of their technical condition is
shown. The impact of reliability of onboard equipment diagnosis on the autonomy level of Earth
remote sensing spacecraft by the simulation results is analyzed.
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B. 1. MEPKYJIOB, I1. A. CAIOBCKUI1
OILIEHUBAHME JIAJIBHOCTH ¥ EE TIPOU3BO/IHBIX B
JABYXITO3ULIMOHHOM MACCUBHOM PATUOJOKAIIMOHHOM
CUCTEME

Mepkynoe B.U., Caoosckuii I1.A. OueHMBaHMe JaJBLHOCTH W ee TPOU3BOJHBIX B
JIBYXHO3UIIMOHHOH MAaCCHBHOI PaJMO0JIOKALIHOHHON CHCTEMe.

AnHoTtanus. IlaccuBHbBIE pagHONOKAIMOHHBIC CHUCTEMBI IIO3BOIIOT OOHApPYXKUBAaTh U
COIPOBOXKAATh HCTOYHUKU paJHOU3IIYUYCHUs HAa 3HAYUTENbHO OOJIBIIEH [alnbHOCTH, 4YeM
AKTHBHBIC CHCTEMBI, O0OecleYHMBas IIPU OTOM IIOBBIIICHHE CKPBITHOCTH M JKUBYYECTH
Hocuteneit. OpHako a1 d>(GEKTHBHOW peanu3aly Mpolecca HABEACHUS Ha HCTOYHUK
PagHOU3ILydYeHUs] HEOOXOOUMO HMETh Ha OOPTY KpPOME OIIEHOK YIJIOBBIX KOODIHHAT OILCHKH
JANbHOCTH M CKOPOCTH. B cilydae OJHONO3HIMOHHBIX MACCHBHBIX CHCTEM TaKHE OICHKU
MOYKHO IIOJy9HTb IIPU IOJIETE MO CIENHAIbHONW TPAeKTOPHH, OJHAKO HX TOYHOCTh Jaxe NpU
COINPOBOXKICHUM HEMOABM)XKHBIX OOBEKTOB Hu3Ka. HanOosiee palMOHANBHBIM pEIICHUEM
JAHHOU IMPOOIEMBI SIBIAETCS HCIOIb30BaHNE MHOIOIIO3UIIMOHHBIX TACCHBHBIX CHCTEM.

B craThe paccMoTpeHa 3a/ja4a OLCHHBAHUS KOOPAUHAT B MHOTOIIO3UIIMOHHBIX ITACCHBHBIX
PagMOJIOKAIMOHHBIX CHCTeMaX. Ha ocHoBe ammapara JHHEIHOH aHaIoOro-IUCKpEeTHOU
(GUIBTPaIU MOTyYEeH AITOPHTM OLCHHBAHHUS MANbHOCTH M CKOPOCTH B JBYXIIO3MIIMOHHOMN
MacCUBHOM paaMoJIOKallMOHHON cucteMe. IIpoBeeHHOE MMUTALIMOHHOE MOJEIHPOBAHHE
MOJTyYeHHOTO AITOPHTMAa IIOATBEPAMIO ero 3(GEeKTHBHOCTh NPU CYNIECTBEHHO MEHBIICH
BBIYUCITUTENILHON CIIOXKHOCTH, YeM y HEIMHEHHBIX BApHAHTOB.

KiarodeBble cJjoBa: naccuBHas paauosiokauus, IByxnosuiuonHsie PJIC, ananoro-
JVCKpeTHas GHIbTPAIHs, OLCHUBAHUE JATBHOCTH U CKOPOCTH.

1. Beenenne. OnHa n3 HanOoee YCTONYMBBIX TEHACHIMA pa3BHTHUSL
PaaAnOIOKAIMOHHON TeXHUKH — YCHJIEHHE POJIH MAaCCHBHBIX CHCTEM B CO-
cTaBe 00miel 60pTOBOI HHOOPMAITMOHHO-YIPABIISFOIICH CHCTEMEL.

[IpenmymiecTBaMH TAaCCHBHBIX PEKHUMOB PAa0OTHI PagHOIOKAIMOH-
Ho#i cuctemsl (PJIC) sBnsttoTest:

— TIOBBIIIEHUE CKPBITHOCTH, @ COOTBETCTBEHHO, M KHUBYYECTH HO-
CHUTEIS;

— BO3MOXHOCTH pEajJM3allii CYNIECTBEHHO OOJNBIIEH AaNbHOCTH
oOHapy>XKeHHsI HOCUTeNel UCTOUHUKOB paguonsiaydenus (MPU) o cpasue-
Huto ¢ aktuBHBIMH PJIC, mockonbky OOHapy)XK€HHE OCYIIECTBISIETCS II0
MpsIMOMY, a HE OTpa)XeHHOMY curHaiy [1];

— BO3MOXHOCTb YIPaBJICHUS TOYHOCTHIO OLICHUBAHUS MECTOIIOJNO-
xernus PU 3a cuer TpaekTOpHOTO ynpaBieHus HaOmroneHneM [2];

— BO3MOXHOCTb IPOJOJDKEHUS INPOLEAYyp HABEJEHHs Ha IOCTa-
HOBIIIMKA aKTHBHBIX IIOMEX MPOTHBOOOPCTBYIOIIEH CTOPOHBI MpPU MOAAB-
JICHHBIX KaHaJlaX JaJbHOCTH U ckopocTu 6oprosoii PJIC [3].
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HeoOxoxnmo, oHaKO, OTMETHUTh, YTO JJISI PEAU3alUU 3TOTO MPO-
Lecca Ha OOpTy HaBoAMMOro JieratenbHoro amnmapara (JIA) Heob6xoammo
HMMETh HE TOJIBKO OLEHKH YTJIOBBIX KOOPJAMHAT, HO M OLIEHKH JaJbHOCTH U
ckopoctu [4, 5]. DopMUpOBaHUE ITUX OIEHOK B OJHOMO3UITMOHHBIX IEICH-
TallMOHHBIX CUCTEMaX BBITIOJIHACTCS C OY€Hb HU3KOM TOUYHOCTBIO U TpedyeT
MIPOBECHUS IOCTATOYHO JUIUTEIHHOTO MaHeBpa [6] HocUTes.

Bonee mpenmodTUTENBHBIM SBISETCS MCIIONH30BAHIE ABYXITO3HUIIH-
OHHBIX TACCHUBHBIX panuonokanuoHHblx cuctem (JIIITIPJIC), mo3Bomsto-
UIMX MPAaKTUYECKH MIHOBEHHO OIpeAeNuTh Mecrononoxenue MPU u
OIICHHUTH NaJbHOCTH JI0 HETO M €¢ MPOU3BOJHBIC HA OCHOBE TPUAHTYIISAILIN-
OHHOTO criocoba [7].

Pemenne 3toif 3amaun 6a3upyercsl Ha 3HAHUM COOCTBEHHOT'O MECTO-
nonoxxenus mosunuu I1, u I, (X, z, ¥ X,, z,), COOCTBEHHBIX KYpCOB

¥,, ¥, U OOpTOBBIX HEJIECHIOB ¢ , @, , JAIOLIINX BO3MOXHOCTb PACCUUTATh
YIJIbl HABUTAIIMOHHOTO TPEYTONbHUKA (¢, ¢, U o, ), pasmep 6asbl [l u

yTOJl €€ HAaKJIOHAa @; (PUCYHOK 1).

1,
us

Y,

HNpb-_-_-—t—+——"——" - - — — — —|———

e

|
|
' e
1 n ZZ Z
Puc. 1. 'eomeTpust B3aMMHOTO pacroyioKeHHUs eJICHTallMOHHBIX TIO3ULUHN U LIEH
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Cne/:[yeT OTMETUTH, YTO IIpH O}IHHaKOBOﬁ TOYHOCTH TICJICHTaTOPOB
TOYHOCTh omnpenenieHus mecrononoxenus MUPU uenu onpenensercs cpen-
HEKBaJ[PaTUYHOW OIMHOKOI1 [8]:

0,01750
Oy =———~| AT +H13, (1)

Sin 0(u

rae J, u I, — paccrosaust or UIPU no mosuuwmit I1, u I, ; o, — CKO

U3MEPEHUS YIVIOB @, ¢, ; o, — OUCTATUYECKUH Yroil MEXAY JTUHHUAMHU

u
Busuposanud ILIT u ILIT.

Amnanus (l) IMOKa3bIBACT, YTO TOYHOCTDH OIPCACIICHNUA MECTOIIOJIOXKEC-
uust UPU 3aBUCHT HE TOILKO OT OLINOOK MNeJICHTaluu, OnpeaAciAeMbIX 3HaA-
YCHUCM O'(/J , HO 1 OT TEOMETPHUHN B3AMUMHOI'O PACIIOJIOKEHUA, ONTPEACITACMO-

r0 B OCHOBHOM 3HaUeHHEM ¢, (PUCYHOK 1).

B cBs3u ¢ atuMm B npaktuke cucteM nepexsara UPU onna u3 nosu-
LM{A CUUTAETCS yapHOM, HABOAUMOW Ha HETO C MUCHOJIb30BAaHUEM TOTO WU
WHOTO MeTOAa HaBeneHus [4], a Bropas — WHPOPMALMOHHON, ABIKYIIIEHCS
10 TPaeKTOPHH, 0OECTIEYHBAIOIIEH BBITOIHEHKE YCIOBHA ¢, — 90 . B 00-

IIeM cilydae JJIsl peasii3aliy TakoW CUCTEMbl HaBeACHHs HE0OXO0 MO 3Ha-
Hue oneHok /J1,, /I, uux mpoussoansix [, I, [4, 5]

IIpr >TOM HEOOXOIWMO YUYMTHIBATH CIEAYIOMNE OCOOEHHOCTH
HAOIIOICHNS NICTOYHIKOB PaIHON3ITyYCHHUS.

Bo-1iepBrIX, yIIoMepHBIE JaHHBIE O PaJHOM3IYYAOMNX IEIIX MOTYT
6I)ITI) l'[OJ'IyquI)I B pa3HeCCHHI)IX l'IpI/IeMHI)IX IIO3UIUAX B OOUH U TOT K€ MO-
MCHT BpeMeHI/I J'lI/I6O B pa3m)1e MOMCHTEI. HOCJ’[G}IHI/Iﬁ BapI/IaHT BCTpe‘-IaeTCﬂ Ha
npaKTmce JOCTAaTOYHO 4acCToO. B l'lpI/IHHI/Il'Ie HpI/I H3Mepem/mx TICJICHI'OB ueneﬁ B
TIEPBOIl U BTOPOH MO3MIIKSAX B Pa3HOE BPEMS MX MOXKHO MPHUBECTH K OTHOMY
MOMEHTY, HO JJIsl 3TOr0 HEOOXOAWMO JOMOJHUTEIBHO OIICHMBATH YIJIOBEHIC
CKOPOCTH BpaICHUs JIMHUI BU3UPOBAHUS B KOKIOW MPHEMHOI MO3UIMH JTHOO
HCIOJb30BaTh AITOPUTMBI OLEHUBAHUS C TEKYIIEeH KOpPPEKIMeH NporHo3a mno
HEOJJHOBPEMEHHO NPUXOIIUM u3MepeHusiM [9]. [Janee npennonaraercs, 4To
TIPUEMHBIE TIO3UIINH SBITIOTCS TTOIBIDKHBIMA U PACIONATAIOTCS HA JIETaTelh-
HBIX ammaparax. [loatromy TpeOyeTcs Takxke H3MepATh CKOPOCTH WX ABHKCHHS
¥ X Kypchl. B 3TOM ciydae 1o mporHo3upyeMbIM 3HAYCHUSIM TIEJICHTOB 1IN
1 TIOJIOKeHIsIM JIA MOXKHO paccuuTaTh JaTbHOCTD JI0 IIETH.

Bo-sropsix, B AIIPJIC, kak mpaBuiio, UMEET MECTO 3aIa3bIBaHIe
B Iepefaye pe3ynbTaTOB M3MEPEHHH Ipu OOMEHEe paJuOJaHHBIMH MEXIY
JeraTtenbHbIME anmnapaTamu. OOBSCHSETCST 3TO TeM, 4To Kaxaomy JIA
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IPEIOCTABIISCTCS ONpeeICHHbI BpeMEHHON MHTepBall Ul Mepegadn co-
oburenuii. [Toaromy 00paboTKa pe3yabTaToOB H3MEpeHuil B 60pToBeix IBM
JIOJDKHA BECTUCH C YUETOM MX BPEMEHHOTO 3aras3/[bIBaHusl.

Heo6xo01uMo 0TMETHTB, 4TO (POPMUPOBAHUE OLIEHOK JAAIBHOCTH U €€
nipon3BoaHbIX B JIIITIPJIC MOXeT oCyIIeCTBISITECS Pa3IMuHBIMU CrIoco0a-
MH, 0030p KOTOPBIX TpejcTanieH B [8]. Hanbonee pacnpocTpaneHHBIMU U3
HUX SIBISIIOTCSL:

—  aJrOpHUTMBI aIaNTHBHON ¢, f-bmwisTparmu [10];

— JITOPUTMBI HA OCHOBE TEOPHH TyBCTBUTEIBHOCTH;

— aJITOPUTMBI HEIMHEWHOTO OLICHUBAHMS HA OCHOBE PACIINPEHHOTO
¢unpTpa Kanmana.

2. CuHTe3 aJropuTMa OLEHHUBAHHS JAJTBHOCTH M ee NMPOU3BOJ-
HbIX. B o0mmeM ciyyae B3aMMOCBSI3M MKy JTHHEHHBIMH U YTIOBBIMU KO-
opauHatamu JIIIIIPJIC omnpenensiroTcsi HENMWHEHHBIMH COOTHOIICHUSMH,
YTO TpeNoINpeaessieT HE0OX0AMMOCTb UCIIOJIb30BAHUS HEJIMHEHHBIX MPOLe-
nyp onenuBanus [11-16]. OnHako TakoMy MOAXOAY MPUCYIIU JBA HEIO-
cratka. OIMH U3 HUX OOYCIIOBJIEH HEOOXOJMMOCTBIO PEIICHHS MHOTOMEp-
HBIX ypaBHeHHMH Pukkat 1iist BeruucieHus: KoopuIMeHToB ycuneHus He-
BSI30K. BTOpOI CBA3aH CO 3HAUUTEIBHBIM yXYIIIEHUEM TOYHOCTH U yCTOH-
YUBOCTH (PYHKIIMOHUPOBAHUsS (MIbTpa TPH HECOOTBETCTBHH YCIOBHH
(YHKIIMOHMPOBaHNUS BEIOPAHHBIM HEJIMHEHHBIM MOJIEIISIM.

[anee paccMaTpuBaeTcs CyIIECTBEHHO Oojee mpocTas U pobacTHas
Iponeaypa JMHEHHOW (UIBTPAINH, JaroNas BO3MOXKHOCTh c(hOPMHPOBATh
B JIByXIO3MIIMOHHOM IAaCCUBHON CUCTEME B3aMMOCBS3aHHBIE OLEHKH Me-
crononoxenuss UPU, nanbHOCTEN A0 HEr0 M MX NPOM3BOAHBIX HA OCHOBE
HCKYCCTBEHHO C(OPMHPOBAHHBIX TaK HA3bIBAEMBIX KOCBEHHBIX MOZENEH
COCTOSIHUSL U U3MEPECHUH.

CuHTe3 OyJIeT OCYIIECTBIIATHCS IMPHU YCIOBUHM, YTO BBIIOJIHAIOTCA
CIIEYIONIHNE MPEIOI0KEHHU:

— B coctas JIIITPJIC Bxomsr ymapras nosunust I1,, ocymecTsis-

romas HaBeneHue Ha MPU, u undopmanuonHas nosunus II,, obecnedu-

BalOIlasl HaWiIydIIne ycioBus Juid HaOmonennss VIPU m mMuHUMM3HpYTO-
mrast (1), 9To TpedyeT 3HaHUS OIICHOK NATBHOCTH U CKopocTH [3];
— Ha KakIoM MO3ULIUM UMEIOTCS OLEHKU COOCTBEHHBIX KypcoB (¥, ,

¥, ), OOPTOBBIX NENEHIOB (@, ¢, ), YIVIOBBIX CKOPOCTEH JIMHUU BU3HPOBa-
HUA (@, @, ) ¥ pe3yIbTaThl BBIYUCICHUS COOCTBEHHBIX KOOPAUHAT (X, Z,
U X,, z,) (CM. pucyHok 1);

— B Te4eHHe BpeMeHU (OPMHUPOBAHUS OICHOK NAIBHOCTEH M CKO-
pocTel 1eslb He U3MEHAET CKOPOCTH U HAIPABJICHUS 110JIETA;
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— or yaapHo# no3uuuu I, Ha uadopmanuonnyro II, mocrynaror
OLIEHKH COOCTBEHHOT'O MECTOINOJIOXKEHUS X, , z, , Kypca ¥, , OOPTOBOro
TIEJICHTa (), W UX IIPOU3BOIHBIE.

Hcxons w3 STHX ycloBUi manee OyIeT paccMOTpeHa MpoIexypa
¢bunpTpanuy, BHIIONHAEMOH Ha nHGopManuonHoi no3uuu I, . Ilpu sTom

cuHTe3 OyJeT BBINOJHATHCA Ha OCHOBE allapaTra JIMHEWHOW aHaJloro-
JTUCKpeTHOH (ubTparmu [12].

B of0mem ciydae anropuTMbl aHAJIOTO-IUCKPETHOW (QHIBTpALN
TIO3BOJISIFOT IS TIPOLIECCOB!

x(k) =@k, k-Dx(k-1)+E&, (k-1) 2)
TIPY HATMIUN HAOJFOICHHN:
z(k) = Q,[H(k)x(k)+§&, (k)] ;

Lopuk=nT/T,n=12,3,..., 3)

Q. (k) ={0;(k)}, O;(k)= {0 npu k # nT/t

c(OpMHPOBATH OLIEHKH:

X(k) = x, (k) + K (k)Az(k), “
X, (k) = ®(k,k-DX(k -1); X,(0) =x,; 5
Az(k) = [z(k =1) - Q. (HH(K)x, (k)]; (6)
Ko (k) = D(k, k—DH' () H(k)D(k,k ~)H (k) +D, (k)] )
E-K,(k)H(k)|D(k,k—1), npuk=nT/z,

D= =Ko ] / ()

D(k, k1), npu k #nT/T,
D(k,k—1) =Dk, k-1)D(k -1)®(k,k-1)+D_ (k-1); D(0)=D,. 9)
B stux ypaBuenmsx x(k), X, (k) , X(k) — BEKTOpBI COCTOSHHUS, SKC-
TPamoJAIUK U OLEHOK mporecca (2), ®(k,k—1) — wmarpuma mepexona;
K, — Marpuunbii kxoddduiuent ycunenus HeBssku Az(k) ; D(k) u
D(k,k—1) — anocrepuopHass M ampHOpHAs KOBapHALMOHHBIC MAaTPHIIBI

oumbok ¢unbTpammy; Q. (k) — Marpuna MpuU3HAKOB MPHX0/a W3MEPEHHH;
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k — HoMep miara (GUIBTPALUK, COOTBETCTBYIOIIMI BpeMeHH { =k -T; T —
II1ar MHTepBaja JUCKpeTU3aly; 7 — MHTEPBaJl MPHXO0/1a U3MEPEHUH.

Bes npouenypa popmupoBanus TpebyeMbIX OLEHOK x, , z, ¥ I;, [,
BBIMIOJIHACTCS B TPU 3Tama:

— Ha IIEPBOM JTarle OCYIIECTBIIAETCS PacdeT KOOPAMHAT IEH X, , Z,

n pansHOCTE N1, J1, , KOTOpBIE TOCITY»aT OCHOBOM JUI1 KOCBEHHBIX MOJIE-

JIEH COCTOSHUS Y M3MEPEHUI;

— Ha BTOPOM 3Tarle OCYLIECTBIISETCA BBIOOD JIMHEHHBIX Mojenei co-
CTOSIHUSL M U3MEPCHHI, oOecreunBaonmx (GpopMUpoBaHHE TPeOyEeMBIX Olle-
HOK;

— Ha TPeTheM dTane (GOPMUPYIOTCS aITOPUTMBI JIMHEHHOTO OIICHIBA-
HHS, OCYIIECTBIAOMME HH(DOPMALMOHHOE OOecrieYeHHe 3ajad HaBeJCHUs
JIIIPJIC na MPU.

Ha nepsom srane K0OOpAMHATHI LIENH ¥ JATBHOCTH JI0 HEE C KaXI0U H3
TIO3HUIMIT BBIYHCIIAIOTCS HA OCHOBE MOMyYEHHBIX MPAMBIX (MIEPBUYHBIX) U3Me-
peHuit KOOpPAUHAT UH(POPMAMOHHOH X, , z;, W YAApHOH X,, , Z,, MO3UIHH,

u n

UX KypCoB ¥/, , W,, W YIJIOB JIMHUM BUSUPOBAHUS UEIH &, , &, C HHUX:

XH ? I/I=22+§ZH’

1/1114:1//1-'— wu> ¢1M=¢1+ on> 1/1214:‘//2—’_ wu ¢2n=(p2+ (2

Xip =X + =0t 6n X =Xt 2

(10)

3mech &, £, — IIYMBI OMpeeseHnss COOCTBEHHBIX KOOPIHMHAT HH-
opmaronHoO# 1 ynapHOH nosuumi, &, — MyMbl OUIMOOK ONpeeneHns
COOCTBEHHOTO Kypca, a &, — LIYMBI OMNOOK M3MEPCHNH YIIOB JIMHHH BH-

3MpOBaHM 1IN ¢ HUX, Xapakrepusyemsle CKO o, o0,,, O

xzn> yun> Qu-*

Jaiee m00BIM U3 TIOIXOAAIINX CIIOCOO0B, OMPEICIIIEMBIX B3aUMHOMN
TeOMETpHUEH MO3UINK U IEJH, IPOBOJUTCS PACYET KOCBEHHBIX (BTOPUYHBIX )
u3MmepeHnit. C yyeToM TOro, YTO paccTOSIHUE OT YJApHOHN MO3ULIMU JO WUH-
(hopMaIOHHOW OOBIYHO JIOCTATOYHO BEJIMKO, ObLI HCIOJB30BaH TPUAHTY-
JIIUOHHBIA MeTo. J[is 3Toro cHavanga onpeaessieTcsi yrojl HakjaoHa 0a3ssl
U ee pa3Mep:

Xou = Xin
¢B = arCtgg’ HB = \/('x2u _xlm)2 +(22u _Zlu)z . (11)

Zoy ~Zm

Pacuer Ha ocHOBE MOIIYYEHHOTO yIJla HAaKJIOHA 0a3bl @ U KypcoB ¥,
, ¥,, 1 OOPTOBBIX IEJEHIOB @, , ¢, BHYTPEHHUX YIVIOB IEJIECHTallMOHHOTO
TPEYTONBHUKA () , (¢, 3aBHCHT OT T€OMETPHH PACIIONOXCHHSA LEIH U IMO3H-
. Hanprmep, utst pucyHka | OHM ONpeAessroTes CIeay oM 00pa3oM:
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oG =0;—Q -y, 052=|(P1;—€02—1//2|—7f- (12)

3nas (11), (12) mosryyaeM JaJbHOCTH IO LIEH:

sina, sin g,
=Ry —————, =0y ———— (13)
sin(oy +a,) sin(o + o)
U ee KOOPAUHATEL:
x, =x, +zcose,, z,=z,tgsing,. (14)

Ha BTOpOM 3Tame Ha OCHOBE TMIIOTE3bl IBUKEHUS C MOCTOSHHOM
MepBOM MPOU3BOAHON MOMXHO MOJTYUYUTh MOJEIb COCTOSIHUS:

x, (k) =x,(k=1)+V_ (k-Dr, Va(R) =V, (k=1)+&

z (k) =z, (k=D +V_ (k-Dr, Vzu(k)=Vzu(k—l)+§m,

A, (k) =4, (k=D + V5 (k =D, V1 (k) = Vigy (k= 1)+ Gy (15)
o (k) =, (k=D + Vg (k=D7, Vg (k) =V (k=D + Sy

@ (k) =@ (k-D+a k-1, (k) =y (k=1)+S,.

rae @, — yriaoBasg CKOPOCTb LEIH C I/IHq)OpMa]_[I/IOHHOI\& IIO3UIIHH.
ypaBHeHI/IH Ha6J’IIOH€HI/ISI OTHOCUTCJIbHO KOCBCHHBIX H3MEpEC-

muit (13), (14), BEIOpaHHBIE C YYETOM BBHITIOJHEHHS YCIOBUS HAOIIOZaeMO-
ctu [12], onpenensroTcst COOTHOUICHHAMH:

X () = Ou[x, () + 6, 1, 2, (K) = Q.[2, (k) + &, 1;
Hm(k)=Qm[I[1(k)+§;[m]a Hzn(k)=QH2[H2(k)+§[[2n]§ (16)
¢ln(k) = Q(pl[¢1(k)+§(pln]a

rue x,,, z, omnpememtorcs (14), 4,,, M,, — coornomenusmu (13), ¢,

uu > un
n3Mepsiercs yrinomepom, a O, O,, Ons Ons le — MPHU3HAKU IpUXOoda

COOTBETCTBYIOIINX U3MEPEHHUH.

B MaremaruueckoM IJIaHe MOCTaHOBKA 3aiaun (OpMyJUpyeTcs ciie-
nytomwM obpazom. st cucremsl (15) nmpy HaMYMK KOCBEHHBIX H3Mepe-
nuii (16), monydeHHbIX W3 nepBuuHbIX n3mepenuit (10) mo dopmynam (11)-
(14), Heobxomumo 1o mpaBuiaM (4)-(9) MOIyYHTs OLEHKH KOOPIWHAT LIEH

X, Z ., ©¢ CKOPOCTH B MPOCKIMIX HA OCH CHCTEMbI KoopauHat V_ ., V.

> i’ X1 zi a

takke ganpHocteit Jl,, [, oT MH(pOpManmoOHHON M ynapHOH mo3uumil 1o
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e, ckopoctelt commkenus Vg, V5, ¢ Heil, a Takoke OOpPTOBOIrO IeIeHra
@ uenu ¢ HHPOPMALIMOHHON MO3UILIMHK U €T0 YITIOBOI CKOPOCTH &) .
[TycTh BEKTOPHI COCTOSHUS U U3MepeHuit u3 (2), (3) UMeroT BUI:

T
x(k) :[XLUqu’zu’Vzu’z[l’Vc6l’I[2’Vc625¢r1’a)(pl:' ,
T
Z(k) = [xunﬁzunﬂﬂlu’ﬂ2nﬂ¢114] .

ITocraBuB B cootBercTBUE (15), (16) ¢ (2), (3) u ¢ yuerom (17), mo-
JIy9UM BEKTOPHO-MATPUUYHBIC BBIPAXKCHUS, HCOOXOAUMBIC JUIsI BHITOTHCHHS
npouenypsl ¢punsrpanuu Ha I1, :

an

1700000000
0100000000
0017000000
0001000000
0000170000

®(kk—1)= ,
0000O0T1O00O0TO0O0
000000O0T1 700 (18)
0000O0O0OT1O0O
000000O0O0T1 7
0000 0O0O0O0O0 1

§x (k=1)= [0’ é:xu’ 0, fzu’ 0, §V1 0, é:VZ 0, é:a)(pl ]T >

D, (k—1) = diag[ 0,D,,,0,D,,,0,D;,,0,D;,,0,D,,, |,

(10 0000000 O]
001 000O0O0TO00O0

H(k)=|0 0 0 0 1 0 0 0 0 O,
0000O0O0TIOO0O0
000000001 0] (19)

&.‘u (k) = [fux’fnz’gnﬂbéuﬂzﬂfmpl :|T >
Q= diag[Qx»Qz?Q[{l:QﬂbQ{lea
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D, (k) =diag[ D, D,.. D11, D,2. D, |-

D(k.k-1)=[d;(kk=D], D(k)=[d;(k)], i=1,10, j=1,10. (20)
Torma B coorBeTcTBHH C (4)-(6) MOKHO TOIYYUTH aITOPUTM (DHTH-
TpaLyu:
X, (k) = Xy, + k1 A2,y + Ky 202, + Ky 3025 + Ky 4 D20 + Ky 58215
I},m (k) =V + kg ) A2,y + kg p A2 + kgy 3825y + by 4D + gy sAZ
2y (k) = 2y kg 1 A2y + Ky 202, + Ky 30217 + Ky 4 A2y + gy sAZ5
4 () = Vo ki A2+ Ky 202, + kg 3025 + kg 421 + Ky 5025
jll (k) = Iy + ks 1 A2, +kps 22,1, + Kps 3021 +Kps 4AZpp + ks sAZ 5

Vi1 () = Vg + k1 A + s 2., + Ko 302, + K 425 + K sAZ 5 @1
T (k) = Ty, + ke Az + kg 282 + kg 3023, + K 42 + gy sAZ,3
Vs (k) =Vigy, + kg ) A2, + b y A2, + i s, + K 4 Az gy + K sAZ
k)= @, + ko 182, + kg 2 A2 + Ko 3021 + Ko 4AZ 1y + Ko 58215
a(k)=a, Fh10182 o +Kep10287 ., + K0 3827 +Kgp10.48210 +k¢10’5Az¢1;
X ()= %, (k=) +V (k=1) 7, X (0) = X,
Vs (0) =V (k =1, V0=V,
2 () = 2,(k=1)+V, (k=1)-7, Z0(0) = 2,3
Vo (0) = Vo (K =1), Vi (0) = Vo
J:lb(k)=ﬁ1(k—1>+Vlm(k—1>-r, T, (0) =TT, o; o)
Vegr1, (k) = Vg (k —1), Veo1-(0) = Vg1 05
o, (k) = 1y (k=) + V5 (k1) 7, T, (0) = Jly;
Visar (k) = I}.:62 (k=1), Ves25(0) =V5005
o, () =g (k=D +ay(k-1)-7, 0,(0) =@ ;
@, (k) = &y (k—1); @, (0) =@y 6,
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Az, (k) = x, (K) = Q. x,,, (K); Az, (k) = z,, (k) = 0.2, (k),
Az (k) = 1L, (k) = O /L, (K); Az, (k) = 1o, (k) = Opp o, (K), - (23)
AZ¢71 (k) = ¢1”(k)—Q¢13¢13(k),

a KOOQQUUHCHTBI ky,, ;, i = 1,10, j= 1,5, YCHIIEHUSI HEBA3OK (23) paccun-
TBIBAIOTCS B MpoOLIECCe peieHus ypaBHeHui (7)-(9).

Oco0eHHOCTBIO MOJTY4YEHHOro anroputMa ¢uibTpauuu (21)-(23) sB-
JISIETCSl MCIOJIb30BaHUE KOCBEHHBIX m3Mmepenuit (13), (14), mo3posstomux
OTPaHWYNTHCS JTMHEHHON Mopenbio u3Mepenuit (16) u nTuMHEHHBIM BapuaH-
TOM KaJIMAHOBCKOM (MIIBTpalMy, YTO CYIIECTBEHHO CHIDKACT BBIYMCIIH-
TEJBHYIO CI0XKHOCTb anropurMa [15-16].

Kpome Toro, wucmomnp3oBaHWE aHAJIOTO-TUCKPETHOH (QHIBTpa-
uH (4)-(9) mo3BOJNSAET MOMyYaTh TEKYIIUE OICHKH MPH JOCTATOYHO PEAKO
MOCTYHAONINX N3MEPEHHUSX.

3. HcciienoBanne padoTOCMOCOOHOCTH AJITOPHTMA OLEHHUBAHMS
JaabHOCTH. VccrienoBaHe NOIYYEHHOTO alTOPUTMa MPOBOIMIOCH B MPO-
I[ecce COBMECTHOT'O MOJAETHPOBAHNUS ABWKEHHUS 00€MX MO3UIIUH U 1IeNu Ipu
CJIEIYIOUINX YCIOBUSIX.

1. Io3umuu ¥ uenb ABWXKYTCS B TOPU3OHTAIBHOHN IUIOCKOCTH II0
MIPOM3BOJIEHBIM ~ TPACKTOPHUSIM, KOTOPBIE OIPEAEISIOTCS  CIEAYIOINMHA
YPaBHEHUSIMU:

—  JUIA IeNH:

X (k) = x, (k=1)+V, (k=1)siny, (k—1D7, x,(0)=Xy;
z, (k) =z, (k=D +V, (k—1)cosy, (k—1)7, z,(0)=z,;

Volk)=V, (k=1)+a,(k-1)T, Vo (0)=V;
a,(k)=a,(k-1)+¢&,, a,(0) = ay;
— Ui “HGOPMAIIIOHHOW M yTapHO MO3HIINIA:

x; (k) =x, (k=) +V, (k=1)siny;, (k-1)z, x; (0) = x;4;

z; (k) =z, (k=1)+V; (k=1)-cosy; (k—-1)r, z (0) = zy; 5)

Vi (k) =V; (k=D+a; (k=1 Vi 0)=V;

a (k)y=a, (k-1)+E&,, a (0)=ay;

raoe x; R z: u xj S z: , i=12, — «3TaNoHHBIE» KOOPAUHATHI 1IN U 00enx

MO3ULUH B HEMOABM)KHOM JEKAPTOBOIM CUCTEME KOOPAMHAT COOTBETCTBEH-
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* * * *

* *

Ho, V, , V; , a,, a;, Y, M ¥; — HX CKOPOCTh, NPOJIOJLHOE YCKOPEHHE H
KypC COOTBETCTBEHHO, f;‘ , & — BO3MymIeHHs mBHKeHns. Kypcel memm
y/:; (k)= (k) n mo3mmii l//,.*(kl) =¥, (k) dopmupyroTcs mporpaMMHBIM

CIIOCOOOM U OIIPENISIISIOTCS YCIOBUSIMU MOJICTUPOBAHHSL.
2. TlepBuunsie uamepenus hopmupyrores u3 (24), (25) no npaBunam:

* * * *
Xu =X +§xn7 ZIH_ZI+ zZH x2n_x2+§xn7 ZZI/I_ZZ+§ZI/I’

. . (26)
‘//11/[ =l//1 +§y/147 ‘//214 =l//2 +§y/n’
* * * *
Z —2Z: zZ —2Z.
&, =arctg—4——+&., &, =arctg———+¢&,, 27)
X, —X; X, —X;

Ha OCHOBE KOTOPBIX 1pu momotu (11)-(14) momydaroTcsi KOCBEHHBIE H3Me-
penms (16).

3. M3meperus oT oOenx MO3MLIUN MPHUXOIIT OJHOBPEMEHHO MHpHU
cremyromux unTepanax 1 =0,05;0,1;0.5;1;2 c. lllaru momenupoBanus u

SKCTpanonsuuu npuHatel oquHakossivu 7 =0,01 c.

4. B kadectBe mokaszarened 3(QEKTUBHOCTH HCIONB3YIOTCS TEKY-
mee cpeHee KBaJpaTHYHOE OTKJIIOHEHHE OIIMOOK (DMIIBTpAINH, ONpeaess-
€MO€ COOTHOLICHUSIMHU:

J
1 3 [ () -5 (0], (28)

n=1

o, (k)=

-1

rae J — 4ucio peanusaruii.

Llenpto  wWcclieioBaHWsl  SBJSUIOCH — CpPaBHEHHE  TeOpeTHde-
ckoit (7'=0,05¢) u peansHoit (T ~1 c¢) apdexTrBHOCTH anropurma Quib-
Tpauuu (21)-(23).

st kaxaoro Habopa MCXOIHBIX JAaHHBIX MPOBOAUIOCH S50 3Kcnepu-
MEHTOB, PE3yJIbTaThl KOTOPHIX ObLTH OOpaOOTaHBI JJIs MOJYUCHHS yCpEI-
HEHHBIX 3HAUEHHH MoKa3zarelieit 3PpeKTUBHOCTH.

HauanpHble mapamerpbl JBIDKCHUS MH(GOPMAIMOHHOW W yAapHOU
TIO3MILUH U LEJH JUIsl OJTHOTO M3 MCCIIe/IOBABIINXCSl BADHAHTOB NPE/ICTaBIIC-
HBI B Tabmuie 1, a Ha puCyHKe 2 MOKa3aHbl TPACKTOPUU WX JBmxkeHus. [1o-
Ka3aTeay TOYHOCTH U3MEPEHHIA JiIsi 00eUX MO3UIMI [TPUHSITHI OJJMHAKOBBI-
MU ¥ YKa3aHBI B TAOIUIIBI 2.
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Tabmuua 1. HauanpHbple mapamMeTpbl JBIDKCHHS

xo, kM | zo,kM | Vo,m/c  |ao, M/c* | ¥, ° O,>
M/c?
HNudopmanmonnas 0 0 250 0 0 0,01
[TO3HLIKS
VYnapuas nozuuus | 0 300 250 0 0 0,01
Lenb 250 200 200 0 315 0,01
Tabmuna 2. CKO ommbok n3mMepeHuit
[IpsiMble M3MEpeHUs
o._.M o,.° c,.°
100 0,01 0,09
KocBeHnHble n3mMepeHus
O-Hﬂ » M O-m , M O-u‘z , M
491,2 511,4 402,8
%10
X, M
5 -
45
4 -
35
3 -
sl Lennb
2 -
151
YpapHas
A MO3UIUSA
1k
WudopmanmonHas
MOo3uL U
05
og | i i L i L i i i

0 0.5 1 1.5 2 2.5 3 3.5 4
LM 105
Puc. 2. Tpaekropun nonéra HHPOPMAIIMOHHOW U YAAPHOU O3UIMN U SN
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I'pacdmkn n3MeHeHus AaNbHOCTEW OT MO3UIMU JI0 LEJH BO BPEMEHHU
MIpUBE/ICHBI HA PHCYHKE 3, a CKOPOCTEH COMMKEHUS ¢ HEI0 — Ha PUCYHKE 4.

5
3.4 10 : : : :

A ™M
32 R §

28F —— 1

26 ,U,z Th— -_\,7>~<~\jf>*""1

50
V,Mm/c

50+ -
-100 | //

-150 | -~

200 . . . . i
0 200 400 600 800 1000

Puc. 4. I3meneHne ckopocTeil COMKeHNs TO3UIUH C LETTbI0

Ha pucysxkax 5-7 mokasaHbl pe3yJibTaThl MOAEIHUPOBAHUS JAHHOTO
BapuanTa ais nepsbix 150 c. Ha pucyHke 5 nmpuBeseHs! OTPENTHOCTH OIle-
A * A *
HUBaHMS KOOpIOWHAT MENU Ax, =X —x, M Az =Z —z TO CPaBHEHHIO C
MOTPEIIHOCTHIO0 KOCBEHHBIX U3MEPEHUII.
Ha pucynkax 6 u 7 — MHOIpEIIHOCTH OLEHUBAHUS AAJIbHOCTEH OT

uenu 10 nosuumii AJl, = Jf[l. — ]I, u ckopocteii commkenust AV, = I% -V'c

i
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HUMH COOTBETCTBEHHO. JiIsl pacueTa STaJOHHBIX JaibHOCTEH JI; M CKOpO-

creii commkenns ¥, ucnonbsytores (24), (25).

3000
A X, M [TorpemHocTH olIeHUBAHUS
2000
1000
0 l‘ l|‘| A A h WI") / o rTIiA
T
-1000
\ [TorpemHocTn u3mMepeHuit
-2000 ' : ' : : !
0 25 50 75 100 125 t 150
a) ‘
10007 [lorpemmnoctu
Az M OLIEHUBAHUSA
500
u ’ l I ’I :‘ |
| f |
e wl
-500
\l'[orpeumocm W3MEpPEHNI
-1000 : : : : : :
0 25 50 75 100 125 te 150
6) '

Puc. 5. I'paduku TeKyIMx HOTPEIIHOCTEH OLCHUBAHMSI KOOPAUHAT LSIIH

B Tabnuie 3 npuBeaeHbl YCTAHOBUBIIMECS 3HAUEHHS CPEIHEKBaIpa-
THYHOTO OTKJIOHCHHE OIMMNOOK OIICHUBAHWS KOOPAMHAT IS, TAITBHOCTEH 1
CKOPOCTEH CONMKEHUS C HElO.
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2000

ITorpeurHocTH oLIeHUBAHUS
AA],M
1000
LI L
0 'l, | "”11”] UEURLAR [rialthl 1
l i 1y Al
-1000
RN [TorpemHoCTH H3MepeHHii
-2000 : : : : : :
0 25 50 75 100 125 tc 150
a)
3000
Alym TTorpemHOCTH OLeHUBAHKS
2000
1000
‘i I\, J ]'I l | i l | J
of H ‘| ]‘”“"”h' h“ |rl’ NI’ Fllw.‘ll T"ll"lh { ’T H,\ll ’,1", ”]lllilu
-1000
\l'lorpeumocm M3MepeHuit
2000 : - : : - ‘
0 25 50 75 100 125 t ¢ 150
0)

Puc. 6. I'paduky TEKYIIUX MOTPELUIHOCTEH OLICHUBAHUS JaJIbHOCTH OT LICJIH JI0 HH-
(hopmaunoHHO# (@) 1 yaapHOU (6) mo3uImit

Kak BUIIHO M3 NpeACTaBICHHBIX PE3yJbTATOB, NMOJYYCHHbBIH QUILTP
JIaKe B JIOCTATOYHO CJIOXKHBIX YCIIOBHSIX, CHIIHO OTJIUYAIOIIUXCS OT THIIO-
Te3, IPU KOTOPHIX OH OBLI MOJYYCH, IMO3BOJSET 32 KOPOTKOE BpeMs (BpeMs
peryJMpoBaHus 10 BCEM OIICHMBAEMbIX KOOPAWMHATAM COCTOSIHUSI HE TIpe-
BbImaeT 10 ¢) MoIyYuTh JOCTATOYHO TOYHBIE OLIEHKU. BRIUTPHIII 110 TOUHO-
CTH TIPH 3TOM OTHOCHTEIBHO KOCBCHHBIX M3MEpeHHUi (cM. Tabimiry 2) co-
CTaBJISIET MOPSJIKA 5 pas.
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300
A Vo M/c

200 g

100

-100 ‘ ‘ ‘ : : :
50 75 100 125 . 150

t,c
a)
300
A Vl, M/c

200

100

- l 00 Il Il ]
0 25 50 75 100 125 150
0)
Puc. 7. I'padmku TeKyIMX MOTPEIIHOCTEH OLIEHUBAHUS CKOPOCTH COMIDKEHHUS 1IeTH
¢ nHQOPMALMOHHOH (@) U yIapHOH (0) MO3ULUIMHI

t,c

Tabmuna 3. Ycrogsumecss CKO omm0ok onieHMBaHUs] KOOPIUHAT

o

M

M

X

z

o O-ﬂlvM

O M

Oy, M/c

Oy, M/C

114,1

85,8

87,2

84,9

24,5

22.8

OTIenbHO UCCIIEI0BAIOCH BIIMSIHUE UHTEPBANa [IPUX0/1a U3MEPEHHI
Ha mokasatenu 3QQeKTUBHOCTH anroputMma. s 3TOro MozaeaupoBaHue
ObUIO mpomM3BENEHO M cnemyromux mareppanos: 1 =0,05;0,1;0,51;2 c.
I'padukn uzmenennss CKO ommbOK OlEeHWBaHUS OT BEJIMYMHBI MHTEPBaia
MIPUBEICHBI HA PUCYHKE 8 (KOOPAWHATHI IeNH), 9 (ZaNbHOCTH 10 LIENH) U
10 (cxopoct  cOmmkenus). ['OpU3OHTANBHBIMU MPSIMBIMH  Ha PHUCYH-
kax 8 n 9 o6o3nauensl CKO cOOTBETCTBYIONIMX KOCBEHHBIX H3MEPEHHH.
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obU T T T T

%z

500 P :

450 | .

: \ — _— 7

300 P ]

100 - b

50 ‘ ! ‘ ! ! ‘ ! ‘ ‘
0 02 0.4 06 08 1 1.2 1.4 16 R
,C
Puc. 8. 3aBucumocts CKO ommbok olleHMBaHUS KOOPAUHAT IIETH OT HHTEPBaJIa
NPUX0/a U3MEPeHUI

500

oM
o
A H

/
i

350 | A
300 F / A
°l /-11\ //// |
200 | _
150 + P —

100’/ |

50 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
T,c

Puc. 9. 3aBucumocts CKO ommbok olieHUBaHUs JAIBHOCTH OT HHTEPBAa IPHX0Ja
HU3MEpEeHUi
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36 T T T T T T T T T
o M/c

34 e ]

28} 8

26 1

22 L L . . A A I L I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18 2
T,c

Puc. 10. 3aBucumocts CKO ommbok orieHMBaHusI CKOPOCTH COIMKEHHS OT
HHTEepBaJa IPUX0a H3MEPEHUH

Kaxk Bugno u3 pucynkos §-10, CKO ommbok orieHMBaHUS BO3pacTa-
€T C yBeIMYEHHEM HHTepBaja Npuxojaa m3Mmepenuid m mpu 7 =2...3 ¢
npaktudecku cpaBHuBaercsi ¢ CKO caMux KOCBEHHBIX U3MEpPEHUH.

4. 3akmodenue. [IpoBenEHHBIE HCCIETOBAHMS MTO3BOJISIOT CIENATh
CJIC/TYTOIIIIE BBIBOJIBI.

1. TlomydeHHbIE pe3yiabTATHl MOJECTHPOBAHMS MOATBEPXKIAIOT, YTO
npejyiaraeMbie  aJIrOPUTMBbI JINHEHHON aHalOro-IUCKPETHON (QUIbTpaliu
[0 KOCBEHHBIM H3MEPEHUSAM ATl HMACCHBHBIX ABYXIO3UIMOHHBIX CHCTEM
yCTOWYMBO 0OECHEUNBAIOT JIOCTATOYHO TOYHOE OLICHWBAHUE NATbHOCTH U
CKOPOCTH LIENH, JaXKe MPU JOCTATOYHO PEIKHX (AUCKPETHBIX) U3MEPEHUSIX
OOPTOBBIX TEJICHTOB.

2. Bbrpein 1mo TOYHOCTH HPENIaraeMoro ajiropurMa JIOCTHraeT
5 pa3s npu uHTepBaie npuxona usmepennit 1 = 0,05,...0,1 c.

3. MakcuManpHBI JOMYCTHMBIM WHTEpBAN MPHUXOJa H3MEPEHHIN
cocraBisier 7 =2...3 ¢, mpu 3toM CKO ommOOK omeHMBaHUS KOOPIMHAT
npaktideckn cpaBHnBaercsi ¢ CKO caMux KOCBEHHBIX H3MEPEHHH.

4. TlomydeHHble pe3yNnbTaThl HE HAKIAIBIBAIOT OTPAHHYCHHWH HA
BO3MOXKHOCTh MX PEaJM3allH, [IPU 3TOM BBIUHCINTEIbHBIE 3aTPAThl HA pe-
JIN3ALUI0 MOTY4YEHHOTO METO/a CYIIECTBEHHO MEHBbIIIE, YeM AJIsI HEJMHEH-
HBIX BapHaHToB (uisTpa Kanmana.
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ESTIMATION OF DISTANCE AND ITS DERIVATIVES IN THE
BISTATIC PASSIVE RADAR LOCATION SYSTEM

Merkulov V.I., Sadovskiy P.A. Estimation of Distance and its Derivatives in the Bistatic
Passive Radar Location System.

Abstract. Passive radar systems make it possible to detect and track sources of radio
emission at a longer range than active systems, while increasing the stealth and survivability of
its carriers. However, in order to carry out effective guidance on the emission source, it is
necessary to have, on top of the estimates of the angular coordinates, estimates of range and
velocity. In the case of single-passive systems, such estimates can be obtained by flying on a
special trajectory, but accuracy even when tracking stationary objects is low. The most rational
solution to this problem is to use multi-position passive systems.

The problem of estimating the coordinates in multi-position passive radar systems is
considered in the article. Based on the apparatus of linear analog-discrete filtering, an
algorithm is obtained for estimating the range and speed in a bistatic passive radar system.
Results of simulation of the algorithms confirm its effectiveness and lesser computational cost
when compared with non-linear algorithms.

Keywords: passive radar, bistatic radar, analog-discrete filtering, distance and velocity
estimation.
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HHCTPYMEHTDBI KOMIIBIOTEPHOI'O MOJAEJINPOBAHUSA
®YHKIIMOHUPOBAHMS BOPTOBOM AIIITAPATYPHI
KOCMHUYECKHUX CUCTEM

Hooicenkosa JI.®., Hcaesa O.C., Esciokos A.A. WHCTPYMEHTBI KOMIBLIOTEPHOIO
MO/IeTHPOBaHHUsI (PYHKIMOHNPOBAHHSI OOPTOBOJ aNmapaTypbl KOCMHYECKHX CHCTEM.

AHHoTanusi. B craTthe omMcaH MHCTPYMEHTAJIbHBI IPOTPaMMHBIA  KOMILIEKC,
MO3BOJISIIOLIMA  CTPOUTH,  BBINOJHATE M HMHTErPUPOBATH  MMHTALMOHHBIE  MOJCIH
(byHKIMOHHPOBaHUS OOpPTOBOH ammapaTypbl KOCMHYECKHX CHCTeM. B OCHOBY mojokeHa
TEXHOJIOTHs IIOBTOPHOTO HCIIOIBb30BAaHUS, ONpENENICHHAas B MEXKIYHApOAHOM CTaHZapTe
Simulation Model Portability (SMP2). Hapsmy ¢ peanusanuedl CTaHZapTHBIX IIPABHI
NIOCTPOEHUS] HHTErPUPYEMBIX MoJeleld pa3paboTaHbl IONOJHHUTEIbHBIE OpPHIMHAIbHbIC
cpencTBa MH(GOPMAIUOHHO-TPAaQHIECKOTO M HHTEIUIEKTYyalbHOIO MOACIHPOBAHMA. Takum
oOpa3oM, 00eCIeunBaIOTCS BO3MOXKHOCTH TIpa(UUecKd CTPOHTh MOJCIH apXHUTEKTYpHI
GOPTOBBIX CHCTEM, 33aaBaTh METO/B! (YHKIMOHMPOBAHUS MOENel U ONpeleaTh BapUaHThI
BBINOJIHEHHSI KOMAHJI YIIPaBJICHNs! OOPTOBOM anmaparypoii.

PaGoTsl BemyTcs B paMKax CO3JaHUS INIPOTPAMMHOTO OOECICUeHHs IIPOOIEMHO-
OPUEHTUPOBAHHOW HHQPPACTPYKTYpPhl HMMHMTALMOHHOI'O MOJEJIHMPOBAHUS B KOCMHUYECKOMH
oTpacnu. Pa3paboTaHHBIH MPOrpaMMHBIA KOMILIEKC MO3BOJUT KOHCTPYKTOPAaM HE TOJBKO
CTPOUTH COOCTBEHHEIE MOJEIH OOPTOBBIX CHCTEM, HO X O0BEAUHATH HIMUTATOPEI YCTPOHCTB
Pa3INYHBIX IPOU3BOJHUTENEH, IPOBOJAUTh HMUTALMOHHbIE KCIEPUMEHTHI AJIsl HOATOTOBKU
1 aHA/IN3a TEXHHYECKHUX MPOEKTOB. IIpenokeHHbIi Moaxo] 00ecnednBaeT dJKOHOMHIECKHE
U TEXHOJIOTWYECKHEe MpPEHMyNIecTBa OIS PAa3BUTHS HAyKOEMKOTO IIPOM3BOJICTBA
KOCMHYECKON TeXHUKH.

Ki1roueBble c10Ba: nHGpacTpyKTypa UMUTALIMOHHOTO MOJIeIMpoBanus, simulation model
portability standard, kocMuueckuii anmapar, OOpToBas anmaparypa, KOMaHIHO-U3MEPUTEIIbHAS
cucTeMa.

1. BBenenue. HeoTbemnemoil 4acThl0 HAyYHO-TEXHHUYECKOH jesi-
TCJIBHOCTU B COBPEMCHHOM MUPE CTAHOBATCA TEXHOJOTMHU KOMIIBIOTEPHOTO
MozenupoBanus. [IpoBeneHre 3KCIEpUMEHTANbHBIX UCCIIEIOBAHUM CIOXK-
HBIX TEXHUYECKUX CUCTEM, KAK IIPABUIIO, CBSI3aHO C 3KOHOMUYECKUMMU U TEX-
HOJIOTUYECKUMH TPYIHOCTSAMH. B 3TOl cBA3M yBenuuuBaeTcs poib Ipo-
IPaMMHBIX UHCTPYMEHTOB, I03BOJISIONIUX MOJEIUPOBATh TEXHUUECKHUE CU-
CTEMBI 10 UX U3TOTOBIECHHS U B JAJIbHEHIIEM HCIOIb30BATh MOCTPOCHHBIE
MOJIEIIH TP pa3paboTKe U IKCILTyaTaluu 000py10BaHHS.

Peanusanus CIOXKHBIX IMIPOEKTOB B KOCMHYECKOM OTpPACHH, KakK Ipa-
BHJIO, IPEATIONAaraeT COTpy JHUYECTBO MHOXKECTBA KOMIIAHUH. J{71s1 IMHUTaIH-
OHHOTO MOJICTIMPOBAHMS TEXHIYECKUX OOBEKTOB, COCTOSIIIUX U3 ITOJICHCTEM,
W3rOTAaBIMBAEMbIX Pa3HBIMH IPOU3BOJUTENSIMH, HEOOXOIAMMBI MPOTPaMM-
HBI€ HHCTPYMEHTBHI, TI03BOJISIFOINE HE TOJIBKO CTPOUTH COOCTBEHHBIE MMHTA-
TOpBI, HO ¥ MHTETPUPOBATH CTOPOHHHE MOJENH B KOMIUIEKCHOE pEIICHHE.
Oo0ecrieueHre nepeHOCUMOCTH MOJIENIEH Pa3HBIX IIPOU3BOUTEIICH U OpraHu-
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3alusl UX B3aMMOJCUCTBHSI 0a3MPYIOTCS Ha TEXHOJIOTHSAX TOBTOPHOTO HC-
nosnb3oBanus (Simulation-Oriented Model Reuse, SOMR) [1]. B mupoBoit
MIPaKTHKE HAYYHBIX UCCIICJIOBAHUI B HACTOSIIMN MOMEHT TaKHUe TEXHOJIOTHU
HaOMpaloT Bce OOJIBIYIO MOIMYJISPHOCTh. VX IpHMEHEHUE CIocCOOCTBYET I10-
BBILIEHUIO 3P (PEKTUBHOCTH MOJIEITUPOBAHHS M JOCTOBEPHOCTH PE3YJIbTATOB.
Peanu3zanus TeXHOJIOTHIT TOBTOPHOTO MCIIOIB30BAHKS MPOJBUTACTCS B ABYX
aKTyaJIbHBIX HaIpaBJICHUIX: pa3paboTKN MOJIesIel TIOBTOPHOT'O UCTIONB30Ba-
HUSI Ha OCHOBE CYIIECTBYOIIUX TEXHOJIOTHH M METOIOB; CO3JJaHMUS PUKIIa-
HBIX CHCTEM MOJEIMPOBAHUS WM CPEH, BKJIIOYAIOMNX HHCTPYMEHTHI I10-
BTOPHOTO MCIIOJIb30BAHHS MOJAEIIEH.

Lenpto nccnenoBaHus, IPEICTABICHHOTO B JAHHOW CTaThe, SBISIETCS
pa3paboTka NpOrpaMMHBIX HHCTPYMEHTOB, ITO3BOJISIOIINX CTPOUTH, HHTETPH-
POBaTh ¥ COBMECTHO MCIIONIB30BaTh IMUTALIMOHHBIE MOJIEIN OOPTOBOH armapa-
TYpPbI KOCMHUYECKUX CHCTEM. PaboThI BEyTCs B paMKax CO3JaHMs IPOOJIEMHO-
OPHEHTHPOBAHHON MH(PACTPYKTYPhl IMHUTALIMOHHOTO MOJIEIMPOBAHMS B KOC-
MUUYecKOod orpacnd. Ilox MHCTpyMEHTaMM MOHUMAKOTCSA IOACHUCTEMBI IIPO-
TPaMMHOI'0 KOMIIIEKCa, IPEHA3HAYCHHOTO A7 IPOSKTUPOBAHUSA, pa3pabOTKH,
MHTETpaliy ¥ UCIIOIb30BaHUs MIMUTAIIMOHHBIX Mozienielt. B ux uncne nuerpy-
MEHTBI HH()OPMAOHHO-TPa(hUUECKOT0 MOJIEITMPOBAHHS, MHTEIUIEKTYaIbHOTO
MOZEIMPOBAHKSA [2] M HHCTPYMEHTHI HHTETPAlli IMHTALIOHHBIX MOZIEIICH Ha
OCHOBE TEXHOJIOTHH IIEPEHOCHMMOCTH M IOBTOPHOTO HCIONb30BaHus. [Ipo-
TPaMMHBII KOMIUIEKC MpeIHa3HayeH sl UMUTAIMK KOMaH/THO-IIPOr pPaMMHOTO
yIpaBjieHHss OOPTOBOII amapaTypoii KOCMHYECKHUX CHCTEM.

[IpencraBnsieMble WHCTPYMEHTHI HMH(MOPMAIIMOHHO-TpapUIECKOro
MO/IEITUPOBAHHMSI TTO3BOJISIOT B rpaueckoM BHJIE 33/1aBaTh CTPYKTYpPYy MO-
JeITPYyeMOIl CUCTEMBI, BU3yalIU3UPOBATh B IIPOLIECCE IPOBEACHHS MIMUTALH-
OHHBIX 3KCIEPHMEHTOB Iepeady MaKeTOB KOMaHJ M MMITyJIbCOB, BBITIOJ-
HATH ()OPMUPOBAHUE U aHAU3 TeneMeTpudeckoi nHdopmanuu. OTodpaxe-
HHE CTPYKTYPhl MOJEIHMPYEeMOI CHCTeMbl MH(POPMALHMOHHO-TPAadHIECKOH
MOJIETIBIO PACIIUPSAET BO3MOKHOCTH HCIIOJIB30BAHUSI MOJAEIH B KadyecTBE
Cpe/CTBa Iepeayd 3HAaHWH 00 YCTpPOMCTBE CHCTEMBI, JENaeT MOJIENb
HAarJIHOM M TI03BOJISET JIETKO ee Moauduimposats. [lonmynsapHele cpencrsa
MozenupoBaHus, Takue kak AnyLogic, Mathlab Simulink [3, 4], Takxe 00-
JajgaroT rpapuueckuMu HHCTpyMeHTaMu. Kpome Toro, cymiecTByIoT rpadu-
Yyeckne  cpeibl  pa3pabOTKH  TEeXHHYECKUX  OOBEKTOB,  HAlpHMeEp
LabView (Laboratory Virtual Instrumentation Engineering Workbench) [5].
OnHaKo MOJIeJIH, IOCTPOSHHBIE C X MTOMOIIbIO, 3HAYUTEIILHO MEPErpy>KEHbBI
13-3a YHUBEPCAILHOCTH CPEICTB M HEOOXOAUMOCTH HMCITOJIB30BaHUSA (YHK-
[MOHAJIBHBIX OJIOKOB, MPEAHA3HAYCHHBIX A 00ECIEUCHNS CaMHX MPOLIEC-
COB MOJICIIMPOBAHMS, BU3yaJH3alliy, BBOAA M BBIBOJA AAaHHBIX. B Harrem
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cllydae MOJAeIb OTOOpakaeT CTPYKTYPY OOPTOBBIX YCTPOMCTB 0€3 BKIIOYE-
HUSI TOTIOJHUTENBHBIX 3JIEMEHTOB. BajkHO TO, YTO MEpPEUNCICHHBIE CPEIIBI
MO/JIETUPOBAHMS HAIIPSIMYIO HE TIOAEP)KUBAIOT TEXHOJIOTUH TIOBTOPHOTO HC-
TNIOJIb30BAHUS] IMUTAIIMOHHBIX MOJICIICH.

WudpacTpyKTypsl MOAETHPOBAHHMS, TOCTPOCHHBIC HA OCHOBE CTaHap-
TOB MEPEHOCUMOCTH UMHTAIIMOHHBIX Mozenelt (Simulation Model Portability,
SMP2) [6] Tarke, Ha Haml B3, OOJANalOT CYILECTBEHHBIM HEIOCTat-
KOM: JUTsl Tpa)decKoro MpeCTaBIeHNsI MOJEIEH B HUX HCIIONB3YETCS S3BIK
UML [7], omnaxo a7t MoAenupoBaHus (yHKIIMOHUPOBaHMS OOPTOBOH armapa-
Typsl Henocraroyno UML HoTarmu. [IpeioxeHHble HaMH HHCTPYMEHTHI Tpa-
(HU4IeCKOro MOZIETIMPOBAHUS CTPYKTYPhI OOPTOBBIX CHCTEM U KOMMYTALlHOH-
HBIX HHTEP(EHCOB O3BOJIIIOT PelIaTh 331241 MIMUTAIUH (DYHKIMOHUPOBAHHS,
a UIMEHHO, TIpHeMa-Tiepeiady JaHHBIX 110 Pa3IMYHbIM KaHAJIaM CBSI3H.

Mertozbl TOCTpOSHUST MOZIENIEH B pa3MUHBIX cpefax pasHarca. CraH-
mapT SMP2 ompenenser WCHONB30BaHIE MPOTPAMMHBIX MOZEeH, HAaIFCaH-
HBIX Ha s3bike CH++. OHaKOo I CICIUATHUCTOB MPEAMETHOM 001acTH co3/a-
HHE TaKuX MOJeNel 3aTpyIHuTenbHO. HaMu npeaoskeHsl IporpaMMHBIE HH-
CTPYMEHTHI HHTEIUIEKTYJILHOTO MOJICTUPOBAHUSI, KOTOPBIE TIO3BOJISIIOT B MH-
TEepaKTUBHOM PEXMME CO3/1aBaTh MPaBHiIa (YHKIHOHUPOBAHHS MOJIEIIH, OTIH-
CBIBAIOIIIME JIOTHKY B3aMMOJEHCTBUS OOPTOBBIX CHCTEM B TEPMUHAX TIPEIMET-
HOH obJracTH. DTO 3HAUUTENIFHO 0o0JierdaeT nocrpoenue Mozeiei. [To cpaBne-
HHIO ¢ pabOTaMH JPyrHX aBTOPOB, NMPUMEHSIOUINX MHTEIUIEKTYyaJbHBIE Me-
TOZBI AJISI MOJICIMPOBAHUS KOCMUYECKON TEXHUKH [8], HaIIM HMCClIea0BaHUs
CYILECTBEHHO PACIIMPSIOT BOSMOXKHOCTH MHCTPYMEHTOB MOJICNIMPOBAHUS 32
CUET peallu3aliK TEXHOJIOTUH IIEPEHOCUMOCTH, YTO J]AeT BO3MOXKHOCTh UX UC-
TI0JTb30BaHMS B MHPPACTPYKTYPaxX MIMHUTAIMOHHOTO MOJICTTHPOBAHMSI.

AHanmmsupyst cocTosHHE paboT MO HMCHOJIB30BAHUIO MHCTPYMEHTOB
KOMIBIOTEPHOTO MOZICIIMPOBAHUS CTICIIMAIMCTAMH KOCMHUYECKOW OTPACIIH, MBI
TIPUIIUTH K BBIBOJY, YTO HamOoiee MIMPOKO MPUMEHSETCs cpea pa3paboTKh
BUpTYyaJbHBIX TpuOopoB LabView. Ilon BuptyansHeM mpubopom (Virtual
Instruments) B uaeonoruu LabView noHMMaroTCs MporpaMMHBIE MOJTYJIH, Pe-
amM3yrolue pasnuuHbie QyHKImK o0opynoBanus [5]. BupTyanbHbie mpuOopbl
11e7Ieco00pa3HO UCTIONB30BATh U IS TOCTPOCHUSI KOMIUIEKCHBIX Moaenei. [To-
9TOMY HaMH Takxe OblLla IMOCTABJIEHa M PelleHa 3aj1a4ya WHTErpalyi BUPTY-
AIPHBIX IPHOOPOB C APYTHMH THITAMH Mozesel [9].

B crartbe npencraBiieHbl pe3yIbTaThl HCCIETOBAHNS CYIIECTBYIOIINX
MOJXO0JIOB K OpPraHM3allii MPOTrPaMMHBIX CHCTEM C TEXHOJIOTHEH IOBTOp-
HOT'O HCIIOJIb30BaHMS U COOCTBEHHBIN HHCTPYMEHTAIBHBII KOMIUIEKC HIMUTA-
[MOHHOTO MOAENNpoBaHus. [IpIMEHNTENBHO K 3a/aue MOAEIHPOBAHUS KO-
MaHJHO-IIPOTPaMMHOT'0 YIIPaBJIeHUs OOPTOBOM armaparypoii KOCMHYECKOTO
amnmapaTa pa3pabdOoTaHHBIE MPOTrPaMMHBIE MHCTPYMEHTHI MH(OPMAIMOHHO-
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Fpa(bH‘-ICCKOFO 1 UHTCIUJICKTYAaJIbHOTO MOJCIIMPOBAHUSA IO3BOJIAIOT B HHTEP-
aKTHBHOM PEXHME CO3/1aBaTh IPaBiIa (yHKIMOHUPOBAHUS MOJIEIIH, OTIHCHI-
BalOIINE JIOTHKY B3aMMOJICHCTBHS OOPTOBBIX CHCTEM KOCMHUYECKOTO aria-
para. OnucaHbl UHCTPYMEHThI HHTETPALHA BUPTYaJIbHBIX IPUOOPOB, HHTE-
JeKTyalbHBIX Mojened u SMP mozeneil B paMkax eIMHON TPOTpaMMHOM
TUTaTQOPMBI, TTOJIEP>KUBAIOIICH TEXHOIOTHIO TEPEHOCHMOCTH.

2. 3agaya Mo TMPOBAHUSA KOMAH/IHO-TIPOTPAMMHOIO YNPABJIEHUS
OopToBOil annapartypoii. MonemipoBaHiue KOMaHAHO-NIPOrPaMMHOIO yIIpaB-
JIeHust OOPTOBOM aNmapaTypol 3aKI0YaeTCcs B MIMHUTALMN (yHKIMOHHPOBAHUS
CHCTEM KOCMMYECKOTO armapara ¥ (yHKIHHA Ha3eMHOTO KOMIUIEKCa yIpaBiie-
HUS TP TIPUEME U OTpaboTke KoMaH[. DyHKIMOHUPOBAHHE MOJEIH MOXKET
OBITH ONMMCAHO KAK IT0CIIEA0BATENILHOCTD ICHCTBHI POrPaMMHBIX HMHTATOPOB.

Ha pucynke 1 npuBenena cxema HHGOPMaLMOHHOTO B3aUMOACHCTBUS
MIPOrpaMMHBIX UIMUTAaTOPOB IIPU MOAEIUPOBAHUH KOMaHHO-IIPOrPAMMHOIO
yrpaBieHus: OOPTOBOI anmaparypoii.

| Wmmratop nazemsoro | i_ “Wwmratop | " Wwmrarop |
| KOMIIICKCA YNPABICHUA | | KOMaHmHO- | I6opTOBoro KOMIUICKCa|
W3M EpHU TENBHOM yIIpaBJIeHHU s
| PK, KITN I | CHCTEMBI I |
I | | I
PK, KITN
| q’;ggggglj;;"e | '_ Anams || 1| MmvmratopBY | |
| nepeatn | ':' naxkera | | C[La;;:;;ne I
| Anams n I | PK KHC I | I
| Busyanuzamus TMU [ | | + |
1
— I
| Koutpois | | Brnomenue | | || Bomosnnenne I
napamerpoB TMU| | KOMaH/IbI I KOMAHIbI 1 |
I tHapaMerQH TMU] | | I
| | KBuranuus | |
Keurammus BATC | = | I kuc A 4 I |
| H_ E TMH | P |  Ksurannus
| Anamis = b C6op TMHU ] I T™MU I
|| xsuranumm g | | < T |
| =l Taiimep I | Hwmurarop |
;KBI/ITaHHHH BY | Y | 3ampoc BATC I
I AHamu3 otpa- | 3ampoc TMU » QpaBHeHne |
|| 6orku xomanaE! I I | || Oaiira sanpoca
—_ = = = = — —d - —_ = = = = — d
Puc. 1. Cxema MoJIeTMpOBaHUsT KOMaHTHO-IIPOTPAMMHOTO YIIPaBICHHS OOPTOBOM
anmnapaTypou

Ha pucyHke BBefE€HBI CIEYIOUINE COKpAIIEHUs, IPUHATHIE B TIpea-
MeTHO# obnactu: PK — pamnoxomanna, KITM — xomaHAHO-TIpOrpaMMHAst
undopmanus, TMU — tenemerpuyeckas undopmanus, BATC — 6oproBas
anmapatypa TenaecurHanusanuy, bY — 6oprosslie ycrpoiicta, KUC — xo-
MaH/IHO-U3MEpUTENbHAs CUCTEMA.
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CxeMa ONHUCHIBAeT MOPSAAOK JEUCTBUM, KOTOPHIN HEOOXOAUMO peati-
30BaTh B UMUTAIMOHHOM Mojiey. [IporpaMMHBIi UIMHUTATOP HA3EMHOI'O KOM-
IUIEKCa YIPABJICHNS BBINIOJIHSET Iepesady KOMaHAbl B IMUTATOp KOMAaH/JHO-
U3MEPUTENIBHOM CHCTEMbl KOCMHYECKOro armmapara. KoMaHaHo-u3MepuTesb-
Hasl CHCTEeMa B CBOEM COCTaBE COJIEPIKHUT IPUEMO-TIEPEIatOIie YCTPOUCTBA U
obecreunBaeT B3aNMO/ICHCTBHE MEXK/y HA3eMHBIM ¥ OOPTOBBIM KOMILJIEKCAMHU
ynpasieHus. Ee Ha3HaueHne — npueM H Iepeada pa3IndHbIX BUIOB HHOOP-
MaluH C Ha3eMHOT0 KOMILIEKca, (POPMHUPOBAHKE U Nepeada Ha KOCMHYECKUH
arrapar KoMaH/] U IporpaMm YIpaBJICHUA, CTAHAAPTHBIX YaCTOT U CUT'HAJIOB
BPEMEHH JUTsl CHHXPOHU3ALUH PpadoThl 00pPTOBOT0 000PYAOBAHMS, & TAKKE TS
TIOAEPKKH PEKUMA U3MEPEHUSI TAPAMETPOB ABMKCHUSI KOCMHYECKOTO amma-
para. MHpopMaIiMoHHbIH 00MEH MEXIY OOPTOBBIMH CHCTEMaMH U Ha3EMHBIM
KOMIUIEKCOM YIIPABJICHUS! OCYIIECTBIISIETCSI TIPH TTOMOIIM CJIEYIOIIUX THIIOB
JIAHHBIX: paJIHOKOMAaH 1, KOMaHIHO-TTPOrpaMMHON HH(OPMAIMH 1 TAKETOB Te-
neMerpudeckoit nHpopmarmu. s MonenupoBaHus TpeOyeTcsi TOBTOPHUTH
BCE PEXKUMBI PadOTHI KOMaHAHO-U3MEPHUTEIBHOMN cucTeMBbl. [iist obecriedeHust
YHU(UKAIUN JAHHBIX HCIOJB3YIOTCSl CTaHAapThl EBpomelickoro xocMmue-
ckoro areHTcTBa: craagapT ESAPSS-04-107 onmckiBaeT popMaT TelIeKOMaH,
ESAPSS-04-106 — ¢dopmaTt TesieMeTpu4ecKoil HHGOPMAIHH.

[onmy4nB KOMaH/Ty, KOMaH/IHO-M3MEPHUTEIIbHAS CHCTEMA €€ aHAIIN3H-
pyeT, popMHpyeT KBUTAHIMIO U MIEPEIAEeT B COCTaBE TEIEMETPHICCKON HH-
¢dopmarn. Komanaa BeimonHsiercst 1100 Iepeaercs B IporpaMMHbBIA UMH-
TaTop GOPTOBOTO KOMILIEKCA yIpaBieHUs. BIMOIHS KOMaH/Iy, KOMaHIHO-
H3MepUTENbHas CHCTEMa H3MEHSIET COCTOSIHIE 000PYI0BaHHS CBOUX ITOJICH-
creM. MimutaTop 60pTOBOr0 KOMITIIEKCa yIIPABIEHHS, MOITyYUB KOMAH/Ty, BbI-
HIOJIHSIET €€, (POPMUPYET OTBET U I0OABIISIET €ro B TEJIEeMETPUUECKYI0 HHpOp-
MaIuo. 3a (pOpMHPOBAaHUE TEICMETPUICCKON MH(POPMAIUK OOPTOBBIX CH-
CTEM OTBedYaeT OOPTOBas ammaparypa TEJICCHIHAIN3AINY, a 3a e¢ Iepeaady
— KOMaHIHO-N3MEPHUTENbHAst CHCTEMa U IPHEMO-TIEpEAfOIIe YCTPOiiCTBa.
Kpome Toro, KoMaHIHO-U3MEPHUTENbHAS CHUCTEMA, COOMpast TeIeMeTpHude-
CKYyI0 MH(pOpMaIHI0 OOPTOBBIX CHUCTEM, JIONOJHSET €€ CBOMMH KBUTAHIIH-
ssMu. TlocTymatommast B Ha3eMHBII KOMIUIEKC YIIPaBICHUS TeEMETpUIecKast
nHpopManusa pa3dupaercs u aHanuupyerca. Tenemerpuueckas nHpopma-
Y TMMO3BOJIACT A€JIaTh BBIBO O IPOXOXKIACHUN U OTpa6OTKe KOMaH], a TAaKXKC
0 COCTOSIHUU OOPTOBBIX CHCTEM.

Jns peanuzanuy NMPUBEAECHHON CXEMBI MOIEIMPOBAHUS HEOOXOIMMO
COBMECTHTb Pa3HBIE TEXHOJOTHYECKHE IOJXO/IBI, IMO3BOJIAIOIINE TOCTPOUTH
KOMIUIEKCHYIO MOJIENb U3 TEXHOJIOTHYECKU Pa3HOPOAHBIX dJIeMEHTOB. C 0JTHOM
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CTOPOHBI, B KOMIUIEKCHYIO MOJIENb MOT'YT BXOAUTH MOJIE/IN YCTPOMCTB OT ITPO-
N3BOAUTEINEH 000PYAO0BaHMS, TIOCTPOCHHBIE 10 IPHHIIUITY IIEPEHOCHMOCTH MO-
nenert cranmapra SMP2 (SMP monenu), a ¢ qpyroil CTOpOHBI, KOMITIEKCHAS
MO/IeNTb, KaK IPaBUJIO, BKIIIOYAET COOCTBEHHBIE Pa3padOTKH MPOSKTUPYIOIIETO
TIPEIIPUATHS WIIX MOZIENH, TIOCTPOSHHBIE B M3BECTHBIX CHCTEMAX, Yallle BCETO
B LabView. [Ipu 5TOM 1714 yCTIeITHO# peanm3ayy 9acTb MOJIeNIe MOXKET OBITh
TIpeJIcCTaBIeHa CXeMaTHYHO, TOJIBbKO Ha YPOBHE JIOTHUKH (DYHKIIHOHUPOBAHUS, a
Jpyras 4acTh peajln30oBaHa Oonee JeTanbHO ¢ y4eToM (PU3HUEeCKHX XapaKTepH-
CTHIK, CBOHCTB NEPEAABAEMbIX CHTHAJIOB, JIMHUH CBSI3H U TIPOYETO.

JlaHHas cxema MOJAEIMPOBAHUS MOXKET MCIOJIb30BaThCS MIPU HA3EM-
HBIX HCIBITAaHHUSAX OOOPYHOBaHUsSI OOPTOBBIX CHCTEM KOCMUYECKOTO aria-
para [10]. B 3ToM citydae HMHTATODP MCITBITHIBAEMOTO 000PYIOBAHHUS B CXEME
3aMEHSETCS PeabHBIM yCTPOHCTBOM.

3. UHcTpymMeHThl MHGOPMAIMOHHO-TPA(PHUYECKOT0 MOJEJUPO-
BaHMA. [ MOCTPOEHUS! CTPYKTYpBI MOZENEH aBTOPHI MpPEAararT HH-
CTPYMEHTHl HMH(pOPMAaINOHHO-TPApUIECKOTO MOAETHpoBaHusI. B cyme-
CTBYIOIIMX HH(PPACTPYKTYpPax UMHUTAIIMOHHOTO MOJCIHPOBAHUS IIPUMECHSI-
IOTCS MHCTPYMEHTHI Ipa)uuecKkoro M Herpapuyeckoro MoOJCIUPOBAHHUS,
kotopeie cozgator C/C++ kox. Hampumep, s361k MonenupoBanus Model-
ica [11] mo3BosieT co3aBaTh CTPYKTYPHBIE 3JIEMEHTHI MOAEIH U B Jallb-
HeleM ONpeAessaTh IOBEJACHUE MOIEIH, HCIONb3ys Trpadudeckuil WH-
CTPYMEHT MOJAETNpPOBaHus, Takoi kak Dymola. Komnmstop Modelica re-
HepupyeT C++ Kog MOenu.

PazpabarbiBasi cOOCTBEHHBIE MHCTPYMEHTHI IpaIecKoro MoJIeIH-
pOBaHMsI, aBTOPbI CTAPAIUCh, C OJAHOW CTOPOHBI, HaNOOJIEe TOJIHO Y4ecTh
crienudrKy penraemMpIxX 3a1ad MpeaMeTHOH 00J1acTh, ¢ Jpyrol CTOPOHbBI —
CO3/1aTh yI00HbIE BEICOKOYPOBHEBBIE CPEJICTBA JUISl HATIISIHOTO TIOCTPOCHUS
Mozeneil. IloctpoeHrne MOJENn 3aKi0YacTCsl B BU3YAIbHOM pa3MELICHUH,
HacTpoiike KOH(UTrypanuu OIOKOB MOJEIH, IPEICTABISIONINX ANMAPATHYIO
4acTh OOPTOBBIX CHCTEM, M 33JaHUM KOMMYTAallMOHHBIX HHTEpdEHCOB, CBsI-
3edl ¥ IapaMeTpoB MOJAEIUPYEMOr0 000pY IOBaHHS.

Ha pucynke 2 moka3aH npumMep IpadM4ecKoro MmpeaCcTaBICHUS] MO-
JIeTT KOMaHTHO-TIPOTPaMMHOTO YIpaBJICHHs OOPTOBOM ammapaTypol Koc-
MHYECKHX cucTeM. brokn rpaduyeckoil Momenn oToOpakaloT pas3iudHbIC
JJIEMEHTBl 00OpYIOBaHuUs, MOJs B ONOKax — HHTEpQench (Gpu3nIecKux
YCTPOMCTB, JMHUU MEXTy ONOKaMH — KOMMYTAIMOHHBIE COCIUHEHHS,
CTPEINIKH — HaNpaBJICHHUS IlepeJadll JaHHbIX.
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Puc. 2. I'paduueckast MOJENb JUIsl UMUTALUKA KOMaHIHO-IIPOIPAMMHOIO yIIPaBICHUS
00pTOBOI1 anmapatypoi

OOo3Hauenus, BBeJcHHbIE Ha pucyHke 2: BY BKY — Goprosoe
YCTpOCTBO O0pTOBO# KoMIuteke yrpaienust, BIIBK — 6opToBoii mudposoii
BeaucIHTENbHBIN Komiuieke, MU KHUC — wunTepdeiicHpil MOIyh KO-
MaHTHO-U3MEePUTENBHON cucTeMsl kocMudeckoro anmapara, HKY — nazem-
HBII KOMILIEKc ynpasienus, KY — komanna ynpasnenus. TUbsl KoMMyTaiu-
OHHBIX HHTEp(deiicoB, ncnonblyemsie B mpumepe: PEJI — peneftnbrii, 232 —
RS-232 (Recommended Standard 232), UMIT— umnynbcHblit, 422 — RS-422
(Recommended Standard 422), BU — Beicoko4acTOTHBIN uHTEp(deiic. B rpa-
(ryeckoit MozeNN Onpe/eeHbl OCHOBHBIE OJIOKH, UIMUTHpYIOIINE OOpTOBBIE
cucteMsl. [y mpuema U nepeaaun KOMaH, a TAakkKe aHalnu3a TeleMeTpHye-
CKO# uH(pOpMalMK NIpeHa3HaYeH UMUTATOP HA3eMHOT'0 KOMILJIEKCa yIpaBiie-
HUsL. IMUTAIMOHHBIE MOJIEN MOTYT YCIIOXKHSTHCS BKJIIOYEHUEM B HUX JOTIOJI-
HUTEIBHBIX JIEMEHTOB 1 pE3epBHBIX OJIOKOB. Moziens nmeeT Habop mapameT-
POB M XapaKTEPUCTUK, U3MEHSSI KOTOPBIE, MOXKHO 3a/1aBaTh Pa3INIHBIC BApH-
aHTBI KOH(MUTYpaIy OOPTOBOIT anmaparypbl KOCMUYECKHX CUCTEM.

[IporpamMmHbIE HHCTPYMEHTHI IO3BOJISIIOT CO3/1aBaTh 0a3bl KOMaHA U
MIAKEeThl TEIEMETPHUECKON MH(OPMALMK MPOU3BOIBHON CTPYKTYPHI, 3a1a-
BaTh METOJIbI UX (POPMHUPOBaHMS, Iiepeauu U ananusa. Ha pucynke 3 moka-
3aH pelaKToOp MAaKEeTOB JAaHHBIX, KOTOPBIH 1M03BOJISIET (hOpMUPOBATh 0a3y Ko-
Mang. O6o3navenust Ha pucynke: PK — pagnoxomanna, BY BKY — Gopro-
BOE YCTPOUCTBO OOPTOBO KOMIDIEKC yIIPABICHUS.

CTpyKTypBl KOMaH] U METO/ABI UX OTPabOTKM B UMHUTALIMOHHOM MO-
JIeTI MOTYT MEHSTBCS, YTO ITO3BOJISICT BBISABISTH Pa3iIMYHbIE OCOOCHHOCTH
(YyHKIMOHUPOBAHUS OOPTOBBIX CHCTEM.
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Puc. 3. PenakTop nakeToB JaHHBIX

JIis KaXmoro siieMeHTa MOJCITH MOKET OBITh BBIITOJTHEHA Tpadude-
CKas AeTanu3anus. Y pOBEHb ACTANN3ANH 3aBUCHT OT LeJIel U 3a7ad MoJe-
nmupoBaHus. Ha pucyHke 4 oka3aH npuMep rpaguaecKon AeTann3anui Mo-
JIeNTN TIepeIaTInKa.

| n

epepaTyYunUK

@l Koaep

(G v}~
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Bbixopn

Ql Mopynatop

Bbixop - Bxopa
FE— & x
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Puc. 4. I'padnaeckas netanuzanust 3JIEMEHTa MOJETH
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Jletanu3anus mo3BOJIAET UCCISIOBATh OCOOCHHOCTH MPHEMO-TIepe/ia-
IOIIETO TPAKTA MOJIETUPYEMOI CUCTEMBI, UMUTHPYS peoOpa3oBaHue ABOUY-
HOTO MMaKeTa B MepeiaBacMbIil B O0OPTOBBIC YCTPOUCTBA CUTHAI. MoJienb co-
JICPKUT UMUTATOPBI KOZEpa, MOAYIIATOPA, IPeoOpa3oBaTeNisi U yYCHIUTEISL.
BbrinosnHeHue JeKOMIO3UIMKY UMUTATOPa MPUEMHHIKA PealIM3yeT MOJHYIO Iie-
MTOYKY MpeoOpa3oBaHUs JaHHBIX MPU Tepeiade, 9To MO3BOJSIET MOICIHPO-
BaTh pacyeT OMMOOK U MOTEPh Ha TPAKTE MPH PA3TMIHBIX 3aJJaHHBIX BHEIII-
HUX BO3IENCTBUSIX.

TecHas mHTErpanus rpapuIecKuX HHCTPYMEHTOB H CPEIbl MOJCIH-
pOBaHHUS TO3BOJISIET MCIIONB30BaTh rpadUiecKkoe MPeNCTaBICHHE KaK IpH
pa3paboTke Mojenel, Tak U MPH MPOBEACHUA HMHUTAITMOHHBIX SKCTIEpUMEH-
TOB. BusyanpHOe dopmMupoBaHUe MOAETH U3 TpapHUeCKUX ITEMEHTOB JaeT
CyIIIeCTBEHHBIE IPEUMYIIIECTBA 33 CYET IPOCTOTHI U HATIISITHOCTH IPOEKTH-
poBaHUs OOPTOBOH anmapaTyphbl, aHANIN3a U OTJIAJKH IPOCKTHBIX PELICHUN.

4. UHCTPYMEHTBI HHTEJLUIEKTYAJIbHOT0 MoJeupoBanus. MHCTpy-
MEHTBI UHTEIJICKTYaJIbHOTO MOJICTUPOBAHHS TIO3BOJISIOT 3aj]aBaTh MpaBUiIa
(YHKIIMOHUPOBAHUS OTACIBHBIX 3JICMEHTOB MOJICIIU ¥ JIOTHKY B3aUMOJICH-
CTBHSI MEXKTy HUMH B TSpMUHAX MPEIMETHOHN 00JIaCTH.

Kaxnoe mpaBuiio 3aaercsi CAMBOJIbHOM KOHCTpYKUuMel Buna: Eciu A
mo B, rne A — ycnosue, B — nelictBue. Y ciaoBue A ONpeaenser, Ipyu KakoM
COCTOSIHUH DJICMCHTOB MOJICIH JTAaHHOE TPABHIIO MOXKET OBITh IPUMEHEHO.
IIpaBas yacTb npaBuna B 3afaeT IEUCTBUS, ONPEIEIAIOIINE COOTBETCTBYIO-
M IIar pemieHus 3aJadd WIA CII0cO0 M3MEHEHHWS COCTOSHHS MOMIEIH.
YcnoBus U JSHCTBUS MPEACTABITIOT COOON BRIPaKEHISI HAJ ITEPEMEHHBIMH,
3alaHHBIMH B MH()OPMAIMOHHO-TPaPHUCCKON MOJCITH, 100 (HYHKIIUHU, H3-
MEHSIOIINE COCTOSTHUE MOJICIIH.

s popmupoBaHus 6a3sl paBMII pa3padoTaH PeJaKTop, IPUMEP €ro
paboThI MoKa3aH Ha pucyHke 5. Co3maHbl cIoBaph (HAKTOBBIX MEPEMEHHBIX U
CIIPAaBOYHUK MX BO3MOXHBIX 3HaueHWil. J(Mana3oHbl 3HAUEHUN MEepEMEHHBIX
3aJ1al0TCs B COOTBETCTBUU CO CICIU(PHKAIIUCH 000pYyI0BaHHS, OTIPEICIICHHON
B TEXHUUYECKOW JTOKyMeHTauuu. CloBapb MOXET pacIIUpATHCS IMOJb30BaTe-
nem. [Tpu Momdukanuy 6a3bl 3HAHUH BEIOMPAIOTCS IEPEMEHHBIC U3 CIIOBaps,
U BBINOJIHAETCS KOHTPOJb JOMYCTUMBIX 3HaueHuil. Mcnonb3oBaHue Takoro
TOIX0/Ta TTO3BOIIET M30€KaTh OMIIOOK CHHTAKCHCA U CTPYKTYPHI TIPABHIL.

[IpaBuia ONHUCHIBAIOT Pa3TMYHBIC BAPUAHTHI B3aNMOICHCTBUS DJIEMEH-
TOB TpaUIecKoil MOJETH [T IMUTAINH [TOBEACHUS pealbHOr0 000pyI0Ba-
Hus. [ anpo®armuy mporpaMMHBIX HHCTPYMEHTOB pa3paboTaHbl nHpopMa-
OUOHHO-Tpaduyeckas MOJeNh U 0a3a 3HAHUA Ha OCHOBE TEXHUYECKOH JOKY-
MEHTallMl Ha OOpPTOBYIO ammaparypy KOMaHIHO-U3MEPUTEILHOM CUCTEMBI
KOCMHUYECKOro ammapara. MHpopMarimoHHo-rpaduueckas MOIEIb BKIIOYAET
KOMaH}IHO-HBMCpI/ITCHBHy}O CI/ICTeMy u I/IMI/ITaTOpBI Opr)KeHI/IH: HA3€MHOTI'O U
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0OpTOBOr0 KOMILIEKCOB yIpaBiieHus1. ba3a cofepxut npaBuiia GyHKIHOHUPO-
BaHUsI OOPTOBOI armapaTypbl, B3aUMOACHCTBHSI C CONMPSIKEHHBIMH YCTPOii-
CTBaMH U MOAJEPKKU BHELIHETO KOMAHHO-IIPOrPAMMHOI0O YIIPABIICHMUS.

#% Pegaxtop npaswuna - B X

HazeaHwe npaenna:

Mpasuno N21

Ecnn

i Bxopg CocroaHwe -_— H AKTHEHBIIA

(X) ®Popmmpyerca TM - Her 0

L+

To @ Taiimep dpopmuposanna TM  Crapr

(x) ®opmmpyerca TM —3 Oa H 0

o @ Boixog

@ Tarimep dopmuposanna TM

(x'} ®opmmpyerca TM

Ok Otmena

Puc. 5. Penakrop 6a3sl mpaBui

baza 3HaHMIT HCTIONB3YET CTPYKTYPHI KOMAH/ M TEJIEMETPUIECKOH NH-
(opmManmm, pean3oBaHHBIC B pealIbHOM 000opynoBaHuu. PazpaboTka moxenu
ObLIa BBINOJIHEHA JI0 MTOCTYIUIEHHS OT NTPOU3BOUTENSI TOTOBOTO 000pYI0Ba-
Hua. [IpoBeaeHWE WMHUTAIMOHHBIX SKCIEPHMEHTOB IIO3BOJIMIIO HATJISAHO
MIPEACTAaBUTh METOABI (PYHKIMOHUPOBAHMA OOPTOBOM ammaparypsl, pa3pado-
TaTh CTPYKTYPHI AAHHBIX M TOJTOTOBUTH MPOTPaMMBI HCTIbITaHuH. Co3aHHbIe
B UMUTAI[MOHHOI MOJIeIM 6a3a KOMaH]I M CTPYKTYpa TeIEMETPHUYECKOTo Kaipa
MIPUMEHSJINCh B JAIbHEHIIEM IPH HCIBITAHHAX KOMaHIHO-U3MEPUTEILHON
cucteMbl. Kpome Toro, Mozenu OKpy>KeHUs] KOMaHAHO-U3MEPUTEIBHON CH-
CTEMBI JIETJIU B OCHOBY IOCTPOEHMS NPOTPAMMHBIX HUMHUTATOPOB, MIPEIHA3HA-
YeHHBIX JUIA MPOBEACHHS aBTOHOMHBIX HCHbITaHUN. basza 3HaHuUM nopalaThI-
BaJlach B IpolLiecce IPOBEICHHUS HCIBITaHWII OOPTOBOW ammaparypbl Ko-
MaHIHO-M3MepHTeNbHOI cucteMsbl. [locTpoenue 6a3bl 3HaHUI Ha OCHOBE TEX-
HUYECKOH JIOKyMEHTAllMM U JlalIbHeHIIas ee 10padoTKa 1o pe3yJibTaTaM Mpo-
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BEJICHHBIX UCITBITAHUI OOPTOBOIA amnaparypbl O3BOJIMIIH BBISIBUTH OCOOEHHO-
CTH peayiu3aiiii 000pyI0BaHMs, HE yKa3aHHbBIC MPOU3BOAUTEIICM B CHECIIU(H-
KalUy U JPYTuX JOKyMEHTaXx.

ba3a 3HanuMit IMeeT MOYIBbHYIO peanu3aiyo. B kaxxaom Moayie npes-
CTaBJICHBI TIPaBUJIA, OTHOCSIIIMECS K OJJTHOMY JIEMEHTY rpaduueckoi MoJey,
TIpe/IcTaBIsIoNnEMy OopToBOE 000pynoBanue. Takoi mo1xo ] 00yCIOBIIEH 110-
BE/ICHHEM MOJICTIMPYEMBIX CHCTEM, (DYHKIMOHHPOBAHHE KOTOPBIX OIpeIeNs-
ercsi COOCTBEHHOH JIOTHKOW. BiusiHIE CONpspKeHHBIX YCTPOHCTB BO3MOXKHO
TOJIBKO Ha YPOBHE IaHHBIX, CHTHAJIOB, IMITYJIbCOB MJIM U3MEHEHHUI APYTHX Ma-
paMeTpoB, MOCTYIAIOMINX HA BXOMHBIE HHTepQelcsl. Momymu 6a3bl 3HAHUHA
coziep kKaT MpaBiiIa O0IIero Ha3HAYEHHs, IPaBMIIa BBIIAYM KOMaHAHON U KO-
MaHIHO-TIPOrPaMMHOM MH(GOPMALUK HA CHCTEMBI KOCMHYECKOTO ammapara,
(dopMHpOBaHKS 3alPOCOB TEIEMETPUUECKOH HH(OPMAIMY, YNPAaBICHHUS H
KOHTPOJISI COCTOSIHUSI OOPTOBOIL anmnapaTypsl, 331aHUsI PEXKUMOB U HHTEp(dei-
COB nepcaavn JaHHbIX W IP. HonaepmnBaeMaﬂ MOJYJBbHOCTD IO3BOJIACT N0~
6aBJ’I§ITL, YAQIATD WK MOZ[I/I(I)I/IIJ,I/IpOBaTI) OTJACJIbHBIC TpaBUjia 663 HU3MCHCHUA
JIOTUKM paboThl HE3aBHCHMBIX 3JIEMEHTOB Mozenu. IIpu moctpoeHnu 0asbl
3HaHUH CYIIECTBEHHYIO POJIb B JOCTIKEHHU €€ KOPPEKTHOCTH 00ecTieunBaeT
TecHasi HHTErpays ¢ rpaduueckuM Npe/ICTaBICHHEM ITpoLiecca MOICITUPOBa-
Hus. [IpoBenieHne IMUTAIMOHHBIX SKCIIEPUMEHTOB C BU3yallM3allieil Ha rpa-
(ruecKoi MOZIEIH 1 COTIOCTABJICHUE PE3YJIbTATOB MOJEIHPOBAHHMS C TEXHIYE-
CKMMH JIOKYMEHTaMH I103BOJIMJIM KOHCTPYKTOPY OLIEHHTb HOJHOTY M HEIpo-
TUBOPEUYHUBOCTH 0a3bl 3HAHMHA. B TekyIel peanmm3ayy JONOMHUTEIEHBIE Me-
TOBI Bepu(UKaIy 0a3bl 3HAHUI HE TIPEAYCMOTPEHBL.

Jln1s HarmsaAHOCTH BOCTIPHUATHSA Oa3bl 3HAHUH CIICIIMAIMCTOM ITPEAMET-
HOM 00J1aCTH CO3/1aHHbIC TIPaBHUJIa HHTEPIPETUPYIOTCS] B KOHCTPYKIUH, ITPHU-
OJMKEHHBIE K €CTECTBEHHO S3BIKOBBIM. HpI/IMCpI:.I IpaBuJI IIpuema, mnepe-
JlauM, OTPabOTKH KOMaH]I, TIOCTYMAIOIINX OT HA3EMHOTO KOMILIEKCa YIpaB-
JIeHus], B OOPTOBBIE CHCTEMbI IPUBEJICHBI Jajee:

Ilpasuno 1:
Ecau unrepdeiic «Bxom» npunsn «Komanmay»
M tun xomanae!l = «Komanga MU K Cy»
U 3nayenune komauasl = «Bximounts [TIPM»y
To BbIIaTh UMITYJIBC Ha BXOA «YrpasneHue [IPM»
Ilpasuno 2:
Ecau unrepdeiic «Bxomy» npunsii «Komanay»
M 3nauenue koManasl = «PecrapT»
To xommnekt MU KMC = OcHoBHO#
M Ckopoctb popmupoanus TMU = 1000 6ut/c
Ilpasuno 3:
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Ecan taiimep «@opmupoBanne TMIN» B cOCTOSIHUN « AKTUBHBIN
To nepenats maccuB naHHbIX « TMU» Ha Bxoa «BY BKY»

B nprBesieHHBIX NpUMepax MPaBUI HCIOJNB3YIOTCS CIeAyroLre 000-
3Hauenust: bBY BKY — 6oproBoii kommurekc ynpasnenus, MU KUC — unTep-
(elicHbIN MOYJIb KOMaH/IHO-U3MEPUTENBHOI crcTembl, [IPM — npuemo-ne-
penatomiee ycrpoiictBo, TMU — tenemerpuueckas uHpopmanus, Ko-
MaHJ]a — MacCUB OalT 3aJaHHOM CTPYKTYPBI, OIPE IS0 paAHOKOMAaHIY
B COOTBETCTBHH C TEXHUUECKHM 33/IaHNEM Ha O0pTOBOE 000py10BaHHE.

[ToMumo MopenupoBaHUsI OINMpPEACIICHHBIX JIEUCTBUM, CBA3aHHBIX C
MIPOXOXKJIEHUEM KOMAaHJ[, MpaBHUia MO3BOJIIOT UMHUTUPOBATh PEAKIIMU CH-
CTEMBI Ha YCJIOBUS (DYyHKIIMOHUPOBAHUS U BBINOJIHATH KOHTPOJIb 3HAYCHUH
napaMeTpoB. [IpuMeps! npaBuil, OMUCHIBAIOIIUX PEAKIMM KOMaHIHO-U3Me-
PUTEIBHON CHCTEMBI HA H3MEHEHH apaMeTpoB «HamnpsiokeHue nutanus» U
«MaxkcuMaIbHbIH TOK TTIOTPEeOJICHHSD) IPUBEICHBI Aajee:

Ilpasuno 4:

Ecau Hanpsoxenne nuranus <21 B

To ITutanue = Boixi

Ilpasuno 5:

Ecau MakcumanbHblil TOk orpedienus > 0,3 A

To Cepaucnoe coobmenne = «Henomyctumoe 3HaueHHE)

3HayeHUs TapaMeTPOB MOTYT MEHSTBCS B MPOLECCE MOJCIHPOBAHMSI.
Takue npaBuIa MO3BOJITIOT MOJEINPOBATh HEIUTATHBIE CUTYAIlMH U MPEIHA-
3HAYEHBI /I aHAIN3a ACHCTBUH peabHOTo0 000PYyJOBaHUS P UCTIBITAHHSX.
Baza 3nanuii npencrapnser co0oil xpaHmwnine GyHKIIHOHATIBHBIX H TEXHOJIO-
TMYECKHX TPOLIECCOB, IMTO3BOJISIONINX HE TOJIBKO HAOMIOAATh, HO M YIIPABISTH
JorndecKuM BbIBOOM. CrieHapuy (DyHKIIMOHUPOBAHUS MOJENEH, BO3MYIIAIO-
11e BO3/ICHCTBHUS BHEIIHEH Cpe/ibl Ha dJIEMEHTHI OOPTOBOM armaparypsl, Bbl-
3pIBafoIHe cOon paboThl 000PYIOBAHUS, OIIHOKH, CBSI3aHHBIE C TIOTEPSIMU Ha
JTMHUAX CBS3HU, 33J]AI0TCS TIpaBuiiaMu B 6a3e 3HaHui. OIHAKO Takoii crmocod He
YHUBEpCAJICH, TTOCKOJIBbKY BIHMSHHME PaclpOCTpaHseTCs Ha BCIO MOJENb U HE
MOXKET U3MCHATHCA B ITPOLECCE MPOBCACHNUA UMUTAITUOHHBIX SKCIICPUMEHTOB.
Janns1ii Borpoc OyeT mpopadaThIBaThCs B AAIBHEHIIIEM.

Ha pucynke 6 mokasas nprMep OIHCaHUs MOJIEIIH, KOTOpas peai30BaHa
CpeCTBaMH1 MHTEJUIEKTYIEHOT0 MOJIENMpoBaHust. MoJiesb iMeeT rpaduieckoe
npe/cTaBlieHe, Habop MapamMeTpoB, 0asy MPaBUI U TalMeEpbl, YIIPaBJISIOIINE
JIOTMYECKNM BBIBOJIOM HJIM BBI3BIBAIOIINE JICHCTBHS 10 N3MEHEHUIO COCTOSTHUS
Mojenu. V3 peanmzaiiuii OTIENbHBIX MOJIENEH 000pyI0BaHHS CTPOUTCS KOM-
uieKcHasi Mojienb. COCTOsIHME KaXK/IOH MOJIEN NPECTABIIETCs] KaK COBOKYTI-
HOCTb IapaMeTpoB, 3HAYCHUI TaliMepoB, (hJaKTOBBIX MEPEMEHHBIX, JaHHbIX Ha
BXOJaX KOMMYTAIIMOHHBIX HHTEP(EHCOB.
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TPAOUYECKAA MOLJENb

{C:)}l MU KU C

PEN. ] KY1
PEN.) Ky2
ot NPM
Q Ha npp, Q
¢ (232 ) Ha BY BKY &

NMPABUJIA ®YHKLUNOHUPOBAHUNA

Ecan uHTepdeic Bxos 1 HaxoaWUTCA B COCTOAHUU AKTUBEH

3anycTuTb Tauimep TavimepOxuganuaTenemeTpun

Ecan tanimep TaimepOxugaHmaTenemeTpum HaxoanTCAa

B COCTOAHUU AKTUBEH

W 3HAYeHWe NoruyeckKon I'IepEMEHHDﬁ 3aHAT paBHO JIOXb

YCTaHOBUTb 3Ha4YeHUe Nornyeckom I'IEpEMEHHDﬁ 3aHAT

(232 ) o1 BY BKY
B cocToAHMe UcTuHa
Q (MMN.) Ha BY BKY @
é .y TNMABHAA UH®OPMALUUA
Ha BLBK .
CsoiicTBa 3HavyeHue
Ot BLUBK Nma MU KMC
+ X fpynna [MU Kuncj
S —
U3obpaxeHue Boibepute nyThb...
MAPAMETPbI MakeTbl AaHHbIX TenemeTpua Kagpa; PagnoKkomaHAbl;
Komanpgal O»(M,anmm PaanokomaHzab KUC
CnucokKomaHpa OTKpbITH m OnucaHue

Puc. 6. [Ipumep norudeckoit MogeN KOMaHIHO-U3MEPUTEIHHON CHCTEMBI

JIJI1 IMATAIIMOHHOTO MOJISIMPOBAHISI PEaTH30BaH KIIAaCCHICCKHN al-
TOPUTM JIOTHYECKOTO BBIBOJIA, TOTIOJIHCHHBIH BO3MOYKHOCTBIO BBITOJHEHUS
TIpaBHII Mo TaiMepaM. [IpuMeHeHne TaliMepoB O3BOJISIET IMUTHPOBATH BpE-
MEHHbBIE XapaKTepUCTHUKH paboThl 000pyAOBaHUs, HanpuMep, GOopMUPOBa-
HUE U Tiepeaady TeJIeMeTpUIeCcKOl HHPOPMALIUH C IEPUOTUIHOCTEIO, 3aJaH-
HOM B TEXHMYECKOHN JOKyMeHTauuu. Ha kaxxJioM 1iare MoJenupoBaHus Bbl-
OmparoTcs IECTBUS, ONpeAenseMble Ha0OpPOM IPOIYKIIMOHHBIX MPaBHII,
NPUMEHUMBIX K TEKYIIEMY COCTOSIHUIO MOJIENH. Brinonnenue neicTBuil us-
MEHSIET COCTOSIHUEC MOJICIIA B 3aBUCUMOCTH OT MPHUHSATHIX MMAKETOB JaHHBIX,
AKTUBU3UPYET TalfMePhI HITH BRI3BIBACT MPOIIECC ITepeIavn TAaKEeTOB Yepes 3a-
JTAaHHBIA B MOJICITH HHTEp(dEFiC.

AJNTOPUTM JIOTHYECKOTO BHIBOZA MMOKa3aH HAa PUCYHKE 7. AJTOPUTM
HCIOJB3YETCsl MPH MMUTAIMOHHOM MOJICIUPOBAHUH (DYHKIIMOHHUPOBAHUS
OOpTOBBIX cuCTEeM. Peanm3anus JIOrTH4ecKoro BEIBO/IA BEITIOIHEHA HA OCHOBE
areHTHOT'O MOJIX0/1a, T/Ie KAXK/IbI areHT OTBeYaeT 3a (PYHKIIMOHHUPOBAHUE OT-
JETFHOW MOJIENN, BBITIONHSISI MPSIMYIO IETIOYKY BBIBOAA Ha OCHOBE Habopa
MPOAYKIIMOHHBIX ITPABHJL.

B MOMEHT crapra MMHTAIIMOHHOTO MOJEIHMPOBAHMS IIPOTPAMMHOE
obecrieueHrne cOOMpacT TaHHbBIC O COCTOSIHUM MOJIEJICH U 3aIlyCKaeT TaiiMephl.
[IpaBuna pa3duTH Ha MOAYIIH, OTMCHIBAIOIIIE OTACIBHBIE OOPTOBBIE YCTPOIi-
ctBa. JIs yrpaBieHus CBSI3sIMUA MEXy HUMH IMOCTPOCHA Ta0JMIa KOMMYyTa-
mun. OHa conepxut nHpopMarmo 00 uHTepdeiicax Mojenel u crmocodax ux
COeJIMHEeHUsI JUIs o0ecieyeH s MHPOPMAIOHHOTO B3anmoeicTBus. [locTym-
JICHUE Ha BXOJHOU HHTEepdEHC KakoW-HUOYIb U3 MOJICIICH TaHHBIX, PEICTaB-
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JISIFOLIMX PaJOKOMAaH]IBI MITH KOMaH/IHO-IIPOrPAMMHYI0 HH()OPMAIHIO, BBI3bI-
BaeT M3MEHEHUE COCTOSTHMS Mojiesiel. J{ist KaXk1oi MoJienn H3MEHEHHUE €€ CO-
CTOSIHHSI 3aITyCKAeT MPOrPAMMHOTO areHTa, KOTOPBIi BBIIOIHSIET COMOCTaBIIe-
HUe ¢ 0a30il 3HaHWIT HAOOpa (PAKTOBBIX MEPEMEHHBIX, UMCIONINX 3HAUCHUS
OIpe/ieNICHHbIC JUTs JTAHHOTO COCTOSIHUSI MOZIeNu. B pesyibrare conocrasie-
HUS BBIOMPAIOTCS MpaBWiia, IPUMEHUMBIEC K TEKYIIEMY COCTOSHHIO MOJIEIIH,
¢dopmupyetcs koHGMKTHBIH Ha00p (KH). BeimonaeHwe BEIOpaHHBIX MPaBUIT
M3MEHSET COCTOsIHUE Mozenu. B citydae, eciu B onpe/iesieHHbI MOMEHT Bpe-
MeHH B 0a3e 3HaHWH HE HAXOIUTCSI IPaBWJI, IPUMEHNMBIX K TEKYIIEMY COCTO-
SIHHIO MOJIEITH, JIOTHYECKUIA BBIBOJ] OCTAHABIIMBAETCS, IPOTPAMMHBIH areHT Iie-
PEXO/UT B PEXKUM OXKHIAHHUS.

M3menenune cocTos IS
MOZEIN

S;— Tekylee COCTOSIHUE MOJENU
P- nipaBuiia 6a3bl 3HAHHIA,
Tn — Bpems, T - Talimepsl

v

Bri6op npruMeHIMBIX
npasui — KH:
P.eP, r=1, ..., Nku,
Nkn — xon-o npasun B KH

v

uxn KH
r=1, ..., Nku
v

Bremonuuts P,

Ja
P, conepxur T, € T Tn=Tn+T,
Her !
Jla Tn=Tn+
P, BBIIOIHUTD Niepenady +T (Bpems nepeziaun)

K Hwuxn KH |<

v

Puc. 7. Anroput™ JIOrHYECKOro BhIBOJA
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,ZIJ'[H BU3yaJIU3allul MUMUTAIITMOHHOT'O MOJCIUPOBAHUA IIPUMCHACTCA
rpaduueckas Mozielib, HA KOTOPOW OTPa)KaroTCsl K3MEHEHHUE COCTOSHUS U aK-
THUBHOCTH 3JIEMEHTOB MOJIENH, a Takke (JOPMUPOBAHUE U Teperada MaKeToB
JIAHHBIX Yepe3 KOMMYyTalMoHHbIe HHTepdeiicel. Co3naHHbIe MOJIENH TIpeaHa-
3HAYEHBI JUIS MCCIIEOBaHUS OCOOEHHOCTEH (PyHKIIMOHMPOBAHUS OOPTOBBIX
cucteM. Jyist yiydiieHust BOCTIPUSTHS KOHCTPYKTOPOM TIPOIIEcca MOZIEINpO-
BaHMS BBEAEH KO(PQPUIMEHT 3aMeUIeHHs1 paboThl MOJENH, YTO IO3BOJISIET
Ha0JII01aTh OTHOBPEMEHHOE BBINOJTHEHNE HECKOIBKUX ITPOLIECCOB.

Ecnu nocTpoeHre NMUTaIIMOHHBIX MOJENEH BBIIIOTHACTCS B COOTBET-
CTBHH C TEXHHMYECKOH TOKyYMEHTallMeH Ha ke CO3IaHHOE 000pyI0BaHUE, TO
TaKas MOJENb SIBISETCS OCHOBOM Ul IMPOBEINEHH €T0 UCIBITaHuil. B aToM
Cllyyae XapaKTepUCTHKH 3JIEMEHTOB MOAEIH NpEeJHA3HAUYEHBI IS OLICHKU
napamMeTpoB (pyHKIMOHUPOBAaHHUS OOOPYZOBaHUS, KOHTPOJIS DPE3yJbTaTOB
UCIIBITAaHUI Ha OCHOBE ATAJIOHHBIX KPUTEPUEB, POPMHUPOBAHHUS peaKklnii Npu
BBIXO/IC 3a TPAHUYHBIC YCIOBHS, a TAK)KE (POPMHUPOBAHUS PEKOMEH AN 110
JeTAIN3aIMH MIPOLIecca UCTIBITAaHUH.

[IpencraBneHHbIi cIOCO0O 3a/laHNsT METOIOB MOJICIIMPOBAHUS B BUJIE
MIPaBWJI HATJBIJICH M TOHSTEH CHEeNUaICTy IpeaMeTHoi oomactu. UHCTpy-
MEHTBI MHTEIJIEKTYaJIbHOTO MOJEIMPOBAHUS Hapsly ¢ rpaguyecKuMH WH-
CTPYMEHTaMn 00ECHEeUYNBAIOT BBICOKHI ypOBEHb NMPOOIEMHON OpHUEHTAINU
MHPACTPYKTYpbl UMHTAIMOHHOTO MoOeiupoBaHus. OHN TO3BOJISIOT KOH-
CTPYKTOPY OIEPHPOBATh MPUBBIYHBIMH CEMAHTUYECKUMU KOHCTPYKIHSIMU
JUISL TIOCTPOCHNMS Mozenel (yHKIIMOHNPOBAaHUSI OOPTOBOH ammapaTypsl KOC-
mugeckux cuctem [12]. IlpeacraBneHHBIE TPOTpPaMMHBIE HHCTPYMEHTHI
anpoOUPOBaHbI IPU KOHCTPYUPOBAHMH KOMaHIHO-U3MEPUTEILHOH CHCTEMBI
Ha TIPeIPUSITHA-U3TOTOBUTENE CITyTHUKOBBIX cucteM [13].

5. MHCTpYMEHTHI HHTErPAIlMM UMHTAIMOHHBIX Mojeseil Ha oc-
HoBe cTangapta SMP2. Peanuzanus QyHKUMI OTHENBHBIX 2JIEMEHTOB MO-
JIeTI MOXKET BBITIOJIHATBCS B BHJE npasui (condition-action rules), Bupry-
JIBHBIX PUOOPOB, CO31aHHBIX B cpene Labview, mim noakito4aeMbIX Ipo-
rpamm Ha C++. Ecnm juist MojenupoBaHusi OOPTOBOTO yCTPOWCTBA Cylie-
CTBEHHOE 3HAUYEHHE MMEET ero MporpaMMHasi peanu3alys, TpedyeTcs Imo-
JIepKKa JIOTIOJIHUTEIIBHBIX CIIOCO00B MpeJicTaBieHus mozeel. s mocrpo-
€HHSI KOMIUIEKCHBIX PEIICHUH 1 00eCTIeYeHNs COBMECTHOTO MCIOIB30BaHUS
pa3NMyYHBIX peanu3anuii Mojened pa3paboTaHBl HPOrpaMMHBIE HHCTPY-
MEHTBI HHTET PALIH.

CymiecTByeT IEbIH psifi MEKAyHAPOAHBIX CTaHAAPTOB, OMPEIEISIO-
IYX MPaBHiIa HOCTPOEHHS CHCTEM HIMHUTalMOHHOTO MOZICTMPOBAHMSI, KOTOPbIE
00€eCIeunBalOT PeaT3aLMI0 TEXHOJIOT Uil TOBTOPHOTO UCIIOIBb30BaHHS HMHTA-
IHOHHBIX Mojenei. B padote [14] nmpoBeneH 0030p HEKOTOPBIX CTAHAAPTOB,
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NO/ZIepXKHUBAIONIMX JaHHyto TexHonoruto. Crannmapt «High Level Architec-
ture» (HLA) (IEEE 1516) onpenensier apXuTeKTypy pacrpeeIeHHbIX CHCTEM
HMMHTALMOHHOTO MojienpoBanys. [lepBoHadaibHO OH pa3pabarbiBasCcst is
motpeOHoCTel BOoeHHOU oTpaciu. Ero paspabotunk — Department of De-
fense, Defense Modeling and Simulation Office. Eme oqun cranpapt, npenHa-
3HAYCHHBIA I BOCHHBIX Ienei, — «Distributed Interactive Simulation»
(DIS) (IEEE 1278). DIS — 3T0 OTKPBITBI} CTaHAAPT VISl COTIPOBOKACHHS B3a-
HMMOJICHCTBHS MOJIETIeH peabHOrO0 BPEMEHH Ha PaCIIpE/ICNICHHBIX CHCTEMaX.
YausepcansHbiil crannapt «The Foundation for Intelligent Physical Agents»
TIpeIHAa3HA4YEH JUIS ar€HTHOTO MOJCTHPOBAHHUSL.

B xocmuueckoit orpacin 6a30BBIM TEXHOJOTHYECKHM CTaHIApTOM,
OTIPEICTISIIOLINM TIPABUIIA TIOCTPOSHUSI CUCTEM MMHUTAIIMOHHOTO MOJEIHPO-
BaHMA, SBISIETCS CTaHZApT EBpomeiickoro KOCMHYECKOro areHTCTBa
«Simulation Model Portability» (texymuas penaxuus SMP2) [6]. IIporpamm-
HYIO Cpely, peanusyriyr ctanaapt SMP2, HassiBatoT HHPACTPYKTYpOl
UMHUTAIMOHHOTO MozenupoBanus (Simulation Infrastructure) [15]. B pa-
6ote [16] oTmedaercs, uTo craHAapThl EBporeiickoro KOCMHYECKOro
areHTcTBa 00ECIIeYnBalOT HOPMATHBHYIO OCHOBY, ONPEACISIONIYI0 HH(OP-
MAalMOHHBIE BJIEMEHTH M TIPOrpaMMHBIE KOMIIOHEHTHI, KOTOpbIE HE00Xo-
JMO c(OPMHUPOBATH IS TIOCTPOEHUSI COOCTBEHHOW MH(PACTPYKTYPHI NMH-
TaIlMOHHOTO MOJICITUPOBAHMS.

Cranpapt SMP2 Hamen mmpokoe npumeHenue. Ha ero ocHose moctpo-
eHbl Takue HMHpPAcTpyKTyphl, Kak SimSAT EBpomeiickoro KOCMHYECKOro
arenrctsa [17], SImMTG — Astrium Satellites [ 18], cumymsTop meHTpa yrpasie-
HUA 1ojieTaMu Ha ocHoBe SWARMSIM [7], mporpamMmmHoe 00eCreueHHe FKHO-
KOPEHCKOT0 HHCTUTYTa a9POKOCMHYECKHUX pa3paboTok [19] u ap. Hecmotps Ha
00wl MoaXo, BOMPOCH! MOCTPOEHUSI MOJENIEH B Ka)KIOM U3 NPUBEACHHBIX
NPUMEPOB PEIIAIOTCsl OPUTMHAIBHBIMA MeTOJaMH. JINOO MMUTAIMOHHBIE MO-
JIEJU CTPOSITCSL B CUCTEMaxX MOJEIUPOBAHMS, HE TO/ICPKUBAIONINX CTaHIAPT,
3aTeM HCIOJIb3YIOTCS MHCTPYMEHThI MHTerpauun ¢ SMP cucremamu, Takwue,
Harnpumep, kak nporpammHsiil koMmruiekc MOSAIC, BbImonHstomuii aBToMaTu-
yeckyro nepenady moaeneit MATLAB/Simulink 8 SMP2-crangapt [20].

Cpenu paboT, HCIOIB3YIOMNX HHPPACTPYKTYPY HMUTAIIHOHHOT'O MO-
JIEMMpOBaHUA Ha OCHOBE craHmapTa SMP2, CTOMT OTMETHTH KPYITHBIN
HaygHO-Hccaenoarenbeknit mpoekt MERLIN [21]. TIpoekt HampaBiieH Ha
pa3paboTKy CITyTHHKOB JUCTAHIMOHHOTO 30HAMPOBAHUS IJISI MOHUTOPHHTA
MIApPHUKOBOTO Ta3a. OTo (paHKO-TepMAHCKUH MTPOEKT MapTHEPCTBA, «COCTO-
amero u3 000poHs! 1 kocMocay: Airbus, CNES u Thales Alenia Space. I[Ipu-
MeHeHre SMP2 103BONMIIO BBINOIHUTH CTAHJAPTHU3ALHMIO BCEX KOMIIOHEH-
TOB TPOCTPAHCTBEHHOM CHUCTEMBI, ClIeJIaTh X Oosiee Ha/Ie)KHBIMH, CHU3UTh
3aTpaThl U ONTHMHU3UPOBATh Tpaduk pa3pabOTKU. YHUKAILHOCTH IPOEKTA
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MERLIN 3akiio4yaercsi B MHTETpallii HMHTAIIMOHHBIX MOJIEJICH, pa3padarsi-
BaeMbIX HCCIICA0BATEISIMH Ha YeThIpeX pasinuHbix SMP2 matdgopmax nmu-
TAllMOHHOTO MOAEIHUPOBaHUs. [10J0KHUTENBHBIA ONBIT ATUX HCCIEIOBaHUN
MTOKa3bIBAET aKTyaJbHOCTh M 3(PPEKTUBHOCTH MOCTPOSHHUS UMHUTAIMOHHBIX
Mojienel Ha OCHOBe cTraHaapta SMP2.

B Poccun uccrienoBanus o MOACIUPOBAHUIO CIOKHBIX TEXHUYECKHX
KOMIIJIEKCOB M CHCTEM IIPOBOZSATCS B Pa3IMYHBIX NMPHUKIAJHBIX Harpasie-
HUSX, B TOM YHCIIE B 00JIaCTH KOCMITYECKOro npubopoctpoerus [22, 23]. B
paboTax pOCCHICKMX HMCCIIENOBaTENeH Uil MOAEIHPOBAHUS CIOXKHBIX TEX-
HUYECKHX KOMIUIEKCOB B OCHOBHOM HCIOJIB3YIOTCSI CHCTEMBI aHAIHUTHYE-
CKOTO M HMHUTAIIMOHHOTO MOJETHpOBaHUsA, Takue Kak AnyLogic [24],
MATLAB, Arena, GPSS, Extend, iThink Analyst, Process Model,
MvStudium u apyrue [25, 26], mub0 co31at0TCsi COOCTBEHHBIE HHCTPYMEHTHI
[27, 28]. BcecTopoHHME HCCIeI0OBaHNS, HANIPaBJICHHBIE HA CO3/1aHUE OTeue-
CTBEHHBIX IPOrPaMMHBIX MPOIYKTOB, MOAJIEPKUBAIOIIMX TEXHOJIOTHIO MO-
BTOPHOTO HWCIIOJIb30BaHMs, HEOOXOIUMBI JUIS MOJICPKKH UMIIOPTOHE3aBHU-
CHMOCTH POCCHHCKHMX KOCMHUYECKHX pa3paboTOK.

[IpencraBneHHbI B HACTOSIIEH pabOTe HHCTPYMEHTAIBHBIA KOMIUIEKC
MMHTAIMOHHOTO MOJICITMPOBAHMS TpeIHa3Ha4YeH JUIsl TIOCTPOCHUS MoJieTen
OopTOBOW ammaparypsl M MX anpoOanuy Ha HpeINpUsSTHH-U3TOTOBHUTEIIES
CITyTHHUKOBBIX CHCTEM. MoJiesTb KOMaHAHO-TIPOTPaMMHOT'O YIIpaBJIeHUs O0p-
TOBOH arnmaparypoil KOCMHYECKHX CHCTEM OOBEIMHSAET MOJEIH OTACIBHBIX
nofcucteM. IloydeHHast B pe3ysbTaTe MHTETPallil KOMIUIEKCHAS! MOJEIb
JOJDKHA 00ecTieunBaTh MCCIIE0BAHUE TTOBEJCHUS MOJCIHPYEMOTO OOBEKTa
B LICJIOM U BIIMSHHSI COCTAaBHBIX YacTeH JPYT Ha JIpyra, IPH 3TOM OHA J0JIKHA
OBITH JIETKO MOAUGUITPYEMa U pacIIupsieMa.

Jlnst uHTeTpanuy MozeNiel UX pa3iIMdHbIe pealu3allii NPUBOAATCA K
YHUQHUIIUPOBAHHOMY BHIIY, YTO TIO3BOJISIET IPUMEHSTH OIHH U T€ K€ TOIXO0/IbI
U NIPOrpaMMHbIE MHCTPYMEHTBI TIOJ'OTOBKU M BBIIOJIHEHHS UMUTAIIMOHHBIX
SKCIIEPUMEHTOB K Pa3JIMYHbIM peanusanusaM Mojenel. i Beex Monenei co-
371aeTcsl aBTOMAaTHYECKH WM 3arpyskaeTcs IpyU UMIIOPTE METaMOJIeyb, HallU-
caHHass Ha QopmanbHOM  s3pike  Simulation  Model  Definition
Language (SMDL) [29]. B cooTtBeTcTBHH co cranaaptoM SMP2 meramonens
COZIEPKUT CTPYKTYPHI KaTayiora, KOH(GUryparmu, cOOpPKH, IIaHUPOBIIHKA, a
TaKKe pPean3aliio METOI0B MOJEINPOBAHMS B BUie OMHApHBIX (aiinos. M-
CTPYMEHTHI HH(OPMAMOHHO-TPAapUIECKOTO MOAEIUPOBAHNS TTO3BOJISIOT J10-
TIOJHSTh MOZENN CTPYKTypaMH KOMaHJ M TEIEeMETPHH, ONPEIEIsITh HHTEp-
(elicel mpueMa-nepenayn JaHHBIX, a TAKKe 3a7aBaTh KOMMYTAllMOHHBIE CO-
€IMHEHNS] U HaIpaBJieHNs] THQOPMAIIMOHHOTO B3aUMOJICHCTBUSL.
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IIpuBeneHue pa3InyHbIX peau3aluii MOJENEH K €IMHBIM KOMIIOHEH-
Tam Mpo0IEeMHO-OPUEHTHPOBAHHOM CPEbl MOJIEIIMPOBAHHUS [TO3BOJISIET KOH-
CTPYKTOPY OOPTOBOI anmnaparypsl CTpOUTh IMUTALMOHHBIE MOJIENH, IPUMe-
Hss pa3lM4HbIe BapUaHTHI UX peanu3aiuil. BHe 3aBucumMocTtH oT TOro, pea-
JIM30BaHbI JM (QYHKIMK MOJICNIM Ha CHEUUAIM3HPOBAHHOM S3BIKE ITPOTPaM-
MUPOBaHMs, WX OMKMCaHbl B BUJE MPaBHI, [TOJIb30BATEIb MOKET ONEPHPO-
BaTh UMM OJIMHAKOBO. Pazmiums peanusanuii 1yist Hero OyayT BUIHBI TOJIBKO
B BHJE NUKTOIPaMM 3JIEMEHTOB Tpadudeckoil moxenn. CXxeMaTHdHO 3Ta
nzes MoKa3aHa Ha PACYHKE 8.

[paduueckasn mopenb
SMl Ko,qep @ Mop'y"“Top Vi n;lefﬁb;:l::o'gl:r:ih
Bxop Bxoa J Bbixop B
Bbixog Bbixog ' Bxoa

+ X + X
Peannsauna meTon0oB MojJeiMposBaHuA
#include <iostream> Mpasuno 1
#include <sctdlib> Ecnum  Ycnosue 1
using namespace std; " Ycnosue 2
int main() { " Ycnosue 3
count << "Do it!" To fevicteue 1
system("pause"); 7 fevicteue 2
return 0; }

Puc. 8. [IpeacraieHue 3J1eMEHTOB KOMIUIEKCHOM MOJIEIH

Tak, HarIpuMep, sl TOCTPOEHHST KOMIUIEKCHOM MOJENN KOMaHIHO-
MIPOTPaMMHOTO YIpaBIICHUSI OOPTOBOH ammapaTypoi TpeOyeTcsl BHIIIOIHUTh
peanmzaiuio Moienel 00pTOBBIX YCTPOUCTB, KOMaHTHO-H3MEPUTEIHHOI CH-
CTEMBI W TIpHEMO-TIepenaronero obopynosanus. Ilpeanonoxum, 9ro Me-
TOJAbI MOJCIIMPOBAHUA MMHUTATOpA 60pTOBI)IX yCTpOﬁCTB pcan30BaHbl Ha
C++, UMHUTaTOp KOMaHAHO-U3MEPUTEIHLHON CUCTEMBI BBIITOJIHEH Ha OCHOBE
0a3bl IPaBUJL, a JUI1 MOJETUPOBAHHS IPUEMO-TIEPEIAfOLIEro YCTPOHCTBA HC-
MOJIB3YIOTCS BUPTYyaJbHBIE NMPHOOPHI, peaian3oBaHHble B cpene LabVIEW.
[Mocne nHTETpaMy 3THX MOJIeNel B MH(PACTPYKTYPE MOJIb30BaTENb ONEpPH-
pyeT ux rpadUuecKuM IpeacTaBIeHHEM HEe3aBHCUMO OT crocoda peanusa-
mun. Cama peanu3aiys MoJesel CKphITa OT MoJIb30BaTesel ¥ Bce (HYHKIMN
10 BBITIOJIHEHUIO MOJENIed M MX B3aUMOJeicTBHIO Oeper Ha cebs mHppa-
CTPYKTYpa IMUTAIIIOHHOTO MOJEINPOBaHUs. BrInmonHenne moaenei nmpouc-
XOAWT C TIOMOIIBIO MEXaHMW3MOB cTaHgapra SMP2, cpeny HHX XpaHHUTENb
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Bpemernu (Time Keeper), mmanupoBumk (Scheduler), cucrema mormposa-
aus (Logger), meremkep cobertuit (Event Manager), peectp ccruok (Link
Registry), cucrema Bei3oBa Mmozeseit (Resolver).

s Bcex TuNOB Mojzesnell B MHQPACTPYKType MOJIEPIKUBACTCS CH-
cTeMa KaTaJloroB, KOTOpas INpeJCTaBJIsieT CO00i onmcaHue MpoCTpaHCTBA
HMMEH, THIOB JaHHBIX, CTPYKTYp, KinaccoB u nHTepdeiicoB. Kpome Toro, B
KaTaJjiore ONpeAessIFOTCS TUIIBI COOBITHH ST MEKMOIETBHOTO B3aUMOJICH-
cTBus. Ha OcHOBE pa3nuuHBIX 3K3EMIUIIPOB MOJIEIH BBIMOIHSIETCS COOpKa.
OT0 oaMH U3 aTpUOYTOB, ONMMCAHHBIX B CTAHAAPTE W MPEeIHA3HAYCHHBIX IS
3aMaHusg KOH(UTYpaIiy SK3eMIUIPOB Moneneld. X0 BHITIOTHEHUS AMHUTA-
IIMOHHBIX JKCIIEPUMEHTOB 3a7aeTcs B IuaHupoBiuke. s moneneir SMP2
oH ¢opmupyercs mo SMDL-ommcannio. {7t qpyrux THIIOB MOJAETEH, BKITIO-
4asi KOMIUIEKCHBIE, OH 3aJ]aeTCsl MHCTpyMEeHTaMHu HHppacTpyKTypsl. Ilnanu-
POBILIMK OIPEEISIET OCIeI0BATEILHOCTH BEI30BOB MO/JIEIICH U METOBI T1e-
pexojia MeXIy COCTOSIHUSIMM MMHUTAI[MIOHHOTO MOJICIIMPOBaHMs. YTpaBiie-
HHE XOJIOM MOJCIHMPOBAHMS B MpOLECCE MMUTALMOHHBIX 3KCIEPUMEHTOB
TaKXKe BXOIUT B (YHKIIUHU TUTAHUPOBINUKA. Pean3aiys MOIEIH 3aBUCUT OT
ee THTIA ¥ 33]JaeTCs B BUIC OMHAPHOTO KOJIa, PaBMiI 0a3bl 3HAHUH WiIH OnO-
JMOTEKH BUPTYaIbHBIX IPUOOPOB.

WHrerpanus MMUTAaMOHHBIX MOZENEN Ha OCHOBE cTaHaapTa SMP2 nos-
BOJIICT TONYYaTh pa3HOOOpa3HbIE M KAaYeCTBEHHBIC PEUICHUS, WUCIONB3YS
3HAHUS TPYIII HHKCHEPOB, HMEIOMIUX OOBIION OMBIT IPOCKTHPOBAHUS OOP-
ToBOH ammapatypsl. Co3nanue HHPPaCTPYKTyphl HMHTAIMOHHOTO MOJICITH-
poBaHHs Ha OCHOBe craHmapra SMP2 mms mpennpusTHA-IpON3BOIUTEICH
KOCMHYECKOT0 00OpYZOBAHHUS MO3BOJIUT POCCUHCKHM pa3pabdoTKaM JIerKo
HMHTETPUPOBATHCA B MEKAYHAPOIHBIC IPOCKTHI. ABTOPHI HAaICIOTCS, YTO pa-
OOTBI MO CO37[AHUI0 MHPPACTPYKTYPHl UIMUTAIMOHHOTO MOJEIHPOBAHUS Ha
ocHOBe cTarmapta SMP2 OyayT cmiocoOCTBOBATh Pa3BUTUIO TEXHOJIOTHI TIe-
PEHOCHMOCTH UMUTALMOHHBIX MOJIEJIEi B POCCUIICKOM Hay4YHOM CErMEHTE.

7. 3akmodenue. Pazpaboran HHCTPYMEHTAIBHBIH TPOrpaMMHBIH KOM-
TUIEKC JUIS TTOJ/IEP>KKM MMHUTAIIMOHHOTO MOJIEITMPOBAaHUs OOPTOBOI ammapa-
TYpbl KOCMUYECKHUX cucTeM. IIporpaMMHBIN KOMIUIEKC MO3BOJISIET CTPOHTD,
WCTIONHATH ¥ MHTETPUPOBATh MIMUTAIIMOHHBIE MOJIETTH OOPTOBBIX CHCTEM KOC-
MHYECKHX aIllapaTtoB. B 0CHOBY MOI0)keHa TEXHOIOTHS IOBTOPHOTO HUCIIONh-
30BaHUs, OTpECIICHHAs B MEXAyHApomHOM craHmapTe Simulation Model
Portability (SMP2). OpurunaibHblE CpencTBa HH()OPMAIMOHHO-Tpadude-
CKOTO W MHTEJUIEKTYaJIbHOTO MOJIEIUPOBAHUS 00€CIIeUNBAIOT HATJIAJHOCTD U
JOCTYITHOCTH Tporiecca GOpMHUPOBAHIS MOJIENIEH apXUTEKTYPbI i (VyHKIIMOHH-
poBaHHust OOpTOBBIX cucTeM. Pa3paboTaHHbIH MPOrpaMMHBINA KOMIUIEKC IT03BO-
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JISIeT KOHCTPYKTOpPaM He TOJILKO CTPOUTH COOCTBEHHBIE MOJIEIH, HO M 00beIH-
HSTbh UMHTATOPBI YCTPOHCTB Pa3HbIX MIPOM3BOAUTENCH, IPOBOIUTH UMHUTALIH-
OHHBIE SKCTIEPUMEHTBI AJIs IOJrOTOBKU M aHAIHM3a TEXHUUECKHUX ITPOEKTOB.

Takast uHTerpanus odecreunBaeT KOMIO3UIINIO MOZIENEH pa3HbIX IIPo-
M3BOAMTENEH 000pYOBaHMs B €IMHBIH MIMUTAIMOHHBIH KoMIutekc. Tak, npen-
CTaBJIEHHBIE HHCTPYMEHTBI TO3BOJIMIN HOCTPOUTH KOMILIEKCHYIO MIMUTAIOH-
HYIO MOZIENTb KOMaH/THO-IIPOIPAMMHOT'0 yIIpaBJieHHs OOPTOBOH ammaparypon
KOCMHMYECKOTO ammapara IyteM wuHTerpamun SMP monenelt G0pTOBBIX
YCTPOMCTB, MHTEIUIEKTYyaIbHOTO MMHTATOpa KOMAaHIHO-U3MEPHUTEIBHON CH-
CTEMBI U BUPTYaJIbHBIX TIPHOOPOB TS MOJIETMPOBAHIS IPHEMO-NIEPEAOIINX
ycTpoiicTB. [JlomyckaeTcsi HCIOIb30BaHUE HMUTATOPOB B COUETAHUH C Peallb-
HOM anmapaTypoi, HalpuMep, IIpYU NPOBEIAECHUM €€ UCIIBITAHUM.

[IpumeHeHne MHCTPYMEHTOB HMMHUTAIMIOHHOTO MOJICITHPOBAaHHS Ha
HPEINPUATUH-U3TOTOBUTENE CITyTHUKOBBIX CHCTEM IO3BOJIMT MOBBICUTH Ka-
4eCTBO U 00OCHOBAaHHOCTh KOHCTPYKTOPCKHX PEIICHHH Ha Pa3IM4HBIX dTa-
nax >KU3HEHHOTO LIMKJIA TIPOU3BOJICTBA KOCMUYECKOW TEXHUKHU M OyneT cro-
co0CTBOBaTh HAKOIUICHUIO M TIepejade 3HaHWH 00 ycTpoiicTBe OOpTOBOIA ar-
napatypsl. [IpeiosxeHHbIH mogxo/] 00eceynBaeT IKOHOMHYECKUE U TEXHO-
JIOTUYECKUE NMPEUMYILECTBA JJIs pa3BUTHUS HAYKOEMKOT0 IIPOU3BOJCTBA KOC-
MHYECKOH TEXHHKH.

Jlutepatypa

1. Liu Y., Zhang L., Zhang W., Hu X. An overview of simulation-oriented model reuse //
Theory, methodology, tools and applications for modeling and simulation of complex
systems. 2016. vol. 646. pp. 48-56.

2. Nozhenkova L., Isaeva O., Gruzenko E. Computer Simulation of Spacecraft Onboard
Equipment // ACSR-Advances in Computer Science Research. 2015. vol. 18.
pp- 943-945.

3. AnyLogic 7.2 Released — AnyLogic Simulation Software. URL: www.anylogic.com
(nata obpamenus: 02.06.2016).

4. Schmidt A., Durak U., Pawletta T. Model-based testing methodology using system en-

tity structures for Matlab/Simulink models // SIMULATION: Transactions of the soci-
ety for modeling and simulation international. 2016. vol. 92-8. pp. 729-746.

5. Bress T. Effective LabView Programming //NTS Press. 2013. 720 p.

6. Simulation modelling platform. ECSS E-40-07 // ESA Requirements and Standards Di-
vision ESTEC. The Netherlands. 2011. 49 p.

7. Fritzen P., Segneri D., Pignede M. SWARMSIM — The first fully SMP2 based Simula-

tor for ESOC // Proceedings of the 11th International Workshop on Simulation & EGSE

facilities for Space Programmes. ESTEC. 2010. 8 p.

Eickhoff'J. Simulating Spacecraft System // Springer. 2009. 353 p.

9. Nozhenkova L., Isaeva O., Gruzenko E., Markov A. Problem-oriented integration of
SMP-models in the simulation modeling infrastructure / Advances in Intelligent Sys-
tems Research. 2017. vol. 141. pp. 121-124.

10. Nozhenkova L.F., Isaeva O.S., Vogorovskiy R.V. Command and Software Control Sim-
ulation for Testing Spacecraft Onboard Equipment // International Conference on Ad-
vanced Manufacture Technology and Industrial Application. 2016. pp. 349-353.

*®

SPIIRAS Proceedings. 2018. Issue 1(56). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 163
www.proceedings.spiiras.nw.ru



13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

164

Schamai W., Fritzson P., Paredis C. Translation of UML State Machines to Modelica:
Handling Semantic Issues // Simulation. 2013. pp. 498-512.

Nozhenkova L.F. et al. Unified description of the onboard equipment model on the basis
of the «Simulation Model Portability» standard / Advances in Intelligent Systems Re-
search. 2016. vol. 133. pp. 481-484.

Hooicenrosa JI. . u op. KomiuiekcHast ojiepkka KOHCTPYUPOBaHUSL OOPTOBBIX CHCTEM
KOHTPOJIS ¥ YIIPaBJICHHs] KOCMHYECKHX AIIapaToB Ha OCHOBE MHTEIUICKTYaJIbHOM HMHUTA-
oHHOM Mozeru // Undopmarmonusie Texuonorun. 2015. Ne 9. C. 706-714.
Jlonamxun P.FO., [Tempog C.A., Henamenko C.H., Heawenko B.A. TlepcrieKTUBBI TIpH-
MEHEHHs] HMUTAILIMOHHOTO MOJIEIMPOBAHUS B 3a/ladaX aBTOMATU3aLHU U yIPaBICHUI
texHojornyeckumu cucremamu // Bicuuk HTY «XIIl». Cepis: MexaHiko-TeXHO-
JIOTi4HI cucTeMu Ta Kommuieken. 2015, Ne 17(1189). C. 61-71.

Arguello L., Miré J., Gujer J., Nergaard K. SMP: A Step Towards Model Reuse in
Simulation // /ESA Bulletin. 2000. pp. 108—112.

Eito-Brun R. Design of an Ontologies for the Exchange of Software Engineering data
in the Aerospace Industry / Communications in Computer and Information Science.
2016. vol. 649. pp. 71-78.

Sarkarati M., Merri M., Spada M. Cloud based architectures in ground systems of space
missions / GSW 2013. ESA. 2013. 14 p.

Cazenave C., Arrouy W. Implementing SMP2 standard within SimTG simulation infra-
structure // SESP 2012: Simulation and EGSE for space programmes. ESTEC. Noord-
wijk. 2012. 13 p.

Koo C.H. et al. Development of simulation infrastructure compatible with ESA SMP
for validation of flight software and verification of mission operation // SESP (ESA):
Simulation and EGSE for Space Programmes. 2012.

Lammen W.F., Jaffry D., Moelands J.M., Wijnands Q. Connecting MATLAB to the
SMP2 Standard. Harmonizing new and traditional approaches for automatic model
transfer // Report. Netherlands Aerospace Centre. ESTEC Noordwij. 2016. 21 p.
Strzepek A. et al. A training, operations and maintenance simulator made to serve the
MERLIN mission // 14th International Conference on Space Operations. 2016.
pp- 2410.

Cmpamunamos H.P., Kypenxoe B.H., Kyuepos A.C., Axuwux A.A. Metonudeckue oc-
HOBBI pa3pabOTKH MPOOIEMHO-OPUEHTHPOBAHHONW CUCTEMBI BBIOOPAa OCHOBHBIX HPOCKT-
HBIX TapaMeTPOB KOCMUYECKUX anmnapatoB // BectHuk Camapckoro yHuBepcutera. A3po-
KOCMHYECKast TEXHHUKA, TEXHOJIOTMU U MamuHocTpoenue. 2016. T. 15. Ne 2. C. 68-79.
Xomonenro A.Jl., Cmapobuney /1.10., Jloxsuyxuii B.A. Mozaenb OLIEHKH ONepaTHBHO-
CTU (YHKIIMOHHPOBAHUSI OOPTOBOTO KOMIUIEKCA YIPABICHUS KOCMHYECKHMH aImapa-
TaMH JUCTaHIHOHHOTO 30HAnpoBanus 3emin // Tpyast CIIMUPAH. 2016. Boimn. 3(46).
C. 49-64.

Cpynvounos A.P., Bapramosa C.A. TlocTpoeHrne MOAeN NMpefOCTaBICHHs TeXHHYE-
CKOIf MOAMEPKKU IMOJb30BaTeNell Ha si3bike Moneiauposanust AnyLogic // JKypuan
«Juvenis scientia». Bem. 3. 2016. C. 11-14.

Anopees A.M., Xayarox B.O. AITOpUTM OLIEHUBAHUS IIPOCTPAHCTBEHHOHN JOCTYITHOCTH
pasHON3IyYCHNH KOCMHYECKHX allapaToB KOMaHIHO-PETPAHCIALUOHHBIX CHCTEM C
HCIHOIb30BAHUEM HMMHUTALMOHHOTO MOAEIUpoBaHust // Tpymsl BOCHHO-KOCMHUYECKON
akazemuu uM. A.@. Moxaiickoro. 2016. Ne 650. C. 57-61.

Mapuenxo A.C., Cynun A.B. Jlorndyeckoe MOJEIMPOBAHUE SJIEMEHTAa CHCTEMbI JKH3HE-
00eCreueHus B peXKUME peabHOro BpeMeHu // BectHuk JlarecTaHcKOro rocyiapcTBeH-
HOTO TEXHHYECKOTO yHHBepcuTeTa. Texuuueckue Hayku. 2016. Ne 2(41). C. 93-103.
Kuxapes A.I'. u Op. O6 UMUTALIMOHHOM MOJIEIMPOBAHUU TIPOU3BOACTBEHHO-TEXHOJIO-
ruyeckux cucteM // Hayunslii pesynsrat. Cep. MHdopmanmonnsie TexHonoruu. 2016.
T. 1. Ne 3(3). C. 24-31.

Tpyasl CTIMMPAH. 2018. Buin. 1(56). ISSN 2078-9181 (new.), ISSN 2078-9599 (oHnaiin)

www.proceedings.spiiras.nw.ru



28. Muxoe A. 1., 3amamuna E.5. OnbIT NCIIOIb30BaHUS METO0B UCKYCCTBEHHOI'O MHTEI-
JeKTa pu pazpaboTke cucteM umuTauuu / Marepuanst koHdeperimn «MckyccTBeH-
HBII MHTEIUIEKT B PELICHUHN aKTyaJIbHBIX COLMAIBHBIX H 9KOHOMUYECKUX 1podiem XXI
Beka». 2016. C. 19-23.

29. Simulation modelling platform — Volume 2a: Metamodel. ECSS E-40-07 // ESA Re-
quirements and Standards Division ESTEC. The Netherlands. 2011. 169 p.

Ho:xenxoBa Jlogvuniaa ®exopoBHa — [-p TeXH. HayK, Ipodeccop, 3aBeayoIias OTACIOM
npuKIagHoi nHGOpMaTHKY, VIHCTHTYT BRIYHCIUTEILHOTO MoAeNHpoBaHus CHOUPCKOTO OTxe-
nenus Poccuiickoit akageMun Hayk — 06ocobennoe noapasaeneane GUL] KHI[ CO PAH. O6-
JIaCTh HAYYHBIX HHTEPECOB: HHHOPMALMOHHBIC TEXHOJIOTHHU, HHTEIUICKTYaIbHbIC CHCTEMBbI, HH-
TErPHPOBaHHBIC CHCTEMBI, ONIEPAaTHBHAS aHAIUTHYECKas 00paboTKa JaHHEIX, reonH(opManu-
OHHBIE DKCIIEPTHBIE CHCTEMBI, HOEPIKKa IPUHATUS PEIICHUH, Ype3BbIYaiiHbIe CUTYalUH, MO-
HHTOPHHT, MOAEPIKKA Pa3MEILIECHHs 3aKa30B, T0IeP)KKa KOHCTPyHPOBaHus 6OPTOBOI ammapa-
TYpBI, MOJEIUPOBaHHe OOPTOBOIl ammapaTypsl, MPOBEPOYHbIC HCIBITAHIS OOPTOBOM ammapa-
Typsl. Uncno HayuHbIX myommkanuit — 190. expert@icm.krasn.ru; AkaneMroponox, 50, cp. 44,
Kpachosipck, 660036; p.t.: +7(391)2-90-79-54.

HcaeBa Oabra CepreeBHa — K-T TeXH. HayK, CTapIIHii HAyYHBIH COTPYAHUK OT/ENA IPHKJIA-
Ho#t nadopmatuku, MHCTUTYT BEIMHCIHTEIRHOrO MoaeupoBanus Cubupcekoro otaenenus Poc-
cuiickoil akasieMuu Hayk — obocobaenHoe noapasaenenue GUL] KHI] CO PAH. O6nacts Hayu-
HBIX HHTEPECOB: CUCTEMHBIN aHaJIN3, HHPOPMALMOHHBIC TEXHOJIOTHH, METObI HCKYCCTBEHHOTO
uHTEIIeKTa. Yncno HayuHbIX myOnmkaimit — 55. isaeva@icm.krasn.ru; Axkazemroponok, 50,
ctp. 44, Kpacnosipck, 660036; p.1.: +79135194099.

EBcIoK0B AsleKCcaHAP AHATO/IbEBUY — K-T TEXH. HAYK, CTAPIIMN HAyYHbIH COTPYTHHUK OTAEIa
NMpUKIaAHON MHOOPMATHKU, IHCTUTYT BBIYMCIUTENBHOIO MoAenupoBanus CHOUPCKOro oTae-
nenus Poccuiickoit akaneMun Hayk — 06ocobnennoe noapasaeneaune GUL[ KHIT CO PAH. O6-
JaCTh HAYYHBIX MHTEPECOB: SKCIEPTHBIC CHCTEMEI, 3D-MoaenupoBanue, KOMIBIOTEPHAS rpa-
¢buka. Uncno Hay4yHsX myOnukaumii — 43. alev@icm.krasn.ru; Akagemropomok, 50, ctp. 44,
KpacHosipck, 660036; p.t.: +7(391)2-90-79-54.

Moanep:xka nccaenoBanuii. Padora BeimonseHa npu Gpuaancooit moaaepixke PODU (mpoekt
Ne 16-41-242042) u IlpaBurenscra KpacHosipckoro kpasi.

SPIIRAS Proceedings. 2018. Issue 1(56). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 165
www.proceedings.spiiras.nw.ru



DOI 10.15622/sp.56.7

L.F. NOZHENKOVA, O.S. ISAEVA, A.A. EVSYUKOV
TOOLS OF COMPUTER MODELING OF THE SPACE SYSTEMS’
ONBOARD EQUIPMENT FUNCTIONING

Nozhenkova L.F., Isaeva O.S., Evsyukov A.A. Tools of Computer Modeling of the Space
Systems’ Onboard Equipment Functioning.

Abstract. The article describes a tool software complex allowing to build, execute and
integrate simulation models of the space systems’ onboard equipment functioning. It is based on
a reuse technology defined by the international Simulation Model Portability (SMP2) standard.
Along with the standard rules for building integrable models, we have designed additional
original tools of information-graphical and intellectual modeling. In this way, we provide
graphical construction of onboard systems’ architecture models, set the methods of model
function and determine the options of command execution by onboard equipment.

This work is part of creation of software for the problem-oriented simulation modeling
infrastructure in space industry. This software complex will allow designers not only to build
their own onboard systems’ models, but also to unite simulators of the equipment produced by
different companies and to make simulation tests for preparation and analysis of technical
projects. Our approach provides economic and technological advantages for space industry’s
knowledge-intensive production development.
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MATEMATWYECKOE MOJOENNPOBAHNE
W NMPUKNAOHAA MATEMATUVKA

YIAK 001.891.57; 681.518.5 DOI 10.15622/sp.56.8

A.W. JIockyTOB, I'.1. KO3BIPEB, B.A. KJILIKOB, O.JI. [IIECTOITAJIOBA
CHUHTE3 AJIAIITUBHBIX MATEMATHUYECKHUX MOJIEJIEN
BOPTOBBIX PAIMODJIEKTPOHHBIX CUCTEM
KOCMHNYECKHUX AIIITAPATOB HA OCHOBE IPUMEHEHMUS
ITOMOJIOTHYHBIX MATEMATHYECKHUX CTPYKTYP

Jlockymos A.U., Kozvipes I'U., Knvikos B.A., lllecmonanosa O.JI. CHHTe3 afanTHBHBIX
MaTeMaTHYeCKHX Mojeseii O0OpPTOBBIX PagHOIEKTPOHHBIX CHCTEM KOCMHYeCKHX
annapaToB HA OCHOBe IPHMeHeHHsI TOMOJIOTHYHBIX MATEMAaTHYECKUX CTPYKTYP.

AHHOTanus. B cratee paccMaTpuBaeTCss BOIPOCH CUHTE3a aJalTUBHBIX MATEMAaTUYECKUX
MozeNiel NPHMEHHUTENBHO K 3ajadyaM TEXHHYECKOro JHarHOCTHPOBAHUs  OOPTOBBIX
panuosnektponHbix cucteM (BPOC) kocmuueckux anmnaparos (KA). ChopmynupoBaHa 3agaya
cuHTe3a anantuBHOH Mojenu BPOC KA B obmieM Bue ¢ HCIIONB30BaHUEM IPeoOpa3oBaHUs
HCXOJHOW MaTeMaTH4eCKOl CTPYKTYpPbl B TOMOJIOTMYHYIO CTPYKTYpPY MEHbLIEH PasMEpHOCTH.
IpencraBnen moaxod K CHHTe3y AaJaNTUBHBIX MOJENCH HAa OCHOBE HCIOIb30BAHMS
MaTEeMaTUYECKOro anmapara KOHEYHbIX aBToMaToB. HOBU3HA Mox0/1a 3aK/II09aeTCs B TOM, YTO
TOMOJIOTHYHAsl CTPYKTypa MEHbLICH pa3MEepHOCTH CHHTE3HPOBaHA 3a CUET NpeoOpa3oBaHMs
OTHONICHHH MEXAy OJIEMEHTAMH MHOXKECTBA TEIEMETPUPYEMBIX (KOHTPOIMPYEMBIX)
IapaMeTpoB (BBIXOJHBIX IEPEMEHHBIX KOHEYHO-aBTOMATHOH Mozenu). IlpuBenen mpumep
CHUHTE3a aJaNnTHBHOMW K IPOLIECCY KOHTPOJIS TEXHUYECKOrO COCTOSIHUS MaTeMaTHYecKOi
MOJIENIM IEHTPAIbHOrO OJ0Ka OOPTOBOW pAJMOTEIEMETPUYECKON CHUCTEMBL. BbIMonHEeHO
oneHnBaHue dS(GQPEKTUBHOCTH CHHTE3UPOBaHHOH anantuBHOi Momenn BPOC KA mo
[10Ka3aTEeN0 ONEPATUBHOCTH ITyTEM PELIEHUs 3a/1a4l «KHTalCKOro 0YTaIbOHAY.

KiioueBble €/10Ba: TEXHHYECKOE JHATHOCTHPOBAHUE, KOHTPOJb, OOPTOBas ammapaTypa,
KOCMHUUECKHUH anmapar, MaTeMaTuueckas MOJIEIb, KOHEUHbIH aBTOMAT.

1. Benenme. CoBpeMEHHBI OTal pa3BUTHS H3AEIHNA PaKETHO-
kocmmdeckoil Texuuku (PKT) xapakrepusyercst HOBBIIIEHHEM TPeOOBaHHH K
3¢ GeKTHBHOCTH WX (YHKIMOHUPOBAHUSA. B cBeTe yKa3aHHBIX TpeOOBaHMIA
YBEIWYEHHE CPOKOB aKTHBHOTO CYIIECTBOBAaHMS W  aBTOHOMHOCTH
KOCMHYECKUX  alImaparoB ABJIACTCA OJAHUM U3 OCHOBHBIX YaCTHBIX
nokaszareneii s ¢pektuBHocTH (QyHKUMOHMpOBaHUs KA, CBsI3aHHBIX He
TOJBKO C Pa3BUTHEM ODIEMEHTHOH 0a3bl, HO M C COBEpIICHCTBOBAHUEM
crienUanbHOro Maremarndeckoro obecreuenust (CMO) GpyHKIMOHHPOBaHUS
6oproBoii ammapatypsl KA [1]. B cBoto odepens, co3MaHuE MEPCIICKTHBHBIX
KA c BBICOKHMH LENEBHIMH W DKCIUTyaTaAlMOHHBIMH XapaKTePUCTUKAMU
TpedyeT pa3paboTKN HOBBIX ITOJXO0JIOB K PEHICHHIO MTPOOJIEMbI 00ecTIeueHH s
paboTOCIIOCOOHOCTH  OOPTOBBIX CHUCTEM KaK CIEHHAIBHBIX, TaK H
CITyKeOHBIX. BaKHEHIINM HampaBjeHHEM pelIeHHUs JaHHOW IpoOiIeMbl
SIBISIETCA pa3paboTKa M CO3/1aHHWE CHCTEM KOHTPOJSI M JTHArHOCTHPOBAHUS,
KOTOpBIC IO3BOJIST IPH JAOCTATOYHO HU3KOM YPOBHE PECYPCHBIX 3aTpaT ¢
TpeOyeMOi JOCTOBEPHOCTBIO M TIONHOTOM OIEHMBaTh TEXHHYECKOE
cocrosiane 6oproBeix cucteM (BC), a Takke GopMupoBaTh BO3ACHCTBHS O
YIPaBIEHUIO B IPOLECCE €ro LENEBOr0 NMpHUMEHeHHs. Pa3paboTka Takmx
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CHCTEM HEBO3MOJKHA 6e3 MaTeMaTHYeCKOro MOJICTIMPOBAHUS
(YHKIIMOHUPOBAHHSI ~ COBPEMEHHOM  BBICOKOTEXHOJIOTHYHOW  OOpPTOBOM
anmaparypsl (BA) u pemeHnst onTUMHU3aLMOHHBIX 3a/1ad HaJl MHOXKECTBOM
nmaHHeIX Mojenei [2]. B [3] mnpuBemeHBl OCHOBHBIC TpPEOOBAaHUS K
MIOCTPOGHUIO JIAHHOTO poja Mojeneil. B ycioBuAX aBTOHOMHOrO
(YHKIIMOHMPOBAHMS, KOTJa CcHcTeMa o0jagaeT OOUIMPHBIM —CIIEKTPOM
PECYpPCHBIX ~ OTpaHMYCHMH (BPEMEHHBIX,  JHEPreTHYECKHX)  Hamboiee
aKTyaJbHBIM IIPE/ICTABIIACTCS TpeboBaHue o a/lalITUBHOCTH
CHHTE3UpyeMO Momenu TmpormeccoB (yaknuonnpoBannss BA KA mon
KOHKpETHYIO 3aj1ady. JlaHHBI (akT HOATBEP)KAACTCS MEPCHEKTUBHBIM
HaTIpaBJIIEHNEM B OOJNACTH CO3JAHUS CHCTEM aBTOHOMHOTO KOHTpoIs [4],
pa3pabaTeIBa€MBIX € Y4E€TOM Mojesiel 00PTOBOM ammapaTypsl, IOCTPOSHHBIX
Ha OCHOBE Pa3JIMYHBIX MaTEMAaTHYECKUX HHCTPYMEHTOB [5-9].

2. TlocraHoBKa 3aJa4M CHHTe3a AJANTHBHBIX MaTeMaTHYeCKHX
MojeJieii GOPTOBBIX CHCTeM KocMHYecKHX ammapartoB. V3 paGotsr [10]
U3BECTHO, YTO aJaNTHBHOCTH €CTh CBOMCTBO MOJENH, MO3BOJISIOIIEE MEHSATh
rapaMeTpbl, 3ajaBaTh TOYHOCTh, IIEPECTpaMBaTh CTPYKTYpPY MOJIEIH,
M3MEHSTh B3aUMOJICHCTBHE €€ HJIEMEHTOB C YYETOM M3MEHSIONINXCS YCIOBHN
IO/l ONpeJeNICHHbIE 3aJayd, B YacTHOCTH MOJ 3ajady KOHTPOJIS W (WIIN)
TEXHUYECKOTO JAMarHOCTHPOBAaHMA. B Teopum MopenupoBaHUs MOIENb
paccMaTpHuBaeTCsl Kak HEKOTOpash KOHKpETHash MaTeMaTHYecKasl CTPYKTYpa,
KOTOpasi B 00IIIEM BUJIE MOKET OBITh MPE/ICTaBIICHA B BU/Ie HAOOpa Ga3HUCHBIX
MHO’KECTB BMECTE C OJTHUM MIJIN HECKOJIBKMMH OTHOIICHUSIMH, 33/laHHBIMA Ha
MHOECTBE U3 3Toro Habopa [11]:

>~ =(%R), ¢))

rae Q={X,,X,,...X,} — Hab0p Ga3uCHBIX MHOKECTB; R = {1},/y,....1,} —

Ha0Op OTHOLIEHUH HaJl 0A3UCHBIMU MHOXKECTBaMH 2 .

B cBow odepenb, cHHTE3 agalNTHUBHOW MOJEIM IOAPa3yMEBaET
BO3MOXKHOCTh TIpeoOpa3oBaHusi BeIpakeHHS (1) B  TOMOJOTHYHYIO
MaTeEMaTHYECKYI0 CTPYKTYPY X , CHHTE3MPOBAHHYIO TIOJ1 3a/[auy KOHTPOJIS
TEXHUYECKOT'O COCTOSHHSI KOHKpeTHOU O0opToBoii POC:

n:XT—-Y, )

rae 2’:(9’,1{’) — TOMOJIOTHYHAsI MaTeMaTH4YecKas CTPYKTypa, KOTopas

XapaKTepu3yeTcsl OJJMHAKOBBIMHU I10 OTHOILEHHUIO K CTpyKType (1) cxemamu
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obpasoBanus oTHOmeHuHt R'={1'7;,...7;}, 3aIaHHBIMM Ha CHCTeMe

Gasucubix MHOKeCTB Q' ={X[.X),... X }.

C maremMaTu4ecKoi TOYKHM 3peHHs, Ipeodpa3oBanue (2) MOXKET ObITh
OTIPENIEIICHO C TIOMOIIBI0 TOMOMOP(HOTO 0TOOpakeH!s (ToMOMOphU3Ma):

ne Hom(Z,Y). 3)

B obOmem Bume roMOMOp(OWU3MOM  WIH  TOMOMOpP(HBIM
OTOOpaXKEHHEM MaTeMaTH4ecKoi cTpykTypbl (1), 3amaHHO# Ha Oa3MCHBIX
MHOKecTBax (), B MAareMaTHYeCKyl) CTPYKTypy X, 3aJaHHyl0 Ha
0a3sUCHBIX MHOMeECTBax €', Ha3bIBAaeTC TaKOH KAHOHMYECKUH KOPTEXk
0TOOpasKeHMIA <A,,/12,...,/1n>, KOTOPBII  yIOBJIETBOPSIET  CIELYIOLIEMY

YCIOBHIO UL COOTBETCTBYIOIINX oTHomeHnH R u R’ stmx cTpykTyp [3]:
V(X% X, ) (X1, X500 %, ) € R=(A(3), A4 (%), 4,(x,))E R, (4)

re 3aIuch (xl,xz,...,x”>eR 03HAYaAET, 4YTO DJIEMEHTHI <x1,x2,...,xn>

CBA3aHBl  Mexkay ~ coGoil  oTHomenmem R, a  3ammch
(A (x4 (%), 4, (x,)) € R’ 03HAYAET, 41O 3JIEMEHTBI

(), A (%), 4, (x,)) CBSI3AHBI MesKITy cOOOI OTHOMIEHHEM R

HeoOxoquMo OTMETHTh, 4YTO €cild OToOpaxeHus A,i=l,n, B

BEIpaXeHHH  (4)  sABmsAeTcs ~ OWEKTHBHBIMH, TO  OOpa3oBaHHAsS
MaTeMaTH4eCKasi KOHCTPYKIUs X OyaeT W30MOp(HU3MOM IO OTHOMIECHHIO
Kk (1). IIpu sTom OyayTr orcyrcrBoBarh motepu HHpopmaiuu. OgHako
HauOONBIINI NpPaKTHYECKUI HWHTEpeC NpeACTaBIsieT ciydail, Korua
orobpaxenusi A, (i=1,n) ecTb CIOPBEKTHBHBIE OTOOpaXKEHHs, |
CJIE/IOBATENIFHO, OTH OTOOpaKEHHsI MOXKHO Ha3BaTh arperupyronmMu
¢yaxmusamu [3]. B pesynprare mpeoOpazoBaHUsS JAHHBIX (PYHKIHA MOJIEITH
3 Oymer yxe snuMop(H3MOM MO OTHONIEHMIO K Y. Kakaas Takas
byHKIMS WHIyIUPYEeT COOTBETCTBYIOLIEE (haKTOp-MHOKECTBO
arperupoBanusi X,/ A W, €Cnu ymaercss MOCTPOUTH COOTBETCTBYFOILYHO
(axTop-Mo/ieNib, TO MOXHO CKa3aTh, YTO OHA OTPa)KaeT B3aMMOCBSI3U
MEXAy OJIEMEHTAMH  HMCXOIHOH  CTPYKTYphl C  TOYHOCTHIO WK
paspemamiield CrocoOOHOCThIO, HEOOXOAMMON ISl PEIICHUS IENeBBIX
3aja4, TO €CTh 10 AJIEMEHTOB WU A0 KJIacCOB AKBUBANEHTHOCTU. IIpu aToM
OTHOIICHHUS MEXJy JJIEMEHTaMH X; 3aMEHSIOTCS OTHOIICHUSIMH MEXIY
KJIacCaMM dKBHBAJICHTHOCTH X';.
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Cornacuo ['OCTy [12], 3amauamMu TEXHUUECKOTO TUATHOCTHPOBAHHUS
BA KA sBastotcst KoHTposib TexHuueckoro coctosinus (TC), mouck mecra u
OMpENeICHUEe TPUYHMH OTKa3a (HEHCIpaBHOCTH) M mporHo3upoBanue TC.
Pemienne kaxaoil w3 Tpex 3agad TEXHUYECKOTO JUArHOCTHPOBAHHS
XapaKTepU3yeTCs CBOMMH IOKaszatelissMu P u merneBoit ¢yHkumedr F, B
pamMKax KOTOpOH OyIer pemarbcs ONTHMH3ANMOHHAS 3ajJada [0
BBEIOPAHHOMY TIOKa3aTEITI0 ONITUMATEHOCTH:

F(P) - opt. %)

Takum 00pa3oMm, MareMaTH4ecKas I[IOCTAHOBKA 3aJa4d CHHTE3a
aJIANTUBHOM K TPOIIECCY TEXHUYECKOTO JUArHOCTUPOBAHUSI MATEMATHIECKON
MOJIENTM 3aKII0YaeTcss B HAXOXKICHUH OTOOpaXkeHHs (2), TO3BOJISIOMIETO
CHHTE3MPOBaTh TOMOJIOTHYHYIO MAaTeMaTHYecKylo CTpykrypy (3) mpu
ycnoBuH (4) B paMKax ONTUMAJIBHOTO pemieHns 3a1a49u (5):

T3,
Ae Hom(%,Y),

V(x50 %, ) (X1, %5500 %, ) € R = (A(x), 4 (X)), 4, (x,) € R'),
F(P) - opt.

(6)

Omnpenenenne oToOpakeHUsT (2) 3aBUCUT OT MaTEeMaTUYECKOTO
anmapara (MHCTpyMEHTapusi) C TIOMOIIBIO KOTOPOTO OCYIIECTBISIETCS
(dopmanuzaims npoueccoB (yHKIMOHHpPOBaHUS. B cBOl odepenp, cama
npoueaypa GpopManu3anum MponeccoB GyHKINOHUPOBAHUS OyAeT 3aBUCETh
OT CBOMCTB MOJICTUPYEMOT0 0OBEKTA.

3. CuHTe3 ajanTHBHBIX MaTeMaTH4eCKHX Mojeseii 00pToBBIX
PaAN03IeKTPOHHBIX CHCTEM KOCMHYECKHX aNnapaToB /JIsl pelieHust
3a/1a4M TEXHNYECKOI0 TUArHOCTHPOBAHHSI.

3.1. OoOocHoBanue BbIOOpa MATEMATHYECKOr0 amnmapara
KOHEYHBbIX aBTOMAaTOB 1S dopmanuzanuu npouecca
(pyHKuHOHHMpOBaHUS OOPTOBOH PAJMOIIEKTPOHHOI  amnmapaTrypsl
KOCMHM4YecKOoro ammapara. B cocraB coBpemeHHbIx KA  Bxoaut
3HAYUTEIBHOE YHCIO PAa3HOOOPA3HOHW MO CBOEMY Ha3HAYEHHIO OOpPTOBOMN
annapaTtypel, Kagas W3 KOTOPBIX SIBJISETCS JIOCTATOYHO CIOXKHON
TeXHUYecKoil cuctemoii. OtaensHble O0pTOBBIE cucTeMbl KA peamn3yror
pas3yIMuHbIe aJrOPUTMBI (YHKIIMOHUPOBAHUS M MMEIOT, COOTBETCTBEHHO,
pPa3NMYHYI0 CTPYKTYpY W pPAa3iIH4YHyI0 OpraHM3anuio (yHKIHOHAIBHO-
uH(pOpMAaLMOHHOTO OOMEHa MEXAy OdJieMeHTaMH. Takum oOpa3om,
OOJIBIIMHCTBO OOPTOBBIX CHCTEM OOBEKTA SBISAETCS HEOJHOPOJHBIM II0
CBOCH CTPYKType U (HYHKIIMOHAIBHBIM CBOMCTBaM. [1o3TOMY [T OnUcaHus

172  Tpyael CMIMMPAH. 2018. Bbin. 1(56). ISSN 2078-9181 (ney.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



pa3HBIX KOMIIOHEHTOB OOPTOBBIX CHCTEM TPEOYIOTCS — pasiIH4HbIe
MaTeMaTH4YeCKhe WHCTPYMEHTHL. [Ipm 3ToM BO3HHKaeT mpobiema
CONPSDKEHHS Pa3sHOPOAHBIX MaTEMaTHYeCKHX Mojeliell Mexay coboi. B
WTOTE MOJENb BCEH pPacCMaTPHBAEMOW CHCTEMBI IIONydaeTcs BEChbMa
CIIO)KHOM M TPOMO3JIKOM, BCIEACTBHE UYEro OHM 3a4acTyl0 OKa3bIBAIOTCS
MaJIONPUTOAHBIMA U pEIIeHHs 3aiad AWAarHOCTHKH, TaK KaKk B HUX HE
OIMCHIBAETCS MEXaHM3M TIIOSIBICHHS OTKAa30B M MX BJIMSHHE Ha
paboTOCIOCOOHOCTh KOHTPOIUPYEMBIX CHCTEM.

OTMeueHHbIE OOCTOSITENhCTBA CO3IAIOT OINpPEETICHHBIE TPYJHOCTH
JUIA TIPAaKTHYECKOTO HCIIONB30BAaHMS MOJEIEH, MOCTPOCHHBIX Ha OCHOBE
OIIpEeJIeTICHHBIX MAaTeMaTHYECKUX WHCTPYMEHTOB, IPU PEIISHUH 3aJlauu
TEXHUYECKOTO IHATrHOCTHPOBaHUS. I MpeomoNeHus STHX TPYAHOCTEH
HE0OX0IMMO TIPIMEHEHUE MOJIENH ¢ OoJiee BHICOKUM YPOBHEM a0CTpaKIIHH,
KOTOpas TO3BOJsNIa OB paccMaTpUBATh BCE TEXHUYECKHE CHCTEMBI
00beKTa (WM XOTSI OBl OOJBIIMHCTBO M3 HHUX) C TMO3UIMHA EIUHOTIO
METOJOJIOTHYECKOTO moaxoaa. Kpome Toro, ucxoms u3 o0IIel TOCTaHOBKA
3aJ[a4M OTpeJeNICHNs] TEXHUYECKOTO COCTOSHHS OT/JENIbHBIX CHCTEM U BCETO
00BEKTa B IENIOM, HEOOXOMUMO WMETh TaKyl0 MOJENb, B KOTOPOH
YUUTHIBATACh Obl BO3MOXHOCTb TIOSIBIICHHSI CIIy4alHBIX OTKa30B B
MozenupyeMoM o0bekTe. U, HakoHel, Moaeh JOJDKHA OBITh YAOOHOH Miist
€e pealn3allii Ha BBIYMCIHMTEIBHBIX CPEJCTBaX, B CMBICIE IPHEMIIEMOTO
00BeMa OTPEeOHOM MaMATH U OBICTPOCHCTBHS.

Crenyer, ofiHaKO, OTMETUTh, YTO IOBBIIICHUE YPOBHS aOCTpaKIUU
MOJIeT HEM3MEHHO BJIEYET 3a COOOW OMpeNeIeHHYI0 HICcalN3aluio, MpH
KOTOPOIl HCKITIOUAIOTCSI M3 PACCMOTPEHHs] HEKOTOphle HECYIIECTBEHHBIE
CTOPOHBl  KOHTPOIHUPYEMOTO  OOBEKTa, a OCHOBHOE BHHMAaHHE
COCpEeA0TauuBacTCsl Ha TJaBHBIX €r0 CBOMCTBax. JIMIIEHHas HEKOTOPBIX
JIeTaJei, Takas MOJIENb HEITOTHO XapaKTepU3yeT UCCIeAyeMbIii 00BEKT, HO,
BO-TIEPBBIX, IMEHHO TMOSTOMY €ro Jierde W3ydaTh W, BO-BTOPBIX, TpeOyeTcs
WCIIONIB30BATh JUIS OTHX ILENeH 3HaYMTeJIbHO MeHbIIe MH(opManuu. ITo
JaeT CYIIECTBEHHBIM BBIMTPHIII BO BPEMEHH, KOTOPOE 3aTpauymBacTCi Ha
MOJIy4eHHe pe3yJbTaTa KOHTpOJs TexHuueckoro cocrosiHus BA KA.
JanHpnii (akTop MpH TEXHUIECKOM THATHOCTUPOBAHWU 3a9acTYIO0 HTPAeT
OIIPEICTISIONIYI0  pOJb, II03TOMY HCIIOJBb30BAaHME TakuWX Moenei
CTaHOBHTCS HanOoJee 1eecoo0pa3HbIM.

OOMmMpHBIA  OMBIT CO3AAaHUS MOAENEH IOBEIACHUS Pa3IHMYHBIX
00BEKTOB, M3YYaeMbIX B pa3IMYHBIX TEOPHSX, ObLT 00OOMIEH B paMKax
o0ILel TEeoOpuu CHUCTEM, KOTOpas MMEeT MEKAMCIMIUIMHAPHBIA XapakTep.
PesympraToM 3TOTO 00600MICHNS SABMIIACH HEKOTOPAsk MOAECTH, MOTyJHBIIAs
Ha3BaHHUe TuHaAMU4eckou cuctemsl [11, 13].

Ha mpakTtrike Hanbosnee M3y4eHbl CBOWCTBa HEKOTOPHIX CIICIHATBHBIX
BUJIOB TMHAMHUUEeCKnX cucTeM. C OJTHOM CTOPOHBI, OHH IIPOIIE B U3y4YEHHH, a
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C JApPYroil — OHM JOCTaTOYHO XOPOIIO OMHCBHIBAIOT MHOTHE pealbHbIe
00bexThl. K TakuM BuiaM OTHOCSIT BEPOSITHOCTHBIE TMHAMUYECKUE CUCTEMBI,
CTAallMOHAPHbIE JUHAMHYECKHE CHCTEMbI, a TaKkKe JAUCKPETHblE U
HETIPEephIBHBIE JUHAMHYECKHE CHCTEMBl. B 00mIeM BHAe AWHAMHYIECKHE
CHCTEeMbl U pa3IM4Hble MX MOJKJIACCHI JOMYCKAalOT IIUPOKUHA CIEKTP
BO3MOJKHBIX IPEICTABICHUM, UCIOJIB3YIOIIMX Pa3IMYHbIA MaTeMaTHUECKUI
armapar. Kaiplii n3 BO3MOXHBIX (DOPMaJIM3MOB XapaKTepH3yeTCs CBOEH
TEXHUKOH W OTPaXaeT ONPENCICHHYI0O TOUKY 3pCHHS Ha MPEIMETHYIO
00J1acTh, MPUMEHHUTENBHO K KOTOPOI OH UCTIOB3YETCS.

B ofmem crnydae mareMaTHUecKWH ammapaT, HCIIOJIB3yEeMBIH I
¢dopmanmzanu  mporieccoB  (QyHKIMOHMpoBaHUS BA, Moxer OBITh
pasnmmuHbiM. CHHTE3 MaTeMaTHYeCKUX MOJIeNIed INpH pelIeHUH 3ajadu
TEXHHYECKOTO  JAWArHOCTHPOBaHUS  OOPTOBOM  PagMO3JIEKTPOHHOU
anmapatypsl KA yno0HO OCYIIECTBISTH C HMOMOIIBIO MaTeMaTHYeCKOro
amnmapaTa CTalMOHApHBIX JUCKPETHBIX JUHAMHYECKHX CHCTeM. B
nmuteparype [14-17] moapoOHO paccMOTPEHBI BOIMPOCH MaTEMaTHYECKOTO
MOJICITUPOBAHMS M PEIICHUS 337a4d TEXHHYECKOTO AMAarHOCTHPOBAHHUS C
MIPUMEHEHHEM arperupoBaHHbIX Mozenedl. C  MareMaTH4ecKOW TOYKH
3pEeHUsl JaHHBIH BHJ MOJEIEM MOXHO IPEACTaBUTh  CleNyoUleH
MaTeMaTH4eCKOl KOHCTpyKIuei [3]:

S, =(EILT R¥,P.CA,B), (7)
rae E — MHOXeCTBO TEXHHUYECKHX COCTOHHHﬁ; I — COBOKYITHOCTb
MIPOBEPOK, H606XOHI/IMLIX IJid ONPCACIICHUA BHUJAOB  TCXHUYCCKOT'O
COCTOsSTHUA E, T* — MHOXECTBO MOMCHTOB BpPCEMCHU BBIIIOJHCHUSA
MIPOBCPOK H, R — MHOkecTBO MPU3HAKOB BCCX TCXHUYCCKUX COCTOSTHUI E,
Y — oreparop, YCTaHaBHHBaIOLHHfI CBA3b MCXKIAY MHOXKCCTBOM

cocrostauit E, MHOXXecTBOM TmpoBepok [l W MHOXECTBOM MOMEHTOB
BpeMeHH! T MX BBITIOJTHEHUS C OJHON CTOPOHBI, © MHOXECTBOM O)KHIACMbIX
HUCXO0J0B NpoBepoK R ¢ npyroii; P — BeposTHOCTHast Mepa, 3a/laHHas Ha
mHoxkectBe E; C — mHOXecTBO 1IeH mpoBepok II; A, B — MHOXecTBO
OIMMOOK MEPBOTO M BTOPOTO POJIA JIJIsl BBIMOJHEHHBIX TPOBEPOK.
Muoxectsa E, II, T", R B monenu (7) ABuAtoTcs 6Ga3oBBIMH U
UCTIONIB3YIOTCS  JUIA HENOCPEACTBEHHOM OpraHu3aIyu nporiecca
nuarHoctupoBanus. MHuoxkectBa P, C, A, B 3agaior orpanudeHusi, KOTOpble
WUCHONB3YIOTCSL ISl ONTUMU3AlMM  MPOLEAYpPhl  JAUArHOCTUPOBAHUSL.
OCOOCHHOCTRIO JAHHOW MOJICIH SIBIISICTCA TO, YTO B HEHW OIKCHIBACTCS
U3MCHCHHS COCTOSTHUS O0BEKTa, KaK (DYHKIIMM BPEMEHH, HO HE PACKPBIBAIOTCS
MIPUYUHHO-CIIE/ICTBEHHBIE CBS3M, BBI3BIBAIOIINE TO HW3MEHEHHE BCIEACTBUE
OTCYTCTBHS B MOJIENT MHOXKECTBA BXONHBIX BO3JCHUCTBUH, BBI3BIBAIOIINX
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nepexol 00BEKTa M3 OJHOTO TEXHHYECKOTO COCTOSHHS (OIPEIENeHHOro B
paMKax CHHTE3MpPOBAaHHOM MoieNH) B Apyroe [3].

Heo0xoauMo OTMETUTh, YTO JaHHAs MOJENb SIBJISETCS Haubosee
MOJIHOM C TOYKH 3pCHUA KOHTPOJIA TEXHUYCCKOI'O COCTOSITHU S
CTAallMOHAPHBIX JUCKPECTHBIX JUHAMUYCCKUX CUCTCM. OJIHaKO Ha IMpPaKTHUKE,
BCJICZICTBHE CIIOKHOCTH TOJIyYCHHUS! alpHOPHBIX NaHHBIX, HEOOXOJMMBIX
JUTS TIOCTPOCHUSI MaTeMaTU4IecKoi mMojenu (ompezencHue MHOkecTB P, C,
A, B), HEBO3MOXXHOCTH PacKpbITHS NPUYNHHO-CIEACTBEHHBIX CBs3EH, a
TaKKe M3-3a OOJIBIION pa3sMEpPHOCTH MOIyYaeMbIX Mojesel, BO3HHKAET
HEOOXOJMMOCTh ~ TPUMEHEHHUSI  MEHEee  CIOKHBIX  MaTeMaTHYeCKHX
anmaparoB, Takux kak cetu [lerpu [18, 19] unum koHEYHO-aBTOMATHBIE
momemu [20, 21]. Mamee B paboTe OymeT paccCMOTpeH NOAXON IS
(dopmammzamu  iporieccoB  pyHkimonupoBanus BPOA KA nHa ocHoBe
MIPUMEHEHHS MaTEMaTHYECKOTO anmnapaTa KOHEYHBIX aBTOMATOB.

JlaHHBI MaTeMaTHYECKHI ammapaT o0alaeT PsiIoM JOCTOMHCTB, a
HMMEHHO: Pa3BUTOCTh TEOPHHU, OTHOCHUTENbHAsl MPOCTOTa M aJeKBATHOCTb
ONHCAaHHUS JTUCKPETHBIX OOBEKTOB (BO BPEMEHH M TII0 COCTOSHUSIM),
HCIIOJIB30BAHUC JI UX U3YUCHUSA (I)I/IHI/ITHI)IX METOAOB JIOTUKH U anre6p1;1.

CyliecTByeT MHOXXECTBO OOBEKTOB KOHTPOJST M YIpaBJICHH,
CBSI3aHHBIX C OOJBLION OTBETCTBEHHOCTHIO: SJEPHBIE W XUMHYECKHE
PEaKTOpbl, KOMILIEKCHl OOOPOHHOTO M KOCMHYECKOTO HAa3HAYCHUS M TOMY
nogoOHoe. Ycmex B paboTe € HUMH TIPSIMO 3aBHCHT OT YETKOCTH H
CITAKEHHOCTH JICMCTBUI, OT yMEHHSI NPUHUMATh BBIBEPEHHBIC pEUICHWs U
TPaMOTHO AHAIM3UPOBATh CHUTYallMiO, OT BO3MOXKHOCTH OIHO3HAYHOM
MHTEeprpeTanuy uHpopMawy. Pasmidanas npuposa GU3NIECKHX IPOIECCOB,
MIPOTEKAIOIINX B OOBEKTAX, CIOXKHBIM XapaKTep B3aMMOACHCTBHS MEXKIY
HUMH OOyCIaBiIMBacT TPYAHOCTH pPa3pabOTKH, alrOPUTMHU3ALUH U
MIPOrPaMMHPOBAHMS 3a/ad KOHTPOJSI M yHpaBieHHA. BosHMKaroT Takxe
TPYAHOCTHU, CBA3aHHBIC C HCO6XO)II/IMOCTI)IO JOCTHIXXCHUSI HAIJIAAHOCTH H
CTPYKTYPUPOBAHHOCTHU. [[JIs1 pelieHust 3TUX 3a7ad UCIOJb3YyeTCsl Pa3BUTHIN
MaTeMaTHYeCKUH ammapaT TEOpUH aBTOMaToB [22-25]. OmmcaHue JOTHKA
TIOBEJICHUSI TIPH aBTOMAaTHOM MO/XOJIE CTPYKTYPHPOBAaHO. DTO CBOWCTBO
JieJIaeT aBTOMATHOE OIMCaHHE CIIOYKHOTO TOBEICHHS HArJISIHBIM M SICHBIM.
KoppekTHOCTh paboThI ITPU MCIOIb30BAaHUK aBTOMATOB 3aKJIa/[bIBACTCS CIIIe
Ha OJTale NPOeKTUpOBaHMS Omaromaps TpadHYecKOMy NpeCTaBICHHIO
TporeccoB  (DYHKIIMOHMPOBAHHUS — CIOKHBIX  00BEKTOB. OnHAaKo TpH
MIPUMEHEHNN KOHEYHO-aBTOMATHBIX MOJENEH 4acTo BO3HHKAIOT TPYAHOCTH
MIPY CHHTE3€ aJIrOPUTMOB KOHTPOJIS Ha OCHOBE MAHHBIX MOJENCH B BUIY
OOIBIIION PAa3MEPHOCTH MONy4YaeMbIX MAaTEMaTHUECKUX KOHCTPYKLHH, Tak
Ha3bIBAEMOE «IPOKIIATHE Pa3MEPHOCTI».

OOBIYHO KOHEYHBIII aBTOMAT OITMCHIBAETCS B BHUJIE YIOPSIOYCHHOMN
msaTepku [22-25]:
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A:<X9Y>Q’f990>’ (8)

rie X — MHOXECTBO BXO/IHBIX BO3JEHCTBUH (a1(haBUT BXOJHBIX CHMBOJIOB);
Y — MHOXKECTBO  BBIXOIHBIX  IIEPEMEHHBIX WM  TEIEMETPHPYEMBIX
rapaMeTpoB (a1aBUT BBIXOAHBIX CUMBOJIOB); () — MHOXKECTBO COCTOSIHUIA;
[OXX — Q — dyHKums nepexonoB; ¢:Q — Y — (YHKIUS BBIXOJIOB JUTS
aBToMara Mypa (aBTOoMara 2-ro poza).

3HaueHHsAMH (DYHKIUU TIEPEXOJ0B MOJIENH SBIISIFOTCS COCTOSIHUS

q(t+1)=f (q(t),x(t)), B KOTOPBIX OKA3bIBAETCS ABTOMAT B MOMEHT

BpeMeHH f + 1, ecli B IpPeIbLIyIIHii MOMEHT BPEMEHH ! OH HAXOIMICS B
cocTostHuU ¢ (¢) U moxBepraics BO3AeHCTBIIO X (7).

3HaueHUAMH (YHKIMN BBIXOIOB SIBISIOTCS BBIXOJIBI y(t) =g0(q(t)) ,

ONpeaeIAEMBIC TOJIBKO TEKYIIIUM COCTOSIHUEM.
Bwmecro BpEMCHHA 00BIYHO MOJI3YIOTCA TaKTaMHu nim
CJIOBOCOYECTAHUAMU: IPEABIAYIIEEC COCTOAHUE, MTOCIIEAYIOIIEE COCTOSHUE:

Qi+1:f<qi’xi); 4q; L’%ﬂ, 40(%) =Y.

ITocTpoeHne amanTUBHBIX  MOJEICH OOPTOBOW  ammaparypsl
aBTOHOMHBIX KA Ha OCHOBE MAaTeMaTW4ecKOro ammapara KOHEYHBIX
ABTOMATOB C IIEJbI0 TEXHUYCCKOTO JIMATHOCTUPOBAHHS MOXET OBITh
OCYILIECTBIIEHO MCXOMS M3 MOA33Jad TEXHUYECKOTO IHAaTHOCTUPOBAHHA, a
MMEHHO: CHHTE3a MOJCIM C IeIbI0  KOHTPOJIA  TEXHHYCCKOTO
cocrostaus (TC) m cMHTE3a MOJIENH ¢ LeNbI0 TuarHoctupoBanud. [Ipu sTom
peYb HICT O CTPYKTYpHOW ajanTalliy, CBSA3aHHOH C MHHUMHU3AIHCH
MPOCTPAHCTBA COCTOSHHUI TIPH pEIICHHH KOHKPETHOH 3aJadyd, TaK Kak
U3MCHCHHE MOIIHOCTH MHOXKECTBA (KOJMYECTBA) COCTOSHUN HWCXOTHOMN
KOHEYHO-aBTOMATHOH MOJICTH IPUBOIUT K M3MEHEHHIO €€ CTPYKTYPHI.

ITon xontponem TC monmmaercs ompezaenenue Buaa TC oObekTa.
[Mox muarHOCTHpPOBaHHWEM B TaHHOM CiIy4ae OyJeM MOHUMATH ITOMCK MecTa
U ONpeJielieHne MPUYMH OTKa3za (HeucmpaBHOCTH) [12]. B 3aBucuMocTu ot
JTama 3KCIUTyaTalldd W pPENIaeMBIX [EJEBBIX 3aJa4 B KauecTBE IENH
KOHTPOJNISI MOTYT paccMaTpUBaThCi TPOBEpKa HCIPABHOCTH, MpPOBEpKa
paboTOCIOCOOHOCTH WM MPOBEpKa MPABHIBHOCTH (HyHKIIMOHHPOBAHUSI.
MuHMMadbHEIM TI0O 00BEMy  SBIAETCS  KOHTPOJb  MPAaBWIBHOCTU
¢ynkiponupoBannst bA KA B 3a7aHHBI MOMEHT BpeMEHH (C y4eTOM
MPEIBICTOPHIH) TIPH €T0 IPUMEHEHNH 110 Ha3HayeHuio. Ha aTom stame 6omee
MTOJTHBIA KOHTPOJIb (TIPOBEPKa UCIPABHOCTH WJIH PabOTOCIIOCOOHOCTH), KaK
MIPaBHUJIO, HE OCYIIECTBISIETCA. B CBSI3M ¢ 3TUM BO3HHKAeT HEOOXOAMMOCTH
npeodpa3oBaHus Mozenen 00BEKTOB KOHTPOJISt BHJIA (®),
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YIIOBJIETBOPSIIONIMX TPEOOBAHUSAM JIOCTOBEPHOCTH M OIEPAaTUBHOCTH, B
0CcOOEHHOCTH, Ha dTare aBTOHOMHOTO (hyHKIHoHHpoBaHUs BA KA.

Kaxnoe cocrosHue ¢; KoHeuHO-aBTOMaTHOH Moxenu (KAM)
XapakTepusyercs cBouM obOpaszom  (V'},)'5,...»", )" B m -MepHOM
npoctpaHcTBe, i=(1,n ). U3 nmurepatypsl [26] H3BECTHO, YTO OJHMM U3

HAMpaBICHUH ONTUMHU3ALUKM PEUICHHUS 3aJa4d  KOHTPOJS  SIBISCTCS
COKpAILlEHHE Pa3MEPHOCTH IPOCTPAHCTBA COCTOSHHN ITyT€M HaXO)KICHHS
0000IIICHHBIX THArHOCTHYECKUX MPU3HAKOB. JIaHHBIA MOUCK MOXKET ObITh

peayu30BaH IpH TOMOIIM arperupyromed  (QyHKIHUA A (i=171) HaJI

MHO>KECTBOM BBIXOJHBIX TIEPEMEHHBIX, YIOBICTBOPSIOIIEH ycIoBwio (4):
A:Y - Y =Q:Q| — min, |Y'|<]Y],
(31522005700 € Q (A1), 4 (12)s-s A (7)) € Quin» k<1

)

B pesynbrare sToro maremarnueckast KoHcTpykuus (11) mpumer Bum:

Amin :<X=’Q'|Qmin’f’90>~ (10)

Martemarudeckass ~ KoHCTpykims — Buma  (10)  HaswIBaeTcs
MHUHUMaJIbHOW (hOPMOII KOHEYHO-aBTOMAaTHOM Mojenu. B Teopernueckom
wia"e A, SBIseTca U30MOP(U3MOM 110 OTHOMIEHUIO K UCXOIHOMU MOJHOM
KOHEYHO-aBTOMaTHOH wmomenu A (8), Tak Kak mnpeoOpazoBanme (9)
MIPOMCXOANT Oe3 MoTeph B MH(GOPMAIMOHHOM IUIaHE:

A = 4. (11)

OnHako Ha TMpakTHKe peanu3oBath cooTrBerctBue (11) mpm
nocrpoenun mMoaeu (10) BecbMa 3aTpYIHUTEIBHO BBHIY HAJMYHS MOTEPh
B Tpouecce npeodpazoBanus (9). O6srgHO TpeobdpasoBanue mMonenu (8) B
mozenb (10) sBisgercs sSmuMoppu3MoM:

Ae Hom(4, 4,,;,)

AA—> 4. =
i mo f=ho f=m=h,

(12)

raemo f =ho f = m=h —ycinoBue 3nuMopu3Ma.

Cunres w™openu (10) wMoxeT OBITb peamu3oBaH IMOUCKOM
CEMaHTHUYECKA OOOOIICHHOTO IapaMeTpa Ha MHOXECTBE BBIXOJHBIX
MepEeMEHHBIX  (TEIEeMETPUPYEMBIX MapaMeTpoB) Y ©  IIOCTPOCHHEM
MHUHHMaJIbHOM (HOPMBI KOHEYHOTO aBTOMAara (MHHHMH3AIUM KOHEYHOIO
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aBTOMaTa) 3a CUET BHOBb OOpPa30BAHHBIX KIACCOB SKBHBAJICHTHOCTH IO
o6o0uieHHoMy mapameTpy. Kaxzaomy mapamerpy u3 Y HE0OXOZHMO
COIIOCTaBUTh KJIACC BCEX TEX TEIEMETPUUECKUX coobmenuit S, €V

KOTOpbIEe MOTYT OBITh OTOOpakeHbl B JIQaHHBIH IapamMeTp 3a CYeT
HEKOTOpOro otoOpakeHus. IlocTpoeHHe Takoro Kiacca SIBISETCS
0000IIIeHHEM BXOJSIIMX B HEr0 TEJIEMETPHUYECKUX COOOIIeHHH 110
WH/MBHUyalbHBIM (CEMAaHTUYECKMM) NpPU3HAKaM, NPHUCYIIMM  TOJBKO
JnaHHOMY Kiaccy. IIporece onpenenenns 0600IEHHOTO TapaMeTpa MOXKHO
MIPEICTABUTD B BUIE KOMMYTAaTUBHON AuarpamMmsl [26] (pucyHok 1):

xQ—2 >yt oy
o
g
YISy

Puc. 1. KommyTaTHBHas quarpamMma Hax0XISHHsT 000OIICHHBIX
JIMarHOCTUYECKUX MPU3HAKOB

@OyHKOMS BBIXOJOB MPEACTABISIET COOOH IOCIEN0BATEIBHOCTh
oTobpaskeHuil @ u A, KOTOpPBIC IO3BOJSIOT MPE0OPa3OBBIBATE MHOMKECTBA
TEKYIMX COCTOSHHM B MHOXECTBO OOOONIEHHBIX MapamMeTpoB Y~
[ocnennee oroOpakeHKe, B CBOIO O4YEPE/lb, TAKXKE SIBJISICTCS KOMITO3HILIUEH
IByX oOToOpakeHuii. B oOmewm ciyqae omnpeneneHue 0000IEHHOTO
rapameTpa MOKHO pa3/ielnTh Ha HECKOJIBKO HTATOB!

1. Ha mepBoM »Tame B pe3ysibTaTe OTOOPaKEHHS () MPOUCXOIMT
OIpe/ieJICHUe UCXOAHOTO MHOXKECTBA TEJIEMETPUPYEMbIX MapaMeTpoB Y u3
TEKYIUX COCTOSHUH Q:

p:0—7Y. (13)

2. Ha BropoM »Tame B pe3yibTaTe CEMaHTHYECKOTO aHalln3a
BEKTOpa TEIEMETPUYCCKHX [JaHHBIX ¢, ={y;} , TAe i=1m,j=
MIPOUCXOJUT  OMpENENIEeHHEe KIAcCOB TEJIEMETPUYECKHX COOOMIeHHH
Sy =1q,}, f=Lr k=Ls, no cemanruuecku OOLIEMY MpPHU3HAKY,

IpUCYLIeMy [aHHOMY KiacCy COOOIIeHHH, TO eCTb, OCYLIECTBIACTCA
(dakropuzanMs ~ HMCXOAHOTO  MHOXectBa Y. JlaHHast — omepanus
MIPEJCTABISIETCS B BU/IE OTOOPAXKESHNUS:
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oc:Y—=Y/S,. (14)

ITo cBoeMy  CMBICIy  JaHHOE  OTOOpaKEHUE  SIBISCTCS
HaJIO)KEHUEM (CIOPBEKITHECH) u Ha3bIBaETCs €CTECTBCHHBIM
orobpaxkenuem [27, 28].

3. Ha Tperpem aTame ocymiecTBISIeTCSl ompeJiesieHne 0000IIEeHHBIX

JINarHOCTUYECKUX MPU3HAKOB yl-/ ey’ KOTOpbIe OyIyT HHIAUBUIYATbHBI JJIS

Kaxaoro kjacca Si. [laHHas omeparusi MpeacTaBiseTcs B BUIE B3aUMHO-
OJTHO3HAYHOTO OTOOPaKCHUS:

g:Y/S, =Y. (15)

B o6miem ciayuae mouck 0600IIEHHOTO THATHOCTUIECKOTO PU3HAKA
MPEICTABISET COOOM KOMITO3UIIMIO OTOOpaXKeHUid g U k:

A=ocog. (16)

W3 nutepatypsl [22] U3BECTHO, YTO MUHUMH3AINS YHCIA COCTOSHIHA
HCXOJHOTO aBTOMAaTa CBsi3aHA C AaHAIN30M OKBUBAJICHTHOCTH 3THX
cocrostHUH. OmnperneneHne 0000MEHHOTO THATHOCTHYECKOTO MpPHU3HAKa IO
0TOOpaKeHHIO /1 TIpUBEACT K 00pPa30BaHUIO KJIACCOB SKBHUBAJCHTHOCTH H,
COOTBCTCTBCHHO, MMHUMM3AaIIMHU YHCJIa COCTOSITHUH.

[IpencraBnennslii  croco® TpeoOpa3oBaHUsl HMCXOAHOW MOJAEIH
00beKTa MOKa3bIBaeT BO3MOXKHOCTH CHHTE3a aJalTUBHOM K mpoleccam
KOHTPOJISI WJIM TEXHUYECKOTO TMarHOCTHPOBAHUS MaTeMaTHUeCKOH Mojaenn
C IENbI0 TOCTPOCHUS ONTHMAIBHBIX aJrOPUTMOB KOHTPOJII Ha OCHOBE
0000OIIECHHBIX AUATHOCTHYECKNX TPU3HAKOB.

OCHOBHBIM cOJIep)KaHHEM 3a7a4H IIOCTPOCHUS aJITOPUTMa KOHTPOJIS
TexHuYeckoro coctosHuss bBA KA  sgBmseTcs cumHTE3 TporpaMm
koHTponbHBIX wcnbiTannid  (IIKUM), 3amaromumx — MOCIEIOBAaTENBHOCTH
YIPaBISAIOINX BO3ICHCTBUH NMPU MPOBEIACHUH JIEKTPUUECKUX IPOBEPOK,
KOTOpasi OCYLIECTBIAET O0XOJ IEPexXoJI0B B paMKaX CHHTE3MPOBAHHON
MaTeMaTU4EeCKON MOJIENH.

M3BectHO w3 [22], YTO TpW ONMHCAHWU HCIPABHBIX OOPTOBBIX
cucteM KA KoHe4HO-aBTOMaTHOM Mojenblo Haimuuue aedekra B KA
COOTBETCTBYET TpaHC()OpPMANMKM €ro B HOBBI KOHCYHBIH aBTOMAT,
oTJIMYaroIuiics oT mojaenu ucnpaBsHoro KA. B atom cnydae nmoctpoeHue
MIPOrpaMMbl KOHTPOJIBHBIX HCTIBITAHUH MOXET OBITh CBEIACHO K CHHTE3Y
IIKW, no3Bojsiomed OTAMYUTh KOHEUYHBIM aBTOMAT, MOJEIUPYIOIINIA
(yHKIMOHHMpOBaHUE HcHpaBHOH BA, oT m10060T0 Jpyroro KOHEYHOTO
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aBTOMara, €My He JKBHBajeHTHoro. IIpm 3ToM o00s3aTENBHO ITOJDKEH
ObITh 3a(pUKCHPOBAH KJIacC HEHCIPABHOCTEH, OOHAPYXHBAacMbIX B
paMKax HCIHOJb3yeMOoW Mojenu. TakuM 00pa3oM MOKET OBITh pelleHa
337laua MOMCKAa MECTa W BBISBIEHUSA NPUUUH OTKa3a, ompesesseMas
ryOMHON JuarHocTHpoBaHusi OopToBbIX cucteM KA. B cBoro ouepens,
ISl pellieHMs] 3a/ladyi KOHTPoJia BpeMs Ha BbinonHeHue Beer [TKW nyxHO
CBECTH K MUHUMYMY:

1(X") ziAti — min, (17)

i=1

* o
rie X — mporpamMMa KOHTPONBHBIX HCIIBITAHUH, HeoOXoaumas Juis
OPHUHATHS pelIeHns o0 Buiae TexHmdeckoro cocrosHms bC KA; At —

BpeMsI, HEOOXOMMOE Ha BBIIOIHEHHE YIPABISIONIEr0 BO3IeHCTBHS 13 X .

JaHHas 3aja4a MOXET pemaThCsi JU00 HaXOXKACHUEM IUKIIA,
YAOBIETBOPSIONMIETO yCiIoBHIO (17), 32 CUET MOIIHBIX AJITOPUTMUYECKIX
CpencTB, pa3zpaboTaHHBIX B Teopuu TpadoB, OO 3a  cuer
mpeoOpa3oBaHus M YMEHBLICHUS PAa3MEPHOCTH CaMOM MOJEIH HE HIDKE
TpeGyeMoro ypoBHS.

4.2. Tlpumep CcHHTe3a AaJaNTHBHOW MATeMATHYECKOH MO/eJIH
00OpTOBOIl paguoTeIeMEeTPUYECKOI CHCTEeMbI KOCMHYECKOro anmnapara Ha
OCHOBE MATEeMATHYECKOI0 aNnapaTta KOHEYHBIX aBTOMATOB. B kauecTBe
IpuMepa PacCMOTPHM CHHTE3 JEKOMIIO3UPOBAHHON KOHEYHO-aBTOMATHOM
Mozenu 6opTtoBoii paguotenemerpudeckoi cuctemsl (BPTC) BP-91IK-1 [29].
IIpousBenennnlii cuHTe3 Maremartmdeckol Moaenu BPTC Ha ocHoBe
TEXHAYCCKOH TOKyMEHTaIMu (OmucaTebHON Wi BepOaibHON Mozenun) [30-
32] nmo3BOJMN  MOJMYy4YUTh  IATH  Jormdeckux  mojcucteM (JIIIC),
(dopManm3yronmx mporecc (YHKIMOHHUPOBAHMS IISITH OJIOKOB HCXOJHOU
cuctemsl bP-9LIK-1. B cBoro ouepesib, ObIIN TIOTyUYEHBI ITOJaBTOMATHI padOTHI
nepefaTunka, 3alOMUHAIOIIETO YCTPOICTBA, CUCTEMbI INUTAHUS, JATYUKA
BPEMCHH M IICHTPAIBRHOTO OJI0Ka. PaccMOTpHM JIOTHYECKYIO IOJCHCTEMY
LICHTPAJIFHOTO OJIOKA, XapaKTepU3YIOIIyI0 PeXKUMBI (PYHKIIOHMPOBAHMUS BCEH
BPTC, c uenblo onpeneneHus: BO3MOKHOCTY CHHTE3a aJallTUBHON MOJAEH MO,
3aaqy ~ KOHTPONSl ~ TEXHHMYECKOTO  COCTOAHHMA. B olmem  Buze

o0pa3 (TeneMeTpruieckuii  00pas) (yll,yiz,...y’m ) Kaxk70ro COCTOSHHA

LEHTPAIBLHOTO OJIOKa XapaKTepH3yeTcsl CTPYKTYpOW KOMaHJIHO-CITy>KEOHOTo
cioBa (KCC), xortopas, B CBOIO Odepelb, ONPEHCISIET  PEKHM
¢ynxuronnposanust BPTC B nenom.
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B tabmune 1 mnpeacrasieHsl ympamismoonde BosneiictBus (YB),
nogaBaeMmble Ha BPTC B mporecce Ha3eMHBIX HCHBITAHUN U PEXHUMBI €€
¢ynkponuposanus [30-32].

Tabnuna 1. Yropasmusromue Bo3AeHCTBUS B pexxuMbl yHKIoHnpoBanus bPTC

Howme | Obo3HaueHune Bpewms
ConeprkaHue KOMaHIbI U PEXKUM
p KOMaH[bl | BBITIOIH.KOM dyHKIoEHpOBarHs BPTC
YB.xi (YB) aHgpl At, ¢ Y P
«IIutanue
X1 3 INomava nmuTaHus Ha cUCTEMY
BKJD)
«IIuranue
X2 3 CHsITHE IUTaHUS C CHCTEMBI
BBIKIDY
Bxirouenne pexxuma — HEHNOCPEICTBEHHOI
X3 «HII256» 10 nepenaun (HIT) ¢ undopmarusrocThiO 25600
usm/c
u «HIT32» 10 Bxtouenue pexumMa HII c
nHpopMaTHBHOCTHIO 3200 M3M/c
«HIT32+3A Brxurouenue cosmerensoro pexuma HII u
Xs 10
I132» 3anucy ¢ nHpopmaTuBHOCTHIO 3200 M3m/c
e GATI8» 10 Bxitouenue pexuma 3aMucu c
nHpopMaTHBHOCTHIO 800 M3M/C
X «HII8+3AIIL 10 Brurouenue cosmerensoro pexuma HII u
! 8» 3anucy ¢ nHpopmaTuBHOCTHIO 800 M3M/c
s «B32» 10 Bxirouenne pexmma BOCTIPOHM3BENEHHS C
nHpopMaTHBHOCTHIO 3200 m3M/c
Bxirouenu JKFMa  BOCIIPOU3BEJICHUS
o «BS8» 10 J0YEHHE PE OCIPOU3BE/E c
unpopmaruBHOCTHIO 800 n3M/C
Oobnynenue naTunka Bpemenu (/IB) u 3amyck
X10 «HOB» 3 CXEMBI MIPOTPaMMHO-BPEMEHHOT O
ycrpoiictBa (IIBY) ¢ HyneBoil OTMETKH
«CTOIL OcTaHOBKa  3allOMUHAIOLIET0  yCTpOICTBa
X1 3
3V» 3Y)
ITpuBenenne 3Y B HCXOAHOE COCTOSHHE
X12 «HCX.3V» 3 PHBC A
(TIOATOTOBKA K 3aIIHCH)
«BBIKIJL BelkitoueHue nepeaaTuukon
X13 3
I1P1» (TexHoJIOrHYecKass KOMaH/a)
Y14 «BBIKIJIL. 3 Brikimouenue cuctemsl, kpome cxemsl 1B u
T™M» [IBY
Pa6ota cxemsr [IBY B yckopeHHOM pexume
X15 «TK» 3 YCKOp P
(TexHOJIOTHYecKas KOMaH/1a)

CrnoBecHBIE OITMCAHUS COCTOSIHUH (COIEpXKAaTelIbHBIC COCTOSHHSA) B
COOTBETCTBHM C PEKHMAMH JIOTHYECKHX MOJICUCTEM, a TaKXKe 3HAYCHUS
KOHTPOJIUPYEMbIX (BBIXOIHBIX) MapaMeTpoB B BHIEC (YHKIIMH BBIXOIOB
TpeacTaBieHsl B Tabmmme 2 [31].
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Tabnuna 2. @ynkiwms BeixonoB i JIIIC: B Tabnuynoi hopme

Cocrostaus JITIC, pexuM GyHKIMOHHPOBAHHUS

Jonyck napamerpa

¢%0— NeXypHBIT pEXUM

00000000

¢’1 — pexum HIlc wundopmatueHOCTBIO 25600
m3m/c (HI1256)

01000011

¢°2— pexum HIlc undopmarusHOCTEIO 3200 M3M/C
(HI132)

01000001

¢°3s — COBMEIIEHHBIH pexuM 3amucu u  HIlc
unpopmaruerocThio 3200 m3m/c (3AII32+HII32)

01100001

g°+ — pexuM 3amuch ¢ uH(OpMaTMBHOCTBIO 800
mm/c (3AIIS)

00110010

¢°s — pexum HIIc undopmarueHOoCTEIO 800 HM3M/C
(HIIB)

01000010

q26 — coBMeleHHbI pexxum  3anucu u HIc
nHpopmaTuBHOCTHIO 800 n3m/c (HII8+3AIIR)

01110010

97 — pexIM BOCTIPOU3BEICHHUS c
nHpopMaTuBHOCTRIO 3200 M3M/C mocne 3ammucu ¢
nHpopmaTrBHOCTHIO 800 M3m/c (B32 (ot 3ATIR))

00110101

s — pexHUM BOCIPOM3BE/ICHHS c
nH(OPMAaTHBHOCTHIO 3200 n3m/c nocie
coBMerieHHOro pexkuma 3AII32+HII32 (B32 (ot
3AII32+HI132))

01100101

9 — pexUM BOCIPOM3BE/ICHHS c
nH(OPMaTHBHOCTHIO 3200 n3m/c nocie
coBmemieHHoro pexxuma  HIIS+3AII8  (B32(or
HII8+3AIIR))

01110101

4’10 — peKUM BOCHPOU3BEICHUS c
nadopmatuBHOCTEIO 800 WM3M/C TOCHE 3amuch C
nHpopmaTuBHOCTEIO 800 n3m/c (B8 (ot 3AIIR))

00110110

all — peXUM BOCIIPOU3BE/ICHUS c
HHPOPMATHBHOCTHIO 800 nu3m/c mnocie
coBmenieHHoro pexuma 3AII32+HII32 (B8(or
HIT32+3ATI132))

01100110

g’ — pexuM BOCIPOU3BEIICHUS c
HHPOPMATHBHOCTHIO 800 nu3m/c nocie
comenieHHoro pexxuma HII8+3AII8 (B8 (ot
HII8+3AII8))

01110110

¢’13 — texuonoruueckuii pexxum HIT no Hu3KOiM
yacrote (HIT-HY (nocne 3AI132))

00000010

G’14  —  TEXHOJOTMYECKMM  PEXUM  MOCIE
BocrpousBeneHus ¢ uHpopmaruHOCTEIO 800 M3M/C
(Hynesoii pexxum (nocie B8))

00000110

¢’15 — TEXHONOTMYECKHI pPE&X WM  IOCIE
BOCHPOU3BEICHUsT C HH(pOpMaTuBHOCTHIO 3200
u3m/c (Hyneoii pexum (mocae B32))

00000101

182  Tpyas CMIMMPAH. 2018. Buin. 1(56). ISSN 2078-9181 (neu.), ISSN 2078-9599 (oHnaiik)

www.proceedings.spiiras.nw.ru




I'pad nepexo0B LISl JIOTHUECKOI MOJCUCTEMBI LIEHTPAJILHOTO OJI0Ka
MIPECTaBICH HA PUCYHKE 2.

Puc. 2. I'pad nepexo0B KOHEUHO-aBTOMATHON MO/IEJIH JIOTHYECKOI MOACHCTEMBI
LEHTPAJILHOTO OII0Ka

PaccmMoTprM  BO3MOXKHOCTH  CHHTE3a MHHHMAIbHOH  (hOpMBI
KOHEYHOTO aBTOMAara Ha IpuMepe pexuMoB (yHkmmoHuposanus JIIIC,
BPTC BP-91IK-1:

1. ITo cMBICIIOBOMY COZIEPKAHUIO U B COOTBETCTBUHU C TEXHHUUECKOU
JOKyMEHTaIe Bce 15 pexuMoB, MpelCcTaBICHHBIX B Tabmimie 2, MOXKHO
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pa3nenuTh Ha 6 KJIacCOB, a MMEHHO: KJIACC PEKUMOB «HETIOCPEACTBEHHAS
mepenada MHGOpMaIUm» — S;, KJIACC «HETOCPEACTBEHHAs Iepernavya u
3anuch HHpoOpMaUn» — S;, KJIACC «BOCHPOU3BEICHHS HH(DOpMAIHmy —
S;, kimacc «3amuch HHpOpMArUM» — Sis M KIACC «TEXHOJOTHUCCKUE
pexumMbly — Ss. OTIETBHBIM KIACCOM BBIICTUM «IEXKYPHBIA PEKUMY WU
«PeXUM OXUIAHUS KOMaHABD — So. JJaHHBIA pexXUM peaan3yercs Mmocie
noxaun nutanust Ha BPTC, npu 5ToM HayanbHbIE YCTAHOBKU CJEIYIOIIME:
MMUTaHUE TPUOOPOB CHCTEMBI M MEPEIATYNKOB BBIKIFOUEHO, 3Y HaXOIUTCS
B pexuMe «CTOII». Ilepexon B nexkKypHBIA pEXKUM OCYIIECTBIIAETCS TaKXKe
IOCIIe TOAAaYM KOMAHMBI «X14», TMPHU 3TOM IPOHUCXOAUT COPOC TEKYIIHX
YCTaHOBOK U BBHIKIFOUCHUE MTUTAHUS TIPHOOPOB.

2. B obmem Bume OWHApHYIO NOCIENOBATEIFHOCT KOMAaHIHO-
CITy’>kKeOHOTO CJIOBa MOYKHO TIPE/ICTABUTH B IOJTMHOMHAIHHOM BHIE:

psi(y):hjyj®"'®h2y2®hlyl(_Bh09 (18)

e j, e {0,1}— 3HAUCHHE j-TO pa3psa KCC, j =1,n

W3 anammsza crpykrypsl KCC (tabmuma 3) MOXHO chenaTh BBIBOZ,
9TO Ui KKAOW TPYIIBl PEKUMOB CYLIECTBYIOT DPa3psibl, 3HAYCHUS
KOTOPBIX SABJISIOTCS OJMHAKOBBIMHU JUISl BCETO PACCMaTPUBAEMOr0 KJlacca.

Ta6muna 3. Crpykrypa KCC BPTC BP-91IK-1
KCC

z

Pexxim

HIT 256
HII32
HIT8
HIT3243AIT 32

)

I

(<
)

A
—~|olo|o|o|o|o|~|—|~|o|—|o|m—|—]

B32 (o1 3AIIR)
B32(ot HIT32+3AI132)
B32(ot HII8+3AII8)
B8 (ot 3AII8)
B8(ot HIT32+3AI132)
B8 (ot HII8+3AII8)
3AII8
HIT-HY
Hynesoii pexuM (B8)
Hymnepoii pesxxuM (B32)

o b= IV=1 1) BN 1 N [V ON USRS PO

—
N

Bq.—-.-.—.-»—.Booooof“b

(1]
\/

Tak, Hampumep, Uil PEKHMOB «HEMOCPEJCTBEHHAs mepenayda
unpopmanum» odumm Oyner 7-i paspsn KCC, 3HaueHre KOTOPOro JOIKHO
0b1Th «1». Takum oOpaszom, Beipaxkenue (18) ¢ yuerom otobpaxenus (16)
Oyzer paBHo [26]:

oooo»—-.-o»—.—ofmc':'}‘%

ole OBE'—"— — —-Ekjo olo[+.

o|o|o|—|—|o|—|—|o|=|—|o|lo|o|a=.

OOOOOOOOOOOOOOOVL,

olo|lolo|o|o|o|o|o|lo|lo|o|o|o|e
oo~~~ |lolo|lo|—|o|—|a|—

Lo Ll e
AV o LR

Pa = yﬁ’
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[pu Hammumm «1» B 7 1 6 paspsiax MOXKHO C/IeNaTh BBIBOJL O paboTe
BPTC B ogHOM U3 peXUMOB Kjacca «HEMOCPEACTBEHHAs Iepenaya M
3aruch HHHOPMALUI:

po=y"®y.

s pexxuMa «BocrpousBeieHus nHGopManum» Hanuaue «1» B 6 u
3 pa3psgax COOTBETCTBEHHO OYIET CHUTHAIM3UPOBATH O COOTBETCTBYIOIIEM
KJIacce.

3. OTHOCHUTENBPHO [IAHHBIX OTJIHYHUTEIBHBIX pPa3psSAoB  MOXKHO
TOBOPUTH 00 SKBHBAJCHTHOCTH PAcCMAaTPUBAEMBIX KIACCOB, YTO, B CBOIO
ouepellb, HacT BO3MOXHOCTb CHHTE3UPOBATh MHHUMAIBHYIO (HOpMy
KOHEYHOI'0 aBTOMAaTa B COOTBETCTBHHU C BhIpaxkeHueM (9) [26]. B tabmume 4
MPEICTABIICHBI OOIIUE Pa3pPsIbl I SKBUBAJICHTHBIX PEKUMOB.

Ta6n1/1ua 4. DKBUBAJICHTHBIC KJIACCHI JIOTHYECKON IIOACUCTCMBI LICHTPAJIbHOT'O OJi0Ka

e Pein I KCCf vty
1. | so IEXC.PEKUM) | 0 | 0 | 0| 0 0 0 0] 0
2. s1 (HIT) 0 1 0| 0 0 0 |00
3. 52 (HIT+3AIT) 0 1 1 0 0 0 | 0] 0
4. 53 (BOCIIP) 0] o 1 0 0 1 0] 0
5. s4(3ATT) 0 0 1 0 0 0 |00
6. | ss(TEX.PEXKAM) | 0 | 0 | 0 | 0O 0 1 0] 0

Ha pucynke 3 mpencraBieHa MUHAMabHas (opMa KOHEYHOTO
aBTOMaTa JIOTUYECKOW ITOJCUCTEMBI IeHTpaibHOrO Onoka BP-9IIK-1 B
COOTBETCTBHH C BBIJACICHHBIMH KJacCaMH SKBHBaJeHTHOCTH. IleTiieBble
JyTH B IAHHOW MOJICITH HE 0003HAYCHBI.

X5,X7

Puc. 3. MunumaneHas Gpopma KoHeuHO-aBToMaTHOH Moaenu JITIC nerTpanbHOro
61oka BUTC BP-911K-1
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Takum 00pa3oM, MPEACTABICHHBIH IMOAXOJ IMO3BOJWI COKPATHTh
KOJINYECTBO cocTosgHuil ¢ 15 mo 6, To ecth B 2,5 paza. Co3naHHBIE Ha
OCHOBC JITaHHOTO TIOAXOJa AQlITOPUTMBI  KOHTPOJS MOTYT  OBITh
WCIIOJb30BAHEl TIPH PCUICHUW 337ad HICHTU(GUKAIMH M TEXHHYECKOTO
JTMArHOCTHPOBAHUS B YCIIOBHSX aBTOHOMHOTO (DYHKIMOHUPOBAHHUS, KOT/Ia
O0BEKT  KOHTpPONSA  oOONamaeT OOMIMPHBEIM  CIEKTPOM  PECYPCHBIX
OTpaHUYCHUH (BPEeMEHHBIX, JHEPTETHICCKHUX ).

3.2. Ouenka »3¢@deKTUBHOCTH NPUMEHEHUs] AJANTHBHBIX
MATEeMATHYECKHUX Mojejeil CI0KHBIX CHCTeM NPH PelleHuH 3aaadn
KOHTPOJS " TeXHUYECKOro AUATHOCTHPOBAHMSI. (0)iS:1:4%
3¢ (GEKTUBHOCTH MPUMEHCHHUS aJalTHBHBIX MATEMAaTHUCCKHUX MOJENeH IO
MOKa3aTeIi0 «OIMEPAaTUBHOCTH» TPOU3BENEM Yepe3 BBIYHCIUTEIBHYIO
CIIO)KHOCTh alNropuTMOB ImpoBepku wucnpaBHocth bC KA Ha ocHoBe
CHUHTE3UPOBAaHHBIX Mojenei. M3BecTHO [22], YTO MOA BBIUMCIUTEIHLHOM
CIIO)KHOCTBIO ~ anroputMa  (3amaym) moHuUMaercs  GyHkmus — S(n),
COIOCTABJIAIONIAs KaXJOMy Ha0Opy HCXOAHBIX [aHHBIX 7 HEKOTOpPOE
abcTpakTHOE BpeMsi ero BBIUUCICHHs (pemeHus 3amadu). OYeBHAHO, YTO
peasbHOE BpeMs BBIYUCICHHS IO AQITOPUTMY 3aBHCHT OT THIA
BBEIYHCIIATEIIEHOTO ~ yCTPOHCTBA,  CIOCO0a  MPOTPaAaMMHPOBAHUS |
npodeccruoHanu3mMa mporpaMMmucta. OgHAKO y4eT BceX 3TUX (aKTOpOB
MOJKHO OCYIIECTBHUTh C TIOMOIIBIO BBEACHUS COOTBETCTBYIOIIETO
k03¢ dULIKEHTA TPOTIOPIIHOHATBHOCTH.

Jnist monmyveHusi BpeMEHHBIX OLIEHOK allTOpPUTMa, MHBAPHAHTHOTO K
TUIy  BBIYMCIUTENS,  YacTO  BBOJAT  IIOHATHE  DIIEMEHTApHOM
oreparyu (CJI0KEHNUE, YMHOKEHHE, IIEPEChUIKAa «pPErucTp-perucTp»). B
9TOM cllydac BpEeMs BBIYHCICHHS IO AITOPUTMY MOXET OBITh OIICHCHO
¢ynkuueir O(n), KoTopasi ONpEAeNIsIeT YNUCIO JIEMEHTApHBIX OIepanui B
3aBHCHMOCTH OT 00beMa MCXOAHBIX MaHHBIX n. [IpuMeHUTENpHO K JaHHOU
CTaTbe MOJ] 00BEMOM HCXOMIHBIX NAHHBIX 7 CIEIyeT MOHUMATh MOIIHOCTh
MHOKECTBAa (KOJMYECTBO) COCTOSHHNA WCXOOHOM KOHEYHO-aBTOMATHOU
MOJIEJTH WIIK MOZETH C MUHUMAJIBHBIM YHCIIOM COCTOSHHM.

[Moctpoenne ¢ynkimu O(7) TO3BOISIECT B JabHEHUIIEM OLCHHBATH
peanpHOE BpeMs BBIIOTHEHHS ANTOPUTMA JJIS1 KOHKPETHOTO BBIYHCIHTEIIS
MyTEeM YMHOXCHHUSI KOJHMYECTBA ODJICMEHTApHBIX OINEpaluii Ha BpeMms
BBITIOJTHEHHS OT/ICIBHON OTIepalluy.

Kak Obu10 oTMeueHO paHee, TpoBepka ucrpaBHOCTH BA, mporecc
(hyHKIIMOHHPOBAHUS KOTOPOH (hopmanuzoBaH npu TTOMOIIIA
MAaTEeMaTUYEeCKOTO alllapaTa KOHCYHBIX aBTOMATOB, IPOM3BOIUTCS MpPHU
MTOMOIIA OTPAOOTKH TPOTPAMMBI KOHTPOJIEHBIX HCIIBITAHUH, 3aJaromiei
00xox Bcex mepexonoB KAM. B obmiem cimywae 3amada ONTHMAIBHOTO
00xoma Bcex Mepexo/oB Trpada MOoTydnia Ha3BaHHE 33/1a4d «KHTAHCKOTO
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MOYTAIBLOHAY» — HAaXOXKICHHsI KpaTdyaiiiero mytu ooxoma Bcex ayr rpada
HediniepoBoit  Moxenu [22]. B cBow ouepens, peuieHue 3ajaud
KUTAHCKOTO0 MOYTAIbOHA» MOJAPAa3yMEBAeT pealu3alUi0 aJIropuTMa
JIeWKCTpBl C LENbl0 TOCTPOCHUS KpaT4alIIMX IyTed M peanu3aluio
anroput™Ma drepu, oCymECTBISIOMNX 3HIEpOB 00X0/ CHHTE3WPOBAaHHON
Mozenu. B kauecTBe eMeHTapHOH OlepaIiiy BRICTYIIACT CPABHEHUE IBYX
CUMBOJIOB (MJIM CJIOB), BpeMsl BBIOJIHEHUS KOTOPOH mpumeM Af, =1 MKC.

OTtcrofia BEpXHIOK OLEHKY S (77) BBIUUCIUTEILHON CIOXKHOCTU alropuTMa

peuiCHus 3agavdun «KUTAWCKOI'0 II0YTAIbOHA» MOXKHO NpeACTaBUTL KakK
MPOU3BCIACHUC BCPXHUX OLICHOK BBIYUCIINTCIIbHBIX CIIOXKHOCTEH

anroput™oB [leiikctpst u @nepu [33, 34]:
W:o(nz)*o(nz):o(n“). (19)

IIpumenutensHo k cuHTe3y agantuBHOUM Mozaenu BPTC, BepxHss
OLICHKA BBIYMCIIUTENBHON CIOKHOCTH ¢ OT KOJIMYECTBA COCTOSIHUH n I7Id
At, =1 MKc npesicTaBiieHa B Tabnue 5.

Tabnuna 5. BepxHsis OlleHKa BEIYHCIUTEILHON CJI0KHOCTH aJIrOpUTMa
«KHTAHCKOrO IOYTAIHOHAY

n t°.c
5 0,08
6 0,3
7 0,8
8 2,1
9 4,8
10 10
11 19,5
12 36
13 62,7
14 105,4
15 170,9
16 268,4
17 410,3

[Ipu onpeneneHnn oOIIETO BPEMEHH KOHTPOJISI OOPTOBBIX CHCTEM
KA, kpoMe BpeMeHHM MOAaydl M peain3alliil TECTOBBIX (YMpPaBIISIOIINX)

BO3ACHCTBUI (xomaHnn), A3MEpPEHUS 51 OLICHKH
KOHTPOJBHBIX (TEIEMETPUPYEMBIX ) mapaMeTpoB (BBIXOTHBIX
TIePEeMCHHBIX), HE00X0TUMO TaKxe YYIHUTHIBATh BpeMs
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MOATOTOBUTENBHBIX () U 3aKJIIOUUTENbHBIX (#;) Onepanuid Ipu KOHTPOJIE.
Orcrona ob1iee Bpemst KOHTpods [35]:

Tk: Tttt (20)

CoriacHO TEXHMYECKOH NOKyMEHTAIlMH, Ha IOJIrOTOBHTEIBHBIC U
3aKJIIOYUTENbHBIE  omeparmu (£, + #) TpH TPOBEICHHH Ha3eMHBIX
koHTpostbHBIX HcnbiTanuit BUTC BP-91IK-1 otBoanTCs o 25 muHyT, npn
npoBeJicHUH OOPTOBBIX KOHTPOJbHBIX HctbiTanuii BUTC BP-91IK-1 no 1,5
MuHYT [32, 34].

OO1iee BpeMsi KOHTpPOJISI NPU IPUMEHEHWH KOHEYHO-aBTOMATHBIX
monenerr moncucteM BUTC BP-9IIK-1c pa3mudHBIM YUCIIOM COCTOSTHHA
npu npoBeneHuH HazeMHbIX (7k,) HazeMHBIX u  OOpTOBBIX (Tks)
KOHTPOJIBHBIX HCIBITAHMII C y4eTOM BbIpameHus (23) mmst Az, =1 Mkc

Npe/ICTaBJICHBI B Ta0HIE 6.

Tabmuia 6. O6uee Bpemst koHTpoJist nogcucrem bBUTC BP-911K-1

n Thn,C Tho,C
~1500 90,08
6 1500,3 90,3
7 1500,8 90,8
8 1502,1 92,1
9 1504,8 94,8
10 1510 100
11 1519,5 109,5
12 1536 126
13 1562,7 152,7
14 1605,4 1954
15 1670,9 260,9
16 1768.,4 358.4
17 1910,3 500,3

AHanu3 TMOJYYEHHBIX pEe3yJIbTAaTOB ITOKAa3bIBACT, YTO INPHUMEHEHHE
pa3paboTaHHOI amanTHBHOM MaTteMaTtndeckoi Mmonenu Buaa (10), ¢ yaetom
otoOpakeHust (2), TpU peEHIEHHH 3aJa4d KOHTPOJISI TEXHHYECKOTO
coctosausi BUTC BP-9I1K-1 mo3BONSeT MOMYYUTH CYNIECTBEHHBIN
BeMrpbim  (Ha 15-20% 1npu MpOBEACHMHM HA3eMHBIX KOHTPOJIBHBIX
UCTBITAaHUH M B 2-3 pa3a NpU NPOBEIEHHUH OOPTOBBIX KOHTPOIBHBIX
ucneitanuit BUTC BP-911K-1) mo mokasarento omepatuBHOCTH. OJHAKO
3]Iech ClieyeT oOpamiath BHUMAaHHE Ha BOIIPOCH oOecredeHust TpedyeMoin
JIOCTOBEPHOCTH KOHTPOJISI NPUMEHHUTEIHFHO K pelracMoi IIeJIeBOH 3aaade.
Jns  mpuBEeAEHHOTO  KOHKPETHOTO — IIPHMEpa  CKOPOCTh  Iepefadn
nHpopManmu (MHPOPMATHBHOCTE) IS Pa3IHIHBIX pekuMoB padoTsl BPTC
0OKa3aJach HECYIIECTBEHHOMH, JOCTaTOYHO OBLIO MpH onpeneneHuu suga TC
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MAECHTH(UIMPOBATH CaM PEKUM. DTO MO3BOIMIO NMEPEHTH K 000OIIECHHBIM
JMAarHOCTHUECKMM TIPU3HAKaM M TEM CaMbIM YMEHBIIUTH MOIIHOCTh
MHOKECTBA COCTOSIHUM (Q MCXOIHOW MOJEIH HpakTH4YeCKu Oe3 IMoTepu B
JIOCTOBEPHOCTH KOHTPOJIS.

B Toxe Bpems, 3agaua MOWMCKAa MECTa M ONpPEJCICHHE NPHYMH
OTKa3a (HeHCIIPaBHOCTH), KaK MpaBWJIO, pellaercsd IyTeM IpPOBEACHUS
NpOrpaMMbl  AMATHOCTHMYECKUX HCIBITAHWUM U1 TOJHOM  KOHEYHO-
AaBTOMAaTHOM MoJenu C (UKCHPOBAaHHBIM KJIACCOM HEUCIIPABHOCTEH,
OOHapy)KMBacMBIX B paMKax HCIOJIb3yeMOl Mozaend. B nanHOM ciydae
IoKa3aTesieM ONTHMHU3aUU OOBIYHO BBICTYIIAET JTOCTOBEPHOCTD, 3aBUCSIIIAS
OT pa3MEpHOCTH MaTEeMaTHYECKOM MOJENN W ee afeKBaTHOCTH B paMKax
peuiaeMoil KOHKPETHOM 3ajauu.

4. 3axmouyenue. IlpennoxeHHbIH NOAXOJ CHHTE3a aJalTUBHBIX
MoOJeNne  3aKIioyaeTcss B NPeoOpa3oBaHMM — MOJCIH  IIpolecca
(yHKIMOHMPOBAaHUS  OOPTOBOM  PamMOANEKTPOHHON — ammapaTypsl B
TOMOJIOTHYHYIO CTPYKTYpy MEHBIICH pa3MepHOCTH. Mojens mpomuecca
(YHKLIMOHMPOBAaHHS OCHOBaHA Ha HCIIOJIb30BAHMH MAaTEeMaTHYECKOI'O
amnmapaTta KOHEYHBIX aBToMaToB. HOBHM3Ha moaxoja 3akirodaeTcss B TOM,
YTO TOMOJIOTMYHAsl CTPYKTypa MEHBIIEH pasMEpHOCTH CHHTE3HpOBaHA 3a
CUeT TpeoOpa3oBaHMSl OTHOMICHHH MEXIYy OJJIEMEHTaMH MHOXKECTBA
TEJIEMETPUPYEMBIX (KOHTPOIHMPYEMBIX ) rapameTpoB (BBIXOJHBIX
NIepEeMEHHBIX KOHEYHO-aBTOMaTHOM Monenu). Ilpu stom mpeoOpasoBanne
MOJIENI  OCYIIECTBISIETCSI 110 KPUTEPHI0O MaKCHMyMa BBIOpPaHHOTO
TIOKA3aTeNs KauyecTBa — OTMEPATUBHOCTH KOHTPOJIS.

[IpoBeneHHBIN aHANMNM3 BBYUCIUTEIBHONW CIIOKHOCTH alrOpUTMa
KoHTposisi HeHtpansHoro ©Omoka BPTC  BP-9IIK-1  mokasanm, dto
MIPUMEHEHHE MOJieliell, MPeoOpa3oBaHHBIX B TOMOJIOTHYHYIO CTPYKTYpY
MEHbIIEH pa3MEpPHOCTH, IS pemeHus 3agadn KoHTposisi TC mosBomsier
MOJYYNTh CYIIECTBEHHBIN BBIUTPBINI TI0 TOKA3aTENIO0 ONEPAaTHBHOCTH (OT
15-20% o 2-3 pa3 B 3aBUCHMOCTH OT MECTa NPOBEJCHHS KOHTPOIBHBIX
ucneitannii). OrpaHUMYeHWEM B JaHHOM Clydae BBICTyNaeT Tpedyemas
JIOCTOBEPHOCTH KOHTPOJISL.
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M.C. JIBITAEB
YUCJEHHBIN METOJI PACYETA TPOIIOC®EPHOI'O
PACITPOCTPAHEHMS DJIEKTPOMATHUTHBIX BOJIH B
3AJAYAX ITIOCTPOEHUSI TEOMH®OPMAIIMOHHBIX CUCTEM
JUCTAHIIMOHHOI'O MOHUTOPHUHT A

Jloimaes M.C.  UucjeHHBIH MeTOA  pacyera TpomnocepHOro pacnpocTpaHeHUus
9JIeKTPOMATHUTHBIX BOJH B 3aJa4aX MOCTPOCHUS TreoMH(POPMALMOHHBIX CHCTEM
JAMCTAHIIHOHHOTO MOHHTOPHHTIA.

AnHoTtanusi. Hacrosmas paboTa HOCBAIEHA YHCICHHBIM METOJAM peLIeHHS 3a[aqu
pacIpoCTpaHEeHHs] JIEKTPOMAarHUTHBIX BOJH BONM3H MOBepXHOCTH 3emid. IloctpoeHs
JMCKPETHBIC HEJIOKaJbHble T'PAHWYHbIE YCIOBHUs A KOHEUHO-PA3HOCTHOH aNIpoKCHMAIHu
Tlane opHoHampaBneHHOro ypaBHeHus I'enbmronbua. IlomydeHHbIE yCIOBUSL TO3BOJISIOT
YUYMTHIBaTh JTUHEHHO pacTylMii Mo BbIcOTe KOX((UIMEHT NpeNoMICHHS BBIIE pPacueTHOU
00J1acTH, YTO JIeTaeT UX MOJIC3HBIMH JUIS IPIMEHEHHS B 33]1a4aX PaclpOCTPaHeHUs PaJHOBOIH
B HeoaHOpoaHOU Tporochepe. IpennoxeHHblii MeTo He TpeOyeT BBEICHHS HCKYCCTBEHHOTO
TOTJIOIIAOIIETO CJIOSI B OKPECTHOCTU BEpXHEH IpaHUIBI pacueTHOH obnactu. Mcnonb3oBaHue
ammpokcuManuii [lage mo3BoisleT MPOBOAUTH PacdyeThl C JOCTATOYHO OONBIIMM IArOM IO
MPOJOJILHOM KOOPJMHATE, YTO ITOJIOXKUTEIBHO BIMSAET HAa IPOM3BOMUTENBHOCTb. MeTos He
HAKJIa/bIBAcT CYIECTBCHHBIX OTPAHMYICHNH HA MAKCUMAIIBHBIA YTOJI PACIPOCTPAHEHHS X MOXKET
HCIIOJIb30BaThCS B CPEJIE C HATMYMEM FOPU30HTANILHBIX MPENATCTBUN. BhINOIHEHO cpaBHEHHE C
MeTozioM paciueruieHus Pypre u KoHeuHO-pa3HOCTHON cxemoit Kpanka — Hukosncona.

KimoueBble cjl0Ba: HENOKAaJAbHOE I'PAaHHYHOE YCIIOBHE, PAcIpOCTPaHEHHE PaJHOBOIIH,
ypaBHeHue ['enpMrobiia, annpokcumarmu [1age, mapabonudeckoe ypaBHEHHE.

1. BBenenune. MHTeICKTYaNbHbBIE Teorpaduyeckie MHPOPMAIUOH-
HBIC CHCTEMBI JUII MOHHTOPWHTA W TIOAJCPKKH IMPHHATHS PEUHICHUN Bce
yare MPOHUKAIT B PA3IUYHBIC OTPACIH. B 3a1aun 3THX CI0XKHEBIX pacipe-
JICIICHHBIX CHCTEM BXOIHT COOp JaHHBIX U3 PA3IUYHBIX UCTOYHUKOB B pe-
aIBHOM BpeMeHH, KiIaccupuKays, o0paboTka U BH3yalIH3anns HaOIroac-
MO# OOCTaHOBKH B yHOOHOM Bupe. llosBiseTcss BOZMOXKHOCTH U OCY-
MIECTBJICHUS IHPOKOMACHITAOHOTO MOHHUTOPHHTA M MOJEIMPOBAHUS DPa3-
JINIHBIX MPOIIECCOB aHTPOTIOTEHHOT'O U MPUPOIHOTO XapakTepa [1].

O}]HI/IM U3 OCHOBHBIX UCTOYHHUKOB Ha6J'IFO}IeHI/I${ YKE JOJTOC BpEMA
SIBJISICTCS aHAIU3 JJICKTPOMArHUTHOTO Wu3MydeHHUs. CleyeT OTMETHTH,
YTO B 3aJlayaX MOHHTOPHHTa 3€MHOW MOBEPXHOCTH 3a IOCJICIHUC HE-
CKOJIBKO JICT TMOJYYHJIM Pa3BUTHE METOMbI aHalN3a WHTeP(EePEHITMOHHBIX
JIUarpamMM, CO3/IaBaeMbBIX CHTHAJIAMU TJIOOANBHBIX HABUTAIIMOHHBIX CH-
ctem ['JIOHACC u GPS [2]. Croga BXoAUT HAONIOJCHUE 32 TEpPEABIKE-
HHUEM U TOJILIMHOM JIbJla HA MOPAX U pekax [3], onpenesneHre BIaXHOCTH
MOYBBl W YPOBHS PACTUTEIBHOCTH, U3MEPEHHE TIyOWHBI CHEKHOTO IIO-
KpoBa. [l KOPPEKTHOTO MOJICITHPOBAHHS M OOPAaOOTKH CITyTHHKOBBIX
CUTHAJIOB HEOOXOIMUMBI METOIBI pacueTa PaclpOCTPaHCHHS IJIEKTpoOMar-
HUTHBIX BOJH BOJH3U MOBEPXHOCTH 3€MIIH, CIIOCOOHBIE YUUTHIBATH pas-
JTUYHBIE TTapaMeTphl Ha0mrogaeMoit cpenst [4].
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Marematiueckoe MOJETUPOBaHHE TPOMOCHEPHOTro pacrpocTpaHe-
HHS PAJMOBOJIH TaK)Ke HaXOAAT IIMPOKOE MPUMEHEHHE B 33aJjayax MPOTrHO-
3UpOBaHUSl 30H PAAMOBHIAMMOCTH PA3JIMYHBIX DPaAUOTEXHUYECKHX CH-
cteM [5-7]. TIpocTpaHCTBEHHbIE U3MEHEHUS UHJEKCA MPEIOMIICHUSI TPOIIO-
cdepbl, 00YCIOBIEHHBIE METEOPOJOIMYECKUMH YCIOBUSIMH, OKAa3bIBAalOT
CYIIECTBEHHOE BIMSHHE HA paclpocTpaHeHue paanoBoiH [8, 9]. DddexTsr
AQHOMAJIBHOTO TPONOC(EPHOTO PACHPOCTPAHEHHST CIIOCOOHBI Kak 3HAYH-
TENFHO YBEIUYUTH 30HY PaANOBHANMOCTH, TaK M CIIOCOOCTBOBATH IOSIBIIC-
HUIO CIIENBIX 30H. KpoMme Toro, Ba)kKHO y4HTHIBATH 3PQPEKTH AupaKmuu
BOKPYT TIOBEPXHOCTH 3€MIIH, TIAPAMETPHI JIAHAAPTA 3eMHOIH TTOBEPXHOCTH
1 YCJIOBUS TOpOACKOH 3acTpoiiku [10].

B untepecax BMC CIIIA yxe MHOrO JIeT pa3pabaThIBaeTcsi U aK-
TUBHO ucnonb3yeTrca cucreMa AREPS [11]. B crnmcok ee Bo3MOXHOCTEH
BXOJIUT pacyeT (YHKIHHU OCJabiIeHUs] PaJloBOJIH B Pa3IMYHBIX YCIOBUSIX,
OLIEHKa BEPOSITHOCTH OOHApYKEHMsl pajiapaMH HaJIBOJHBIX M BO3IYyLIHBIX
Henel, ompeneneHue 30H JEHCTBHSA Ha3eMHBIX cHCTeM paguogocTtyma. K
HacrosimeMmy BpemeHu AREPS sBnsiercs cocTaBHOW 4acTbi0 MHTEIUIEKTY-
IBHBIX CHCTEM MOHHUTOPHHTA U OOEBOTO yIPaBICHUSL.

Jlng pemieHust yka3aHHBIX 3a/ad pacdeTa XapaKTEepUCTHK pPacIpo-
CTpaHEHMs JIEKTPOMATHUTHBIX BOJH, KaK INPAaBUIIO, MCIIOJIB3YETCS METO[
napabonuyeckoro ypaBHeHus [12-14]. AHaim3 BBHIIECYNOMSHYTBIX CHCTEM
1 HCIIOJIb3yEMBIX B HHUX QJITOPUTMOB IOCTPOCHHS UHCIEHHOTO PEIICHUS
MTOKa3bIBACT, YTO OHHM OOJANAIOT OIpeleieHHBIMI Henoctatkamu [15]. B
YaCTHOCTH, OCOOEHHOCTH IMOCTPOCHHS DPEIHICHHS B MOITyOSCKOHEYHOM WH-
TepBaJie BBICOT HCCIIEAOBAHBI HEIOCTATOYHO, YTO MPUBOAUT K IOSBICHHIO
JIO)KHBIX OTPKEHUH OT BEpXHEH TpaHUIIBI pacueTHOW oOyiacTu. BBenenue
HCKYCCTBEHHOTO IIOTJIOUIAOIIETO CJ0SI B OKPECTHOCTH BEpXHEH TI'paHMIIbI
CIIOCOOHO Ha HECKOJILKO TOPSAKOB YMEHBIIUTD BIMSHUE JIOXKHBIX OTpaxe-
HHUH, OIHAaKO ero 3(QEeKTUBHOCTh 3aBHCHT OT KOHKPETHBIX IapamMeTpoB
U3JTydarollel aHTeHHBI, JaHmadTa 1 Ko3h(HUIKeHTa MPETOMIICHHS CPEJIBI.
Kpome Toro, mapameTpsl caMoro cjosi OIpeAesstoTca He CTPOro, a UCXOs
13 HEKOTOPBIX IMIMPUYECKUX COOOpaKeHHH M, TAKMM 00pazoM, TpeOyroT
KaJMOpPOBKH M BepU(pUKALINH.

ANBTEpHATUBHBIM TOAXOAOM SBISETCS HCHOJNBb30BAaHNE KOHEYHO-
Pa3HOCTHBIX CXEM C BBEACHHEM HEJOKaIbHBIX rpaHUYHEIX ycnosud (HI'Y),
KOTOpBIE TIO3BOJISIFOT CBECTH MCXOIHYIO 33/1ady K SKBUBAJICHTHOM C OTPaHH-
YEHHOH 110 BBICOTE 00IAcThIO MHTErpHpoBaHus. B 3amaue tpomocdeproro
pacnpoCTpaHEeHUst Al CTAHIAPTHOTO Y3KOYTOJIBHOTO MapaboInIecKOro
NpUOIMKCHUST TAHHBIN MOIX07 OBbLI BIEPBBIC MPEMIOKEH B padbote [16].
Hanee ObLI MOJy4eH IOUCKPETHBI BapUaHT HEIOKAIBLHOTO TI'PAHUYHOIO
ycnoBus A7 uncienHor cxembl Kpanka — Hukoncona [17]. CranmapTHas
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cxeMa Kpanka — HukosicoHa rmokassIBaeT BeCbMa TOYHBIE Pe3yJIbTaThl IpU
OTCYTCTBUH T'OPU30HTAIBHBIX MPEMATCTBUNA, OAHAKO B HEKOTOPBIX CIy4asx
TpeOyeT HCIOJIb30BaHUsI JIOCTATOYHO TYCTOW PAacuyeTHOW CETKH, YTO OTpH-
[ATEJBHO BJIUSCT HA MPOU3BOAUTENBHOCTS [18]. st yuera adpdekror pac-
CesTHUSI Ha HEOJHOPOJHOCTSX JaHAmadTa Wik ropoAcKoi 3acTpoiku HEoO-
XOAMMO TIPUMEHSATH OoJiee TOUHbIe MeTOoAbI [12], HanpuMep HCHoIb3yeMble
B THAPOAKYCTHKE armpokcuManuu [lage ypaBHenus [ ensMromnbiia.

Crenyer OTMETHTBH, YTO METO]| HEJIOKAIbHBIX T'PAaHUYHBIX YCIIOBHH
JUISL PELICHUs] aHAIOTHMYHBIX 3aJad B HEOIPAaHWYIECHHOH 00JIaCTH IMIMPOKO
TIPUMEHSETCA B THIPOAKyCTHKE M KBaHTOBOW MexaHumke [19, 20]. Cymie-
CTBYeT cepHs pabOT, MOCBAIIEHHAS HETOKAJbHBIM I'DAaHWYHBIM YCIOBHSAM
JUIsl pallMOHAJIBHBIX annpokcumanuil Ilane ypaBHenus I'enbMmronsua B 3a-
Jlayax TUIPOAKYCTHKH, KOTAa HEOJXHOPOIHOCTh BHE 00JACTH MHTETrPUpPOBa-
HUSI MOJKHO CUMTaTh KOHCTaHTOH [21-23]. JIOMONHUTENBHYIO CIOXKHOCTh B
3amaue TPornochepHOro pacmpocTpaHeHHs CO3MacT TOT (akT, uTo IPQek-
TUBHBIH MHAEKC MPEJIOMIICHHUS, TTO3BOJISIONIMNA YUUTHIBATh KPUBH3HY 3€M-
HOW MOBEPXHOCTH, SBISCTCS JIMHEHHO pacTyIieH QyHKITUCH.

Ienbro HACTOAIIETO UCCIENOBAHUS SIBJISETCS MOCTPOCHUE U aHAIIN3
JICKPETHOTO HEJIOKAJIBHOTO T'PAaHMYHOTO YCIOBHS ISl ANNpPOKCHMAIMN
ITane ypaBHeHus ['enbmrosplia, yYMTHIBAIOLIETO JUHEMHO PacTyLIUM Ko-
3¢ QUIICHT MPETOMIICHHUS.

[MosicauM cTpyKTYypy AaHHOH paboThl. B pasmene 2 mpexacraBiieHa
IIOCTaHOBKA 3aJja4l PAaclpOCTPAHEHUs 3JIEKTPOMArHUTHBIX BOJH BOJIW3M
36MHOM MOBEPXHOCTU C U3BECTHOW AMArpaMMOW HAIpaBJIE€HHOCTH H3Iy-
Yaromel aHTeHHBI, TapaMeTPaMu 36MHOM MOBEPXHOCTH U MHIEKCOM IIpe-
nomiuenus tponocdepsl. Pasnen 3 mocpsiieH napaboiudyeckoMy ypaBHe-
HUIO M 0030py M3BECTHBIX METOJOB €r0 YHCIEHHOI'0 peuieHus. B pasne-
ne 4 chopMupoBaHa YHCIEHHAs CXeMa MMOCTPOCHUS PEeIIeHUs 3aJa4d IpHU
MOMOIIM METOJa pallMOHANbHBIX annpokcumanuil Ilane. Pasnene 5 mo-
CBAIEH JIUCKPETHOMY HEJIOKaJbHOMY TPaHHYHOMY YCIOBUIO A IIO-
CTPOEHHOI paHee yMclIeHHOM cxeMbl. B pa3gene 6 npuBeneHsl pe3yibTa-
Thl YUCJICHHOTO MOJENHPOBAHUSA U BBHIIOJHEHO CPABHEHHE C CYLIECTBY-
IOLIMMH MTOJIXOAaMH.

2. locTtanoBka 3agaum. 3amava pacIpOCTPAaHEHUS MOHOXPOMATH-
YECKMX 3JIEKTPOMArHUTHBIX BOJH BOJM3M 36MHOM MOBEPXHOCTH 3aKIIOYa-
eTCsl B HaXOXKICHUH KOMIUIEKCHOTO 1oiist i/(x,z) B MOJTyOeCKOHEeYHOI 00-

nactu Q= {0 Sx<eo,0<z< 00} . ®yHkuus y(x,z), 3alUCaHHas B Iepe-

MeHHbIX [lexepuca [12], ymoBneTBopsieT ypaBHEeHHUIO | enbMronpna:

dy 0°
Vel e igm* (x,op =0, (1)
ox~ oz
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rae ky, =27/ — BOIHOBOE YHCIO B BakyyMe, A — IUIMHA BOJIHBI,
m?(x,z)=1+2N(x,z)+2z/R , N(x,z) — HWHIEKC TPEIOMIICHUS TPOIIO-
chepsl, R — paguyc 3emnn. [lone y/(x,z) oTBeuaeT a3UMyTaJIbHOW KOM-

MOHEHTE 3JEKTPUYECKOT0 WM MATHHUTHOTO TOJIS JUJIsl BEPTUKAIBHON WIN
TOPU30HTANBHO MOJSIPU3aLUKA COOTBETCTBEHHO.

OOBIMHO TIpenrnoaraeTcs, YTo MHIEKC MPEIOMIICHHUS TPOToCchepsl
HE MpEeTepleBaeT CYIIECTBEHHbIX W3MEHEHHMH Ha BbICOTaX OOJblle He-
CKOJIbKMX KWJIOMETpOB. TakuM 00pa3oM, MOXKHO CUUTATh, 4TO (DyHKLUS
N(x,z) ¢uHUTHA 1 0OpaILAETCs B HOJb IPH Z > Z, .

Oyukuust W(x,z) YHAOBIETBOPSET HMMICIAHCHOMY TI'PaHHYHOMY
YCJIOBUIO Ha MMOBEPXHOCTH 3EMIIH:

Iy
(4, 3 +qy)| =0, )
4 z=0

TJe ¢, U ¢, — KOMIUIEKCHBIC UHCNIA, KOTOPhIC BEIPAXKAIOTCS depe3 IMPOBO-

JUMOCTh O U JUIIEKTPUYECKYI0 MPOHHIAEMOCTh & TOACTHIAIONIEH I10-
BEPXHOCTH CIIEAYIOUIAM 00pa3oM:

(£+i6001)">  ropu3OHTAIbHAS MONAPH3AILS
2

(e+i6004)™*  BeprukanbHas monspU3aLMs
¢, =1.

Taxoke Tpedyercsi, 4TOOBI:

74 =0. 3)

Z—>to0

XapakTepHO OCOOEHHOCTBIO pacCMaTpPHBAEMON 3alaudl SBISETCS
TOT ()aKT, YTO BOTHOBOE ITOJIE TOPOKJACTCSI HAYAIbHBIM yCIOBHEM:

w(0,2) =y, (2) “

C HEKOTOPOM W3BeCTHOH (QyHKIHMeH W,(z), OTBedaloled Iuarpamme
HAIPaBJICHHOCTU aHTeHHBI. B kauecTBe ¥ (z) 4acTo BeIOupaercs I'ayccos
ITy4Y0K, OTIPEICISIEMbI COOTHOIIEeHHEeM [12]:

koS
__ o
I//O( ) \/;

TAC Z, — BbICOTA UCTOYHHKA, ﬁ — IOHUpHUHA JUarpaMMbl HalIPpaBJICHHOCTHU

ﬂZ

5 —=" _exp(—ik, Hz)exp(— ks (z=24)%),

U 6 — yroy HaKJIOHA aHTEHHBI.
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3. Metoa napa6onyeckoro ypasHeHusi. OCyIiecTBIisis mepexo K
[apakCUaJIbHOMY MPUOTHKCHUIO npu IIOMOLLHA 3aMEHbI

u(x,z)= eiikoxl//(x, z), ypaBHeHue (1) 3amuiiercs OTHOCUTEIbHO (DYHKIIUH

u(x,z) BBUAE:

u . ou du
5+ 21k ==+ =+ kg (m* (x,2)=1)u=0. )
ox ox 0z
Crnenyst oOmenpuHsATOi MeTomonoruu [12], MOXXHO 3amucaTh ypaB-
HEHHE IS BOJIH, PACIPOCTPAHSIOMNXCA B ITOJIOKUTEIFHOM HAIPaBICHUN
IO TIPOIOTBHON KOOPAWHATE:

g—” =ik(N1+L -1,
X

(6)

1 9
Lu :k_2E)z_Z+(m2 —l)u.

YpaBraenue (6) MpuMET BUJ CTAHIAPTHOIO MapadOIMYECKOTO ypaB-
Henus JleonroBnya — ®doka [24] nocie 3aMeHbl KBaJpaTHOrO KOPHS €ro
pasnoxenneM 1o Qopmyne Teimopa mo ciaraeMoro MEepBOTO IIOPSIKA.
IIpumenuB nnsi KBajgpaTHOro KopHs ammnpokcumanuto Ilane [25] nopsia-
ka [1/1], MOXHO TONYYHUTh HIMPOKOYTOJBHOE MApadOIMYECKOe ypaBHE-

nue (Claerbout approximation) [12].

HauGomnpuryio momyasipHOCTb AJISl TOCTPOSHHS YUCIICHHOTO PEIIeHHS
napaboNnuYeckoro ypaBHEHHs B 3aJadax PpacHpOCTPaHEHHs pPaIdOBOJIH
npuodpern merox pacieriennss Oypre (split-step Fourier method) [12]. On
MO3BOJISIET CTPOUTH PEIICHUS I CTAaHIAPTHOTO M IIUPOKOYTOJIBHOTO TIa-
pabonmnyeckoro ypaBHeHHs. JJOCTOMHCTBOM METO/[a SBISIETCS BO3MOXKHOCTD
BBIOMpATh JIOCTATOYHO OOJBIINE PACCTOSHUS MEXKIY Yy3JaMH pacyeTHON
CETKH 110 MPOJOJIbHON U MONEPEYHON KOOPAUHATE, YTO XOPOIIO CKAa3bIBAET-
CSl Ha TIPOM3BOIUTEIHFHOCTH. [ TaBHBIM HEOCTATKOM METO/A SIBIISIETCS TPY-
JOEMKHMH Y4eT TpaHWYHBIX YCJIOBHH. [ ydera HM)KHETO MMIICTAHCHOTO
ycioBus (2) HEOOXOIUMO HCIIOJIB30BaTh METOM CMEIIIAHHOTO Ipeodpa3oBa-
Huss @ypee [12], uncneHHas peanu3anusi KOTOPOTO SIBISIETCS YCIOBHO
YCTOHYMBOM. DTO HAKITAIBIBACT OTPAaHMYCHHUS HA MAHUMAIBHBIN IIar CETKH
U MPUBOAUT K PacXOJUMOCTH, HAIIpUMEp, IPHU pacueTe MOl HaJ CUIBHO
B3BOJIHOBAHHOI MOpckoi moBepxHOCTHIO [13]. Kpome Toro, mis ycrpane-
HUS JIOXKHBIX OTPKEHUI OT BEpXHEH I'paHMIbl pacueTHOW o0iacTu HeoO-
XOJMIMO HCIIONIb30BaTh MCKYCCTBEHHBIN MOTNIomaromui cioi [12, 13], ma-
paMeTpbl KOTOPOTO HE MOTYT OBbITh OMNpeJeseHbl cTporo. Takum oOpaszom,
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OIPEIETIUTh TOYHOCTD ITOJY4aeMOTO PELICHHUs] B HEKOTOPBIX CITydyasx ObIBa-
€T BECbMa 3aTPyAHUTEIBHO.

Jlpyrum 4acTo HCIOJBb3YEMBIM IIOJXOJOM SBIISIETCSI HUCIIONb30BAHHE
KOHEYHO-Pa3HOCTHOM cxembl Kpanka — HukosicoHa 1yis TeX ke BUIOB Iapa-
0OJINYECKOTO ypaBHEHHS. Y CIIOBUE (2) B 3TOM CIIydac BBIBOJHUTCS HETIOCPE/-
CTBEHHO [12] 1 HE IPUBOANT K HEYCTOHYMBBIM pemeHusM. Kpome Toro, mst
KOHEYHO-Pa3HOCTHOM CXEeMBbI BO3MOXKHO TocTpoeHue auckperHoro HI'Y na
BEpXHEW IpaHUIIE pacyeTHON OONAcTH, YTO CHUMAET HEOOXOINMOCTh BBEJIE-
HUS UCKYCCTBEHHOTO IMOTJIOIIAIONIEro cinos. Hemocratkom Meroza siBIsieTCs
HE0OXOIMMOCTb HCIIONB30BaTh MEHBIIIYIO PACUETHYIO CETKY [0 CPABHEHHIO C
MeToJoM pactuerieHus Pypbe, uTo TpeOyeT HECKOIBKO OOJBIINX BBIYMCIIH-
TEJIBHBIX 3aTpaT. AnmpokcuManuu [lase BBICOKOTO MOpsiaKa, WCTIOIb30BaH-
HBIE B HACTOSIIEH paboTe, MPU3BaHbl YACTHYHO PEIINTH 3Ty IPoOIeMy.

Crenyer y4uThIBaTh, 4YTO MMEETCSl TEOPETHIECKOE 000CHOBAaHKE OJ1-
HOHAIpPAaBJICHHOTO ypaBHEHUs [ eIbMrosplia U ero mapabonn4ecKux MpH-
ommwkenuit [26, 27].

4. Pemmienne Metonom pacuienienusi Ilage. Ilomarosoe pemenue
ypaBHeHus (6) I BOJIH, PacHpOCTPAHSIOMIMXCS B MOJOXKHUTEIHHOM
HaIpaBJICHNH, (POPMANBEHO 3aIMMCHIBACTCS CIEAYIONIM 00pa3oM:

u(x+Ax,z)=exp(ikOAx(\/l+L)—l)u(x,z) . @)
B pabGote [28] mpemnoxkeH METOJ amNIPOKCHMAIIMH OIEPaTOPHON

SKcroHeHTH! (7) mpu momony anmpokcumanuii Ilage [25]. 3anumem am-
npokcumanuio Iane mopsiaka [n/ m] B Buze:

ﬁl+a,L

) ~ 1=l )
ﬁl+b,L
I=1

TounocTs anmpokcuManuy (8) BIMSET HA MaKCUMAJIBHBIA YToJI pac-
NPOCTPAaHEHUs] U MaKCHUMAJIbHO JIOIyCTUMBIH Iar AX Opu TOCTPOSHUU
YHCJICHHOTO PEILeHMUS.

eikoAr(m—l (8)

OGo3Ha4YuM pellieHHe ypaBHeHHs (6) Ha paccTosHuM nAx Kak u' .
Torza nomraroBoe penieHue 3amuueTcs B BUIE:

2 l+aql ,

n+l
I g L 9
! 1_[1+b,L ©

=1
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rae p = max(n,m), ap+1,...,an,bp+1,...,bn =0.

+1 +1 +1
BBozst BcomorarenbHble QyHKIME V-, V) ,...,v;_l, OTBEYAIOIIHE
rpaHugHBIM ycioBusaM (2) u (3), nepenmmiem (7) B BHIE CHCTEMBI p aug-

(epeHIMaTBHBIX YPaBHEHUH BTOPOTO MOPSIKA:

(1+HL)v =(1+aL)u""
(1+5,L) Ly}

(I+aL)v, [1=2,.,p-1 (10)
(I+HL)Lu" =(1+a L)V, ,

BBenem paBHOMEPHYIO CETKy IO NEPEMEHHOM z C IIaroM /i U BBI-
MULIEM IMCKPETHBIN aHaJIor onepaTopa L :

n_71-2n12,n n
L =ky Dyu; + o,

roe o = m*(nAx, jh) .

N 2
JuckpetHslii oneparop auddepeHupoBanus D, ¢ y4eToM HMIIe-
JAHCHOTO yCIIOBHA (2) 3aIUIIETCs CIEIYIOINM 00pa3oM:

h— 2
D;u(')’ — q2 ql un +_un
2 0 2 "1

q,h h
no_ n n 2 n
pyn =l 2uj +upy 0’
Wty = =

e P +0(h2),j21.

3aMeHss onepaTop L KOHEYHO-Pa3HOCTHBIM aHAIIOTOM, IPUXOAUM K
CUCTEME YPABHEHUM:

—a Dy + b Dy =k (1+ a0 Jul™ = kg (1+ bt} )],

2.n 2.n _ 12 n n 2 n
—a[thjJ_1 +b,thj’, =k; (1+a,0(j )vj’,_l -k (1+b,0(j )ij

Coan

2..n 2. n 2 n n 2 n n

—a,D;v; , . +b,Dyu; =k (1+apaj )vj’p_l -k (1+bpotj )uj
I=2,...,p—1.

Cucrema (11) pemraercss mocnmemoBaTenbHO. Kakmoe w3 paBeHCTB
B (11) mpexncraBmser coboil cHucTeMy JHHEHHBIX anre0pandecKux ypaBHeE-
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HUW C TpeXJAuaroHajJbHON MaTpHIleil, KOTOPOE pelIaeTcsi METOAOM MPOTOH-
KM 3a JIMHEITHOE BpeMmsl.

OcHoBaHHas Ha annpokcumanuu [lage ynciennas cxema (11) sBis-
ercsi ycroiunBoit nipu ycioBun 0 <m—n <2 [29]. Eciu IONOTHUATETHHO
nmoTpeboBarh CTPOroe HEPaBeHCTBO 71 >71, TO MOXKHO IMoOKaszath [12], urto
OIIMOKH OKPYTJICHUS, CBSI3aHHBIE C MOSBICHHEM HBAHECIIEHTHBIX BOJH, OYy-
JOyT 3aTyxaTb B Ipollecce BbIUMCIEHHs. Jlanee B pacueTHBIX NpHUMeEpKax
HCIIOJIb30BaJIach cxema [n—1/n].

5. Muckpernoe HI'Y. Brnepreie HI'Y mns mapabosnndeckoro ypas-
HEHHUs1, CIIOCOOHOE YUYUTHIBATh JIMHEWHO pacTyIIMH WHIEKC NPEIOMIICHUS,
npeasioxkeHo B padote [16]. HenocraTku 3TOr0 mojixona, CBI3aHHbIE C ILIO-
XOH COIJIaCOBaHHOCTBIO CETOYHOW cxeMbl W moctpoeHHoro HI'Y, Obum
ycrpaHeHsl B pabore [17], rie, Kak ¥ B HacTosIed paboTe, HEMOKAITBHOE
YCIIOBHE BBINUCHIBACTCSI HEIMOCPEJCTBEHHO JUIS YHMCIEHHOM cxembl. Jlis
LIMPOKOYTOJIBHOTO Napaboindeckoro ypaBHeHHs auckpernoe HI'Y nccie-
noasock B pabote [30]. Cepust mccienoBanuii [21-23] mocssmieHa u3yde-
Huto HI'Y g annpoxcumanuii [lane B 3agayax rugpoaKkyCTHKU € MOCTO-
STHHBIM MHJIEKCOM TIPEJIOMJICHHSI BHE pacueTHOW oOsactu. Takxke ciemyer
ynoMsHyTh paboty [20], B koTopoit HI'Y mns nuneitnoro ypasHenus Llpe-
JVHTEpa C JIMHEWHO PacTyIIUM MOTEHIUAJIOM BBIMHMCAHbI 0€3 HCHOIb30Ba-
HUA CIICHUATBHBIX (DYHKLIUH.

O003HaYMM BEPXHIOKO I'PaHHUIy HHTEPECYIOIIe 001acTH HHTErpu-
poBaHusl, Kak z, = Jh. Jlanee npeanonaraercs, 4ro QyHKUus ¥, (z), oTBe-

Yaromiasi Ha4yaJIbHOMY YCIIOBHIO (4), 1 KoadduireHT npesomierns N(x,z)

o0palaroTcs B HOIIb IIPU Z 2 z,, . [lepenumem QyHKuI0 m*(x,z) B BUze:
m*(x,z) =14+ 2N(x,2)+ S+ 7z .
Torga mpu j=J omeparop L, npumer BULI:
L't = ky> Dyt +(B+yjh)u).

Ipumennm Kk  cucreme ypaHenuit (11) mpm  j=J z-

npeoOpa3zoBaHue MO IPOAOIBHON KOOPAMHATE, OMIpPENeIIeMoe CIIeIyOIIM
obpazom:

2y =0, =
n=0
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rne {€C, |{|>R,, R, — paauyc cX0aUMOCTH.

3anuieM NoIy4YeHHYI0 CHCTEMY B MATPUYHOM (hOPME OTHOCHUTEIILHO

BEKTOpA Y ; =((/3j’1 o @i l//j):
AD}y, = ki (B=(B+7jh)A)w,, (12)

rue

‘fb1 -4,

—a, bz

A= E "
_ap—l bp—l
—a b

Beimumem perieHre 0000IIEHHO# 3a7aun Ha COOCTBEHHBIE 3HaYe-
HUS g MaTpull A u B :

B=APJP, (13)

roe J = diag{sl,s2 ...8 p}, P — wmartpuma, cocTaBieHHas W3 MPaBbIX COO-

CTBCHHBIX BCKTOPOB. S; SABJIAIOTCA KOPHAMH XapaKTCPUCTHYCCKOIO MHOIO-

YJICHA:
P P
|B-2A = {46 -D-T](2g, -,
I=1 =1

KOTOPBIN HIMEET p Pa3NUIHBIX KOpHEH [22].
s Beraucienus matpur; P u J maunbosnee 3ppekTHBHO HCMOIB30-
BaTh 00001IeHHOE pa3nokenue [ypa [31].

Hocne 3amensl y; =Py, cucrema ypaBHCHHIA (12) 3anmmercs B

BUIC:
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D/fXj =k§ (J_(ﬂ+7/jhl))xj' (14)
Cucrema (14) cocTouT U3 p HE3aBHCHMBIX PA3HOCTHBIX ypAaBHEHHUIA:

2 2 .
Dy =ks (Sz_ﬁ_VJh)Zj,1~ (15)
Paccmorpum cHauaia ciayuair =0 . Toraa To u3 peuieHuil ypaBHe-
Hus (15), KoTopoe CTpeMUTCsT K HYJIO MPU j —> +o° | 3alUIIETCs B BHIC

=4, rae <1 BBIOHpaeTcs n3 aBEHCTBA
i i I

=2+ = k§ n (s, — B) . Manee nerko BIIMCATH COOTHOLIEHMS:
V= ﬁ(f)\lfj ,
D) = Pdiag{u; ' 455" ...ty P

Bepuemcst Teneps kK o0meMy ciaydaro ¥ #0 . PasHOCTHOE COOTHO-

menue (15) npexacrabinsier co0Oit IMCKPETHBIA BapuaHT ypaBHEHHS DWUpH.
Crenys pabote [14], ero pemieHue MOKeT OBITH BBIITUCAHO B SBHOM BUJIEC

2

_kgh:;)/)’

Zj,l = JO'J"] (

0, =j-Q+w+p) khy,

rae J — ¢dyskuus beccens mepeoro poaa.
Marpuia ﬁ(f) B OTOM Clly4ae MPUMET BUJI:

K- Xj-12 Xip
9 b 9
Xrn Xin Xi.p

D(&) = Pdiag P
JuaroHanbHble 3JEMEHTHL ¥,_,;/ ¥, TPEACTABIAIOT COOON OTHO-

meHne ¢yHkuuii beccens, koTopoe MOXeT ObITh 3PPEKTUBHO BBIYUCICHO
anroput™oM Jlennia [32] myTeM pasiokKeHHUs B HEMHYO Jpo0b.

[Ipumensss obpatHoe z-ipeoOpa3oBaHHE, C Y4€TOM (HHUTHOCTH
GbyHKIMHT W (z) , TPUXOANUM K IMCKPETHOMY HENOKAIBHOMY TPaHHIHOMY

YCJIOBUIO BUAA:

n—l1
Vi _DO‘I’; = ZD””\II"}’"” (16)

m=1
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rac
T

moor~
D" =— I ”D(Tew)e""(pd(p,z'>l. 17)
2790

Boruncnenne marpuubsl D(E) mpencraBnser cobod TPyI0EMKyIO

OTepaIMIO, YHCIO KOTOPBIX JKeNaTeIbHO MHHUMHU3MpOBaTh. st addek-
THUBHOTO BBIYMCIICHUS 00paTHOro mpeodpasoBanus (17) ObUT UCIOIB30BAH
aJIalITUBHBIA AITOPUTM YUCICHHOTO MHTErPUPOBAHUS, OCHOBAHHBIN Ha arl-
MIPOKCUMAIIMU NOABIHTETpaTbHON (DYHKIMM IoJMHOMaMHu YeObiieBa mpo-
HU3BOJILHOTO Mopsizika [33].

[lo ananmormm c paboToit [22] MOXXHO IIOKas3aTh, YTO MHTErpal

2 ;
JO P(ze”)dp npencrapnser coboif HUKHETPEYrOJbHYK MATPUIy. 3Ha-

YUT, MaTpula D0 TAaKXKEC ABJIACTCA HH)KHGTprFOJ'IBHOﬁ, YTO Ja€T BO3MOK-

HOCTb IIPUMEHSTH HeJOKaIbHOE ycioBue (16) mocnenoBaTenbHo i GyHK-

o n+l _n+l n+l
Oun Vj,l ,Vj,2 ""’vj,p—l’

Ka)KI0M 11are 1o nNpojaoabHON KOOpAUHATE.
Crienyer OTMETHTh, YTO O CYHIECTBY KOI((GHUIMEHTHI CBEPTKH

n+l o
U;" NpH peLICHMM CHCTeMbl ypasHenuit (11) Ha

D” B HI'Y (16) 3aBHCAT TOJNBKO OT JUIMHBI BOJHBI M BBICOTBHI PAaCUCTHOM
obsactu. B ToXe BpeMs OHHM HE 3aBUCST OT MAapaMeTPOB CPEAbI Pacmpo-
CTpaHEHHMs M H3IIydaloumied aHTeHHBI. TakuM o00pazoM, Kod(PQUIMEHTHI
HI'Y moryT OBITh mOACYMTAHBI 3apaHee IS MCIOIB30BAHUSA B CHCTEMaXx,
TpeOYIOIHUX BEICOKYIO CKOPOCTbH BBIYMCIICHHUI.

6. Pe3syabTaTthl 4yMCJIeHHOro moAeaupoBaHusi. CHauama Oyxaer
paccMOTpeH ciydall oJHOpoAHOM Tporocdepsl npu N(x,z) =0, Tak Kak
Ha 3TOM TNIpHMeEpe MpoIe Bcero oneHuTh dp¢pextusHocTs HI'Y. Xopomo
n3BecTHO [12], 9TO B 3arOpM30HTHON 00JACTH MIPU OTCYTCTBHH BOJHOBOJ-
HbIX 3(dekToB GyHKIUS W(X,z) IKCIOHEHIMAIBLHO 3aTyXaeT o IMpo-

NOTBHON KoopauHaTe. DbGEKTHBHBI MHACKC mpenoMieHus m’(X,z) B

9TOM cilydae MpeAcTaBisieT co00H JMHEHHO pacTyIlylo Mo BbICOTE (DyHK-
nuto. CpaBHEHHE TPEATIOKEHHOTO MeTona OyAeT HMPOBOAUTHCS C JBYMS
OIMPOKO HCHONB3yeMbIMH moaxonamu: mnporpammoit PETOOL [18], ocy-
LICCTBIIAIONICH YHCIICHHOE pENIeHHe 3aJadydl METOJOM pPacCIleIUICHUs
dypbe ¢ UCIIONB30BAaHUEM TTOTIIOLIAOIIETO CJIos M ¢ MeTonoM Kpanka —
HukoscoHa ast cTaHAapTHOTO NMapadOoINYecKOro ypaBHEHHUS C UCIIOJIb30-
BaHueM auckpetHoro HI'V [14]. Ha pucynke 1 uzobpaxeHo pacmpenene-
Hue ¢pynkunu 10log|w(x,z)| Ha BeicoTe 30 M AJIs ClEAYIOMIMX MapameT-

pPOB aHTeHHBI U cpenbl: anuHa BonHBEl A =0.03 M, BHICOTA AHTEHHBI
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2, =30 ™, mupuna nuarpammel Hanpasiennoctu B =30°, ropusonrans-

Has noJjigpusanus, HUKHAA 'paHrulla COOTBETCTBYCT rnazucoﬁ MOpCKOﬁ I10-

BEepXHOCTU. PacueTHble mapameTpsl ykazaHsl B Tadiue 1.

Ta6n1/111a 1. PacuetHbie napaMeTpbl JJi UCIIOJIb30BAHHbIX YHMCJICHHBIX aJITOPUTMOB.

Cayyaii OTHOPOHO# Tpomochepbl

N Kpank-Huxoncon | Ilame-[1/2] ¢
Pacuernslii napametp PETOOL p c HTY HI[Y ]

Ax ,m 30 10 100

Az, ™M 0.3 0.03 0.03

BricoTa pacuetHoit obnacti, M 300 300 300
Bpewmst pacuera nos, cex 543 9.19 1.65

Bpewms pacuera

Koad)d)npuueHIT)os HI'Y, cex ) 48.2 113.5

Kax BumHO M3 pucyHKa 1, MOTJIOIMIAIONINIA CIIOH, MUCIIONB3YEMBI B
nporpamme PETOOL, mist BEIOpaHHBIX MapaMETPOB MO3BOJSET PACCUUTHI-
BaTh MOJIE HAa PacCTOSIHUAX 10 60 KM M oOecrednBaeT TOYHOE PEIICHUE B
nuHamudeckoM nuanaszoHe 60 nb. Meton Kpanka-Hukoncona ans cras-

JApTHOTO MapaboJMUecKoro ypaBHeHUsi ¢ JquckperHbiMu HI'Y

ITO3BOJINJI

paccunTarh nosne Ha 95 kM u obecneunn TouHocTh B 90 nb. [peanoxen-
HBIH MeToJ mokasan ceOst HanOosiee 3(h(EeKTHBHO, MO3BOJIMB PACCUMTATh
moJie B OJAHOPOJHOM Tpomocdepe ¢ ToUHOCThIo 120 nb mpu HaUMEHBIIIX
BpEMEHHBIX 3aTparax. OTMETHM, YTO BCE BBIYHMCICHHS INPOBOAMINCH B
CTaHIApTHOH apuQMeTHKe NBOIHOM TouHOCTH (16 mecATHYHBIX QD).

01 — nNapge-[1/2] + HrY
- — - PETOOL

B — .- CNY + Hry
‘S —40 |
>
= —60 - \\r.\,fa\/
5‘ I\ y N ‘ \ v
S -80-

-100 -

-120 -

0 20 40 60 80 100

PaccTosiHUe, KM
Puc. 1. Pactipenenenne ¢pynknmu 10log |V | Ha BEIcoTe 30 M

120

Janee paccMOTpeH mpuMep ¢ HaJIMYHEM TOPU30HTAIBHOIO Ipe-
MISITCTBUSL, CXeMAaTHYHO M300paKCHHBIN Ha pUCYHKE 2. MeTobl yueTa ropH-
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30HTAJILHBIX NPEMSATCTBUI B OJIHOHAIPABICHHOM MPHOIMKEHUN H3JI0KEHBI,
Hanpumep, B [12]. Ha rpanumax npensaTcTBUs U MOACTHIIAIOIIEH OBEPXHO-
CTH MCKOMasi KOMIIOHEHTa 3JIEKTPOMArHUTHOTO TI0JIS1 yIOBJIETBOPSIET YCIIO-
BusiMm [upuxie. [IpenstcrBue pacnonoxeno Ha paccrosHun L =500 m ot
ucrounuka, Beicotra H =100 m, Tommuuaa 4 = 50 M. BBIIM HUCIOIB30BaHBI
crenyromye mapamerpsl antenb: A=1 M, z, =50 M, S=30°. Uupekc
TIPEIOMIICHUS] Tporoc(epsl aHAJIOTHYEH IpenblaylneMy npumepy. Pacuer-
HBIC TApaMeTPHI YKa3aHbl B TaOIHIE 2.

z
h

7
/s

I
0 L X

Puc. 2. PaccestHue Ha pensTCTBUU

Tabnuna 2. PacueTHble mapaMeTphl AL HCIOTB30BaHHBIX YHCICHHBIX all-
roput™oB. Ciydaif oZHOPOIHOH Tponocdeps!

PacueTHsr1if mapameTp PETOOL KpaHE_gllnyOHCOH Haﬂ;&?;f“] ¢
Ax ,m 1 0.5 1
Az M 0.2 0.1 0.1
BricoTa pacdetHoit obnacTi, M 300 300 300
Bpewmst pacuera mois, cex 5.18 0.73 0.94
Bpewms pacuera
K03(1)(1)I/lpLLI/IeHEOB HI'Y, cex ) 33 337

Ha pucynke 3 moka3aHo pacrpejesieHHe Iojs 3a IPErsTCTBUEM Ha
BeicoTe 10 M. Xopomo BHUIHO, 4YTO pEIIeHHE, MOJIYYEHHOE METOJIOM
Kpank — Hukosncona, JOCTaTOYHO 3alllyMJI€HHOE. DTO BBI3BAHO TEM, UTO
IIPY paccessHUM Ha IMPEMSTCTBHH BO3HUKAIOT BBHICOKOYACTOTHBIE OBICTPO 3a-
TyXaloIlie OCHWUBILHN U CBSI3aHHBIE C HUIMH OIIMOKH OKPYIJICHHS, KOTOPbIE
meroy; Kpanka — Hukoscona orduibTpoBath He crocobeH. Kpome Toro,
XOPOIIIO BUJICH MPOBaJl Ha MpoMexkyTke 550-690 M, BRI3BaHHBINA OTpaHUICHU-
€M CETOYHOTO METOJa HAa MAaKCHMAIBHBIH YroJ pacHpOCTpaHEHHs, MPEeoIo-
JIETh KOTOPOE MO’KHO JIMIIIb OY€Hb MAJICHBKMM IIIaroM CeTKH. PerreHwus, mo-
JIy4EHHBIE IPEUIOKEHHBIM METOIOM M METOAOM paciuerieHus dypose 1o-
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CTaTOYHO TJIaJIKUE, YTO OOBSACHACTCSA UX PETYIIPU3UPYIOIINMH CBOHCTBAMH.
Crenyer Taxke OTMETUTh, UTO pemeHne MetonoM Kpanka-Hukoscon nomy-
YEHO JUIsl CTaHAapTHOro mnapabonnyeckoro ypaBHeHus JleontoBuya-doka, B
To Bpems kak PETOOL u Ilame cxema MCHONB3YIOT pa3iIdUuHbIE BapUaHTHI
LIMPOKOYTOJIBHOTO apadoIMueckoro NPHOMMKEHHS. JTHM OOBSICHSIOTCS
OIIpe/IeNICHHBIE PA3JINIKs B UHTEPPEPEHINOHHON KapTHHE.

OnucaHHBI METOJ peai30BaH B BUJC MPOTPAMMHON OHOIMOTEKH
Ha sa3e1ke Python 3 1 cBobomHO mocTyrieH mo anpecy [34].

— CNY + HI'Y
_35-
— = Nape-[3/4] + HIrY
_a9 ] —-- PETOOL
w0
< s P
= ] iy
g 50 _.v LN ‘ N
S S50y W T
— ! 3 ;| n !
_55-
_60-

650 700 750 800 850 900 950 1000
PaccTtofiHue, M

Puc. 3. Pacnpenenenne dpynxuun 10log |V | ua Beicore 10 m

7. 3akaouenne. [TocTpoeHs! AUCKPETHBIE HEIOKANbHbBIC IPaHUYHBIC
YCIIOBUS JUTS IPOOHO PalMOHAIBHBIX aNMpOKCUMAIUil OJHOHATIPABICHHOTO
ypaBHeHus 'enbmronsua. IloydyeHHbIE yCI0BYS YUUTBIBAIOT JIMHENHO pac-
Tymuii koddduimeHT nperoMieHus 3a IpejesaMd pacdeTHOH 001acTH.
IIpennaraeMslil oAXo0/ NO3BOJSIET pelIaTh 3a4ady PaclpOCTPaHEHHS dJIEK-
TPOMArHUTHBIX BOJIH BOJIM3M 3€MHOH IOBEPXHOCTH O€3 BBEIEHMS HCKYC-
CTBEHHOI'0 HOMIOMIAIOIIEr0 CIOSl U MPOYMX SMIHMPHUUECKUX mpueMoB. Ilo-
CTPOCHHBIH aJITOPUTM YHCIEHHOTO PEIIeHHs He TpeOyeT pydHoro moadopa
pacUeTHBIX NapaMETPOB B 3aBUCHMMOCTH OT BXOAHBIX JaHHBIX. ITokasaHno,
YTO METOJ| PALOHAIBHBIX AllPOKCHMALUMH MOXXHO 3()(EKTUBHO IpUMe-
HATh B 3aJaue pacdeTa XapakTepUcTHK pacnpocTpaHenus CBU paanosonx
Ha JajJbHHE PACCTOSIHMA B IIMPOKOM TUHAMHUYECKOM AMana3zoHe. AMMPOK-
cumanuu Ilage no3BOJAIOT UCHONIB30BATh JOCTATOYHO OOJIBILION LAl CETKU
IO IIPOAOJILHON KOOPJHUHATE, YTO AENAeT ero 0ojee NPeArnoYTHTEIBHBIM 110
CPaBHEHHIO C IpyrMMU airopurMmamu. IIpoBeneHHbIE SKCIEPUMEHTHI IOKA-
3BIBAIOT, YTO IIPOU3BOAUTEIBHOCTD IIPEAIOKEHHOIO aIrOPUTMA BBILIE, YEM
Merona pacmemiennss @ypee. Takxe nmpoaeMoHCTpHpoBaHa paboTta ajro-
pUTMa B TOPU30HTAIBHO HEOTHOPOJHOH Ccpelie.
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IlepcrieKTUBHBIM HAIIPABIECHUEM JAIBHEHIINX UCCIENOBAHUMN SBIISET-

sl IPUMEHEHUe pa3pabOTaHHOTO METOJA K PACUYETy AJIEKTPOMATHUTHOTO I10-
JIsl B TPEXMEPHO HEOJJHOPOIHOM Cpejie U y4eT 00paTHOro paccesHus 1o aHa-
soruu ¢ padoramu [35, 36]. Kpome Toro, BBeneHHE HEIOKAIBHBIX YCIOBUI
Ha HIDKHEH T'PAHHUIC PACUCTHOW O0JaCTH MOXKET HMPUMEHSTHCS Ui d(PQek-
TUBHOTO BBIYHCIICHUS TIOJIS HaJ] B3BOJIHOBAHHOW MOPCKOM TIOBEPXHOCTBIO.
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O.U. CMOKTHI1
MOJIEJIMPOBAHUE MOJIEN U3JIYUYEHUSI IVIOCKOT'O
AHMN30TPOITHO PACCEUBAIOHIEI'O OJHOPO/JHOI'O
CJIOS TIPOM3BOJIBHOM OIITUYECKOM TOJIHWHBI

Cmoxmuii O.[.  MopaequpoBanue  1mojieil  M3JIy4eHMs] TUIOCKOTO  aHU30TPOITHO
paccenBaloLIero 0HOPOAHOIO CJI0s IPOU3BOJILHON ONITHYECKOH TOMIMHBI.

AnHoTanus. [IpoBeieHo MoeUpOBaHye MO U3IyYeHUs ITIOCKOI0 OJHOPOIHOTO CIIOS
MIPOU3BOJIBHON ONTUYECKON TONIIUHBI IPU CHJIBHO BBITSHYTHIX MHIMKATPUCAX paccesHus. [l
peanu3anMu OTOH 3aJadll HCIOJNB30Balach MOAM(HKANUS KIACCHYECKOTO IIPUHIMIA
HHBapHaHTHOCTH  AmOaprymsHa —  YaHjgpacekapa, [03BOJNMBLIAS — IOJYYHTh  HOBBIC
HEJIMHEIHbIE MHTETpAJIbHbIC ypaBHEHUS Ul a3uMyTaibHbIX Dypbe-rapMoOHMK 000OLIEHHOI
enuHON (oToMeTpHUYecKoi QyHKINH H3TydeHns H (pOTOMETPHIECKUX HMHBAPHAHTOB, KOTOPbIE
O0BEIUHSIIOT MHTCHCHBHOCTH BOCXOJSINET0 M HUCXOJSLIEr0 M3JTy4eHHs Ha HPOM3BOJBHBIX
3epKaJIbHO-CUMMETPHYHBIX ONTHYECKUX YPOBHSAX B 3€pKaJbHBIX HAMPABICHUSIX BU3HPOBAHMS
mpu  (UKCHPOBAHHBIX a3MMyTaX M 3€HUTHBIX paccrosHusax Comuma. Ilapamerpusanus
MOJyYEHHBIX HEIWHEHHBIX HHTErPANbHBIX ypaBHEHHI IIOKa3ajga, 9YTO IIPH OTCYTCTBHU
OTpaXkarollell MOACTHJIAIOIICH IOBEPXHOCTM HAa YpOBHE HIKHEH TpaHMIBl  CIOsS
MIPOCTPAaHCTBEHHO-YIJIOBBIE  CBOMCTBA  (JOTOMETPHUYECKMX UHBAPHAHTOB M  €AUHOU
(doToMeTpuueckoil (YHKIMH B Cllydae CHJIBHO BBITSHYTHIX HHANKATPHC pAcCEesHHS C
MaKCHMAaJbHBIMH 3HAUEHUAMM BOJM3M MaJbIX YIJIOB pPAacCesiHUs HPH MajoM HCTHHHOM
MOTJIONICHUH HM3ITy4eHHS B Cpefe IO03BOIIOT NPUONIKEHHO IIPEICTaBUTh oOliee Ione
H3JIy4eHUs] B BUJIE WHTCHCHBHOCTEIl OJHOKPAaTHO DPACCESHHOTO H3JIYYEHHs! C aJalTUBHBIMU
HONPABOYHBIMM ~ MHOXKHTEIAMH. OTH  (YHKUHOHAJIbHBIC  IIONPABKM  OOYCIIOBIICHBI
MHOTOKDATHBIM DAacCesSHHEM H3Iy4eHHs U MMEIOT deTkoe (Qusudyeckoe 0OOCHOBAaHHE.
Vcronp3oBaHue HPHHIOUNA 3€PKaJBHOrO OTOOpaXKeHMs (CHMMETPHH) IO3BOJIMIO y4ecTh
yKazaHHbIE OCOOEHHOCTH PeajbHbIX HHAUKATPUC PACCESHMS IPH YUCIEHHOM MOJEIUPOBAHHU
(hOTOMETPUYECKUX MHBAPHAHTOB U €JMHOHN (hoToMeTprueckoil Gpynkuuu. [IpoBeaeHHbIN aHanu3
NOKa3al JIOMHHUPYIONIYI0 POJb OJHOKPAaTHOTO paccesHHs IpH (OPMHUPOBAHUM IIOJEH
H3JTy9eHUs] aHU30TPOITHO PACCEHBAIOLIEI0 OAHOPOIHOIO CIIOS B CIydae CJIaboro MOrJIOMICHHS
H3ITy4eHUs IPH CUIIBHO BBITSHYTHIX MHAUKATPUCAX PACCESHU.

KinoueBble cjioBa: OJHOPOIHBIM  IUIOCKMHM  CIOH, MNPHHIMI HHBAPUAHTHOCTU
Ambaprymsina — Yannpacekapa, HeIMHEHHBIC WHTErpajbHble YpPAaBHEHHMS, aJalTHBHAS
napaMeTpuszanys, (GpOTOMETpUYECKUE HWHBApUAHTHI, enuHas (QoToMerpuyeckas QyHKUuUS,
KOO((UIUEHTH SAPKOCTH, HHTCHCUBHOCTU IIONS M3Iy4eHHS, OJHOKPATHOE paccesHue,
MOTpaBOYHbIE (PYHKIMHU, HHIUKAaTpUca XeHbU — [ puHCTEHHA.

1. Beenenne. [IpoGiema uYMCICHHO-aHAIMTHYECKOTO MOZEIMPOBa-
HUS MOJICH M3ITy4YeHHs] aHW30TPOITHO PACCEHUBAIOIIMX M TOIVIOIIAOIIHNX TPH-
POAHBIX CpeJl, OTPAHMYECHHBIX CHU3Y IPOU3BOJIBHBIMH HEOPTOTPOITHO OTpaXKa-
FOIIMMH TTOACTHIIAIONIMMH OBEPXHOCTSIMHU, UMEET OOJIBIIOE TEOPETHUECKOE U
npukiIagHoe 3Hadenue [1-7]. TeopeTmyueckoe 3HaUYCHNE YKa3aHHOH MTPOOIEMBI
00yCIIOBJICHO HEOOXOAMMOCTHIO TIOYUEHHSI BRICOKOTOYHBIX IPHOIMKEHHBIX
PpeIICHII KpaeBbIX 3a1a4 TEOPUH epeHOCca U3IIYyUYCHHS B CITyYae peabHbIX HH-
JMKaTPHC PACCESTHUSI C MAKCHMYMOM BOJIM3H MaJIBIX YIJIOB paccessHus y ~ 0°,

KOTOPBIC BbI3LIBAIOT OOJILIIINE OCHW N YKa3aHHbIX pemeHHﬁ, TOTEPIO UX
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YCTOIYMBOCTH U 3HAYHMTEJIBHBIE TTOTPEIIHOCTH B IPOLIECCE MMHUTAIIMOHHOTO
paauaimonHoro MoaenupoBanus [8-13]. Ee GonbIiioe mpukiagHoe 3HaYEHHE
OlpeeNsieTCs] BAYKHOCTBIO PEIICHUS LIEJIOr0 KOMIUIEKCa MPSIMBIX 1 00paTHBIX
3aj1a4, CBSI3aHHBIX C MPpo0JieMaMu aTMOC(HEPHON KOPPEKIIMH MHOTOCIIEKTPalTh-
HOM CITyTHHKOBOW WMH(OpPMAIMU ¥ ONTHUKH NPUPOJHBIX IKOJOTHUECKUX CH-
CTEeM, B IIEPBYIO OUYepe/ib, a3PO30JIbHO-00JIauHbIX aTMOC(Ep 1 BOAHBIX Cper,
XapaKTepU3YIOMNXCs CHIIBHBIM aHU30TPOIIHBIM PACCEsTHUEM M3TyUSHUSI U O]
HOBPEMEHHO ClIa0bIM IIOTJIONIEHHEM B HUX B BHIMMOH OOJIaCTH CIICKTpa
A =400-850 =™ [14-20]. B 3T0ii CBSI3M aKTyaJIbHO IOJIY4YEHHE TAKUX MPH-
OMMYKEHHBIX TapaMETPU30BAHHBIX YMCICHHO-aHATMTHYECKUX DPEILeHUH yKa-
3aHHOMH MPOOIIEMBI, KOTOPBIE 00J1aIAaITH OBI, C OJJHOM CTOPOHEI, JOCTATOYHO BEI-
COKOH CTENEHbIO TOYHOCTH, & C JPYrOH CTOPOHBI, ObUIM OBl MPOCTHIMHU IO
(dopme cBoero npencrasieHus [21-24]. Huke ¢ 3To# 1enbio mpoBeeHo 0000-
[IeHWEe KOHIENIMK eAnHoi QyHKimn E (n,f,(p, To) BBIXO/Ia M3JIyUCHHUS 13

Cpelbl Ha BHEMIHMX IpaHuIax 7 =0 U 7 =7, IJIOCKOrO OJHOPOIHOIO CIIOS
KOHEYHOH ONTHYECKOH TONIIMHBI 7, <00 Ha Clydyail efuHOH (oToMeTpuye-
ckoit pyukuun Iy (17,£,¢,7,) Ha OPOM3BOIBHBIX ONTHYECKHX FIyOMHAX 7

BHYTpH cpefpl. OTMETUM, YTO MEpBOHAYAIBHO yKa3aHHas KOHIENIus Oblia
HE3aBHCUMO pas3pabotaHa B [25] u B [26] mis k03(D(GUIMEHTOB SPKOCTU
p(n.é,9,7) u o(1.£,0,7,) TWIOCKOTO OHOPOIHOTO CJIOS HA €T0 BHEITHAX

rpannuax (7 =0) u (7 =7,) C HCMONB30BAHHEM PA3HBIX MOAXOO0B. B [25]

HCTIONB30BAIAch MPOCTasi MOAU(MHUKAIMS KIACCHUECKOTO MPHUHIMIIA HHBApH-
AHTHOCTH TIOJIeH m3nmydeHust AmOapiymsina — Yanapacekapa [1-2] B cimydae
CUMMETPHYHOTO PACIIOJIOKEHHUS IIEPBUYHBIX SHEPTETHUECKUX UCTOYHUKOB OT-
HOCHTEJIFHO CEePEIMHBI OAHOPOIHOTO ITOCKOro cios. B [26], mocmyxuBmien
OCHOBOI1 Ut mocneayoieil pa3paboTky OOIIEro MPHHIMNA 3epPKaJbHOTO
0TOOpaXkeHHs! (CHMMETPHH) TTOJIeH U3ITyYEeHHs] OTHOPOHOTO TIOCKOT'O CJIOS 1
COOTBETCTBYIOIIUX (POTOMETPHUYECKUX MHBApUAHTOB [27-28], IpOBEICHO M-
HeifHOoe Tpeobpa3oBaHKe KIACCHYECKUX CTPYKTYPHBIX QYHKIHHA ¢ u "
AmbapiyMsiHa, OnpeessIoNX aIeKBaTHYTO JIMHEHHYI0 TpaHC()OPMAIIHIO KO-
a¢¢unmenToB UM HY3HOTO OTpaKESHUS p(n,§,¢, To) U TPOIMYyCKaHUs

J(ﬁ,f,(p, To) H3IYyYeHUs OJHOPOJHBIM CIIOEM Ha €ro BepXHel (r = 0) i
HIDKHEH (r = ro) rparumax. O6a momxona MO3BOJSAIOT ¢ TOMOIIBEO TPOCTHIX

JIMHEHHBIX OMEpAIii 0JTHO3HAYHO OMPEENATH CAMMETPHYHBIE TI0 YTJIOBBIM
nepeMeHHbIM K03buImenTs! sprocteil p(n,E,0,7,) 1 o(n,&,9,7,) , ecnm
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M3BECTHBI 3HAYCHHS eMHOM yHKIMHK BhIXOMA E (17,¢,¢,7,) TPH B3aUMHOM
nepecTaHoBKe 77 <> & .

IpoBesieHHOE HUKe 060OIIEHHE HETMHEHHOTO HHTErPaIbHOTO YpaB-
HeHust [25] ams equnoi Gynkimy Beixona E(17,£,¢,7,) Ha cydaii mpous-

BOJIBHBIX oNTHYecKuX ImybouH (0 <7 <7,) K mociemyroowias napaMmeTpusa-
1us 0000MmeH O eHOM poToMeTpuueckolt bynkuun Iy (7,7,£,0, ro) Ha

OCHOBE IKCTPEMAIBHBIX CBOWCTB CHJIBHO BBITSHYTBIX HHIUKATPHUC pacces-
Hus P(cos y) BOMM3M yriioB paccesHust ¥ ~ 0° mo3BouisieT npeAcTaBUTh 00-

11ee MoJe U3TYYEeHUS OJHOPOAHOTO IJIOCKOTO CJI0s B BUI€ HHTEHCUBHOCTEH
OJTHOKPATHO PACCESTHHOTO U3IYYCHUS C aIalTUBHBIMU ITOTPABOYHBIMH MHO-
KUTEISIMH, OOYCIIOBJICHHBIMA MHOTOKPATHO PACCESIHHBIM H3JyYCHHEM B
cpene. OTMETHM, YTO CKOHCTPYHPOBaHHbIE TAKUM 00pa3oM IPOCTHIE aHAIIU-
TUYECKUEC BBIPAKCHHS JUIT MHTCHCUBHOCTEH BOCXOJSIIETO M HUCXOJSIIECTO
M3IYYCHUS TIPA OTCYTCTBUH OTPAXKAIOIIETO JTHA MOTYT B JaNbHEHIIEM 3¢-
(heKTUBHO HMCTIONB30BATHCS IPH YUCIICHHOM MOJICITHPOBAHUH TOJNICH U3ITyde-
HUSL CHCTEMBI «aTMoc(epa — TOACTHIAIONIAs MOBEPXHOCTH» Ha OCHOBE
00001IeHHOT0 TpUHIHIIA HHBapHaHTHOCTH [29]. Tlocnenyromas anmpokcu-
MaIis OTPaXaTeIbHBIX XapaKTEPUCTHK HEOPOTPOITHBIX TOPHU30HTAIHHO-0/1-
HOPOJIHBIX TOACTHIIAIOMINX TOBEPXHOCTEN C TIOMOIIBIO H3BECTHBIX TOITYIM-
MIUPUYECKUX Mojelel [5-7] mo3BOsSET KOMMUECTBEHHO UCCIEA0BATh X BITU-
sIHUE Ha TI0JIe U3JTy4YeHUsI, aHN30TPOIHO PAacCestHHOTO atMocdepoii B ciiyyae
CIIIFHO BEITSIHYTHIX HHAUKATpUC paccestaust P(cos y) . [Ipu aTom ompenene-
HHUE CTETICH! MMPOCTPAaHCTBEHHO-YTIIOBOH AUCKPETHU3AIIUH MTapaMeTPOB BXOJ-
HBIX ONTHYECKHUX MOJENIEH WM HWCKOMBIX WHTCHCHUBHOCTEH W3IYICHHUS
I(z,n.¢, 9, To) , Hapsily ¢ MX TOTPEIIHOCTSAMH B y3JaX HCIIONB3YEMBIX Ce-
TOK, MTOMOTAET ONPEICIUTh ONTHMAIbHEIN YPOBCHb HHPOPMATUBHOCTH pa-
JMAIIOHHOTO MOJEIHMPOBAHUS, IPU KOTOPOM BO3MOXKHO 3((EeKTUBHOE pe-
LIEHUE NPSAMBIX 1 00paTHBIX 33Ja4 TEOPHH NepeHoca uaimydenus [13].

2. ITapameTpu3anusi MHTEHCUBHOCTEel aHM30TPONHO PACCESIHHOIO
H3JIyYeHHs HA MTPOU3BOJIBHBIX ONTHYECKUX YPOBHSX OHOPOJAHOIO CJIOA.
PaccmoTpuM OAHOPOIHBIA MIOCKUN CIOW KOHEUHOW ONTHYECKOW TOJILIMHBI
7, <0, OCBEIIECHHBII HA YPOBHE €ro BepXHell rpaHuibl (7 =0) napajienb-

HBIMH COJTHEUHBIMH JTy4aMH, MTaJIafOIIMMH IT0J] yIIIoM 6, = arccosé OTHOCH-
TEIbHO BHYTpPEHHEH HOpMaH K cioro mpu asumyte ConHna ¢, =0 u co3na-

IOIMMA  MOHOXPOMATHUYECKYI0 OCBEIIEHHOCTh TMEPIEeHANKYISIPHOW TUIO-
WaaKky, paBHyto 7.5, . IHAeKc AnuHbl BONHBL A IIpU JaidbHEHIeM paccMoT-

pernu Oymem omyckarh. O603HAYNM Takke depe3 € = arccos?) yroi MexIy
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HalpaBJICHUEM pAacCesIHHOTO M3JIyYeHUs] M BHYTPEHHEW HOPMalbl0 K
cioro (pucyHok 1). Mamukarpruca atMochepHoro paccesaust P(cosy), rae

¥ — YTOJI paccesiHus, U ab0e0 OHOKPATHOIO paccesiHus A Ipeamnosara-
FOTCS] HE3aBUCSIIIMMH OT ONITUYECKOH TIIyOUHBI 7 .

7TS 90 S
b
A o
— T ] t+AT
:Je ; 1" (7,n,€,7, + A7) Jg ; I"(r+Ar,n,&,7, +AT)
=7 T
| " AN,
4 v

T T
a) 3amada A 0) 3amaua B

Puc. 1. [IpuMeHeHne KI1acCHYECKOTO MPUHINIA HHBAPHAHTHOCTH AMOapIyMsHa —
Yanpapacekapa Aj1s onpeesieHUs HHTEHCUBHOCTEH BHYTPEHHUX MOJIeH U3IIyYeHUs
HA NIPOU3BOJIbHBIX ONTUYECKUX YPOBHAX T

PaccMoTpuM Teneps OCHOBHYO 3a/1ady TEOPUH TIEPEHOCA U3ITyUSHHUS,
CBSI3AHHYIO C HAXOXKICHHEM MHTEHCHBHOCTe u3nyuenus [(7,7,£,9,7,) B
Bocxomsmux (77 < 0) n Hucxomsamux (77 > 0 ) HampaBJIeHUSIX BU3UPOBAHUS
Ha [POM3BOJIBHBIX ONTHYECKHX rybuHax 7 €[0,7,]. C uensko ynpomenus

TIOCJIE/TYFOIIETO YMCICHHOTO aHaIn3a passiokuM B psiabl Dypbe aTmMocdep-
HYIO HHJIMKATPHCY paccesHus P(cosy) = P(17,£,¢) U HCKOMYIO HHTEHCHB-

HOCT M3nydenus [(7,7,£,¢,7,) COTIACHO M3BECTHBIM IMPEICTABICHHIM

dypre-aHanusza:

M
P(n.&,0) =P’ (1,E)+2D P" (17,&)cosmy,
m=1

() xR O

! (1+m)'

P"(n,&)= Zm(H )

776[—1,1], cfe[O,l], (pe[0,27z], z’e[O,z’O], m:O,M,
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M

](T9779§5¢9T0): 10(7977;68»70)‘*‘22[”1 (T9n9§970)008m¢9 (2)
m=1

776[—1,1], 56[0,1], (pe[0,27z], 16[0,10].

rae P" (1) u P" (&) — npucoenunennsie momiHoMel JIexanapa, a x; —
K03 PHUIIUEHTHI pa3IoKeHUs 3aJaHHON MHIUKATPUCHI paccessHus P(cosy)
o noauHoMmam Jlexannapa P, (cosy) [3].

[IprmMeHuM nanee MPUHIAN WHBapUAaHTHOCTH AMOapirymsHa — Yan-
JpaceKapa B ero KIIACCHYeCKON MHTeprpeTaru [ 1-2] ams HaxoxXIeHUs a3u-

MyTalbHBIX —TapMOHHK —mHTeHcmBHOCTeH ["(7,7,£,7,), ne[-11],

£el0,1], 7€[0,7)], me 0,M . CornacHO 5TOMy NpPHHLMI KOGaBIe-
HUe (BBIYUTaHUE) Ha BEpXHEH rpaHuIe miockoro cios (7 = 0 ) uin BeIYUTa-
HHE (J00aBlIEHNE) HA €r0 HIDKHEH IpaHule ( 7 = 7, ) OJHOPOIHOIO CJIOS Ma-
JI0# onTHYeCKOM TOMIUHB A7 < 1 ¢ aIeKBaTHBIMH OCHOBHOMY CJIOIO OITH-

YECKUMU [TapaMeTPaMy He HU3MEHSICT HCKOMYIO Bennanuny 1™ (r,r],cf, 10) Ha

IIPOU3BOJIBHBIX ONTHYECKUX IIyOuHax 0 < 7 < 7, BHYTpH cJios (PUCYHOK la,

0). Takum 00pa3oMm, BCIIEACTBHE OJHOPOTHOCTH HOBOTO CIIOSI C ONTHYECKON
TOJIIMHOM ( 7, + A7 ) MBI IMeeM CIIEAYIOIIEe COOTHOLICHNE SKBUBAICHTHO-

CTH:

I"(7,n,¢,74 +AT)‘A =I"(t+A1,n,&,7y+AT)

B,sz,M. 3)

[Tpu sTOM A71s1 TOTO, YTOOB! YCiaoBHE (3) BHIMOIHAIOCH B CIIy4ae J0-
OaBIICHUSI CJIOSI MAJIOW ONTHYIECKON TONIMIMHBEI A7 <1 K BepxHEW rpaHHIe
7 =0 ucxomuoro cios (3agaya A), HeOOXOIUMO 3aMCHHUTH B OCHOBHOM Kpa-
€BOW 3a/laye TEOPUHU IEPEeHOCa H3IyUYCHHs ICPBOHAYATHHOC TPAHHYHOE
ycnosue 1" (0,77,9‘, 10) =0 nmpu 77 >0 HA ITOM YPOBHE Ha HOBOE TPAHUIHOE
YCIIOBHE, YIUTHIBAKOIIEE TOOABOYHOE H3ITyUCHHE, IPSMO OCIa0JICHHOE U 3a-
TeM paccestHHOe clioeM A7 <1 B HampaBJIEHHH ONTHYECKUX TIyOuH 7 >0 .

C ydeToM JaHHOTO 3aMeuaHus MmojxydaeM B 3agade A (puUCyHOK 1) criemyro-
ee MHTErPaIbHOE YPaBHEHUE JIJIS OTIPEIICIICHUS a3UMYTAIBHBIX TAPMOHUK

I"(7,m,E,10 +AT)
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T

AT
. " “ 7 AA -
" (e &5 +A7)| , = 1" (21,65, )e © +27TP'"(77,§)e 19(n) +

A, dn'
+3ATIP”’ (7N (z.m.11s70)— +
0 n

_Ar 7 1 4
ALA o , @
+5c§7‘[e ‘e g@(n)J‘P (—77,77)/3 (77,§,To)d77+

0

1 1
+qd [P (=n'm) p" (0, &x 1" (e ) e & =,
0 0

rae mapamerp ¢=&AA7r u pe[-11], £e€[0,1], re[0,7,+A7],
m=0,M . ®yuxuus Xeucaiina O(n) B (4) OnpenenseTcs H3BECTHBIM

o0paszoM:

1, >0,

0,7<0. )

®(77)={

AzuMyTanbpHBIE TAPMOHUKN KO3 GUIIeHTOB OudQy3HOro oTpake-
Hus p"(n,&,7,) W npomyckanus o (1,£,7,) COOTBETCTBEHHO HA yPOBHE
BepxHel (7 =0) u HIKHEH (7 = 7, ) TpaHULl pacCMaTPUBAEMOTO CJIOs OIIpe-
JEJIAI0TCS COITTacCHO cTaHAapTHEIM Dypbe-npeodpazoBaHusAM K03 HIUeH-
TOB sipKoCTH p(17,£,0,70) ¥ 0 (1,€,0,7,)

M

p(m.&.0.70)=p° (1.£.79) +2D p" (1.£,7 ) cos mep, ©
m=1

(7.£)>0, pe[0,27], 7€[0,7,+A7], m=0,M,

M
o(n.é.p.70)=0"(n.¢, r0)+22 " (n,&,7y)cos mp, )

m=1

(7,.£)>0, pe[0,27], m=0,M, re[0,7, +A7].
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Jns 3amaun B, aHanorndHo 3amadye A, MpUMEHEHHE KJIaCCHYECKOTO
MPUHIUIIA HTHBAPHAHTHOCTH ToJieil n3mydenns AmOapirymsana — Yanapace-
Kapa IPUBOJUT K CIEyIOIEMY HHTETPAIbHOMY YPABHEHHIO JJIs a3UMYyTalb-

HBIX TapMOHHUK " (2'+Ar,77,§,ro +Az’) :

" (T+A7,77,§,TO+AT)|B =" (7+AT,77,§,2'0)+

1 1
+A.AT(§J.d77’J.Pm (77" _77")0”1 (77!’ 5’ T())[m (T() _T_AT,_U’UN’ 2_0)77_7’_
0 0

A Az _10-T-Ar 1

_5§76 K ®(_77)me (77"77)0-”, (77,,5,70)‘{77,4'
0

A L m ’ m ’ dn' (8)

+EAT€ éJ‘P (_U’SE)] (TO_T_Ara_nan’TO)_7_
0
-0 _ T-TQ+AT
_%ﬂe e P meln)
n

nel-11], £€[0,1], r €[Ar,7y +A7], m=0,M.

3areM, yuHuTBIBasg YyciuoBHe A7 <1, TpeACTaBUM BEIUYUHY

I"(t+At,n,¢,7,) B BULE:

Aot fary],

I"(t+Az,n,E,710)=1" (7,7,&,70 )+ AT 5
T

L ©))
nel-111, £€[0,1], 7€[0,7y+Az],m=0,M.

BripakeHue i IpOU3BOJHON B COOTHOIIEHHHU (9) HAXOIUM U3 UC-
XOJIHOTO YpaBHEHHMsI mepeHoca uamydeHus [3]:

oI (r,n,¢.7,)

Lo, A o N ,
P =;[—l (T,méﬂo)+3_f11’ (m.n) 1" (z.0',&,70)dn’ +

-7 _ 10
+éP”’(ﬂ,§)eé], nel-L1], £€[0,1], r€[0,7,], m=0,M. (10)

4
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Jlanee, corigacHO COOTHOIIEHUIO AKBHUBAJIEHTHOCTH (3), MpHpaBHU-
BaeM (4) u (8), a 3arem, ucnonb3ys cootHomenus (9) u (10), momyyaem nocie
HECJIOXKHBIX, HO JIOCTATOYHO TPOMO3/KHX NPeoOpa3oBaHuii, NICKOMOE HEJH-

HEWHOoe HHTCIpajIbHOC YPABHCHUEC IJIA (Dypbe—rapMOHI/IK " (T,T], f, 7y ) :
A +1
(§=m)1" (eundoro) =& [ P (o) 1" (v’ Gomy )y -
-1

A 1 mn ! m ! d '
S nE[ P (') 1" (e ) T
0 n

1 1
’ m ’ m ’ " m " d
~An& [dn'[ p" (0, &,20) P (=" )" (2" ) o+
0 0 n (11)

A 1 m ! m ! 770 d '
+3U§IP (=7, EN" (7o —7,-1.',7 ) e 577+
0

1 1
’ m ’ m ! " m d "
+Ang [dn'[o" (0. &7 )P" (=1’ ) " (70— 7,11 70)77_7“‘
0 0

+f (7,77,5,2’0), nel-11], £€[0,1], 7 €[0,7,], m=0,M,

rae Gynkuun f (1,77, §,r0) OTIPENETIFOTCS CIIEAYIOINM 00pa3oM:

z -9/ w0-7
f’"(nméa)%fﬁ"(mf)e/f—ég’P'"(n,g’)e Vi e

-7

_%gpn(még)e_%@(n)_%gze "0(~ J-GWUSETO) "(n'\m)dn' ~ (12)

Ly e /16(n) j " (i.&3) P (=) .

Takum o0Opazom, eciy a3sMMyTaJIbHBIE TAPMOHUKN KO3 dUIEeHTOB
sproctu p" (17,£,7y) 1 o™ (17,£,7, ) 3apaHee U3BECTHBIL, TOI/Ia HENUHEHHOE

nHTerpanbHoe ypaBHenue (11)—(12) npeBpainaercss B CHCTEMY OBYX JIMHEH-
HBIX MHTErpajbHbIX ypaBHeHU @penromnsma Il pota OTHOCUTENBHO ABYX He-

U3BECTHBIX BenuuuH [” (r,?],f,ro) u I" (ro—z',—r],f,ro). Hust Toro,
9TOOB HAWTH BTOPOE ypaBHEHWE JUIA  OMNpPENENeHHs — BETHUMHBI
1" (7 —7,-1,£,7y) , HEOOXOMMO IPOBECTH MPEOGPA30BAHNE yPABHCHHIA
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(11)—~(12) c nomonIpio TUHEHHBIX ONepalyii MPOCTPAHCTBEHHOI'O CIABUra T
10 ONTHYECKOH TIIyOMHE 7 =>7,—7 ¥ BpPAIlIEHUS JHHUHM BU3UPOBAHHSA
n = —n . B pesynprare Takux npeobpazosanuii u3 (11)—(12) ciexyer ncko-
MO€ MHTETPAJIbHOE ypaBHEHHE, HEOOXOAUMOE IJIsI HAXOXKACHHUS BETUIUHBI

1" (rg—7,-1,&,79) :

m A i n r\ym '
(§+77)[ (TO_Ty_naé:sTO)zzé:jP (77577)[ (TO—T,_Ua‘fsTo)dU +
-1

’

+= ﬂfIP”’ ', EN" (ro—7,-1.17, ro)‘f;? +

n

’ m ’ mn ’ " m " d
+A77§2jd77jp (7.&.20) P" (=1 0") 1" (7o —7,-1.11", 7)) 77'7” -
0 0

(13)
A 1 n ’ m ’ _Z.O d '
—EUSJP (=" .E)" (z.m.11' 7y )e 4777—
0

”

1 1
' m( .1 7 rom\ gm " d
_Aﬂ(:zjdnja (7735970) (_77’77 )[ (T,?],T] sTO) ’777 +
0 0

+fm (TO _Ta_ﬂafnr())a ne [_191]’ é € [091]3 TE [O>TO]> m= OaM
Takum oGpasom, ecin Bemaumnbl 1" (0,-17,&,7,) = SEp™ (1,€,7,)

(7.£)>0 u I"(79,1,&,70) =SE™ (1,£,7,), (1,£)>0 3anamsl, Torma
ypaBaeHuA (11)—(13) 00pa3yioT cucteMy ABYX JIMHEHHBIX HEOTHOPOIHBIX
WHTETPAJBbHBIX YPAaBHEHUH ISl ONpe/ieNieHHus] HeM3BECTHBIX a3UMYTaJbHBIX

rapMonuk /" (r,f],f, fo) ul" (To -7,-1,¢, 1'0) WHTEHCUBHOCTEH HUCXO/I-
mwero (77 > 0) u Bocxoasmiero (77 < 0 ) u3Jry4eHUs: Ha IPOU3BOJIBHBIX ONTH-
YeCKUX TIIyOnHax 7 OXHOPOIHOTO CIIOS.

3ameTuM Taroke, uro u3 ypaBHeHus (13) mpu ¢ -0 u 7, - © B ciy-
Yae BBINONHEHMS rpaHmaHbIX yenosuit 1" (0,7,£,7,)=0, (7,£)>0 n

(10, , &, 10) (77,5) >0 cremyeT KiaccH4ecKoe HEIWHEHHOe HHTe-
rpassHOE ypaBHeHHE AMOapiymsiHa [ 1] 17t Hax0KIeHNs a3UMyTaJIbHBIX Tap-
MOHHK K03 duImeHToB audpy3HOro MpoIyCKaHus .. (77,9‘) OJTy0ecKo-
HEYHOTO OJHOpOAHOTO cios. Jlanee, ecnu cHadana moyoxuTh B (13) 7=0, a
3aTeM 7 =7, B (11), To IpH yKa3aHHBIX BBIILE IPAHUYHBIX YCIOBMAX IOIY-
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YaeM M3BECTHYIO CHCTEMY HENMHEWHBIX WHTETPATbHBIX ypaBHeHHH YaHpac-
exapa [2] nnsa Dypse-rapmoruk p” (n,£,7,) u o™ (n,£,7,) . CienosarensHo,
CHcTeMa HeNWHEWHBIX WHTerpanbHbIX ypaBHeHUH (11)—(13) obobmaer man-
HYIO KJIACCHYECKYIO CHCTEMY Ha IIPOU3BOIIEHYIO ONITHYECKYTO TTyouny 7 . Of-
HAKO CJIEAYET NOAYECPKHYTh, YTO TP BEIBOJC MHTETPATBHBIX ypaBHEeHUH (11)
U (13) rpannunbie ycnoBust 4i1st Bocxosmero (77 < 0 ) u Hucxopsiuero (77 > 0
) U3IIy4YeHHs1, COOTBETCTBEHHO, Ha YPOBHAX 7 =0 M 7 =7, HE UCIOJb3YIOTCS.

HOSTOMy JaHHBIC YPAaBHCHUS CIIEAYET pacCMaTpuBaTh B KAUCCTBE HOBBIX MH-
TCTPAJIbHBIX COOTHOIIICHHI JUIA KaJ'II/I6pOBKI/I A3UMYTaAJIbHBIX TapMOHHUK UCKO-

MBIX HHTCHCHBHOCTEH n3nyyenns 1" (zy—7,-n,&,7,) u 1" (7,1,&,7,) , KO-

TOPBIM JOJDKHBI YAOBIIETBOPATH JIFOOBIE PETYIISIPHBIE PELIIEHHST OCHOBHBIX Kpa-
€BBIX 33J1a4 TEOPHHU NiepeHoca u3nyueHus [1-7].

3. Enunas ¢poromerpuyeckas GpyHKuusa 1 goToMeTpuyecKkue HH-
BAPMAHTHI CHMMETPU30BAHHOI TeopUM mepeHoca u3iaydeHusi. Ckiaasl-
Bas ypaBHeHus (11) u (13), momydaeM st (OTOMETPHUSCKIX WHBAPUAHTOB

17 (z,n,&,7,) , onpenensieMbIX B [26-27] cOrnacHO COOTHOIICHHUSM:

I (r,m,E,70) = 1" (7g —7,—1,&,70 ) £ 1" (7.11.£, 7)), (14)

Mené )=t (n—t-1.E5), nel-L1, Eel01], 7e[0g], m=0M, (15)

ClleIyrolliee MHTETPAIbHOE ypaBHEHHE, KOTOPOE MOTHOCTHIO SKBUBAJICHTHO
ypaBHeHwsM (11) u (13):

+1

m m A n ! m !
It (v )+l (z.m.8.7,) =3<§IP ()2 (7.1.8.7 ) dn' +
-1

1 1
! m ’ n ’ n m n d "
+AE [dn [ R (', &,70 ) P (=) I (2,070 ) L+
0 0 n (16)

A 1 m (1 m ’ B m " dn'
+E77§J. P (77 7§)+P (_77 ,§)€ é:|‘ (7777,77 >TO)T7+
0

+f+m(z',77,§,z'0), nel-11], £<€[0,1], r €[0,7,], m=0,M.
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m

CBoGonHbli unieH f) (T,f],f,ro) B ypaBHeHuH (16) mpu 0<7 <7,

pasen f!"(7,n,&,70) =" (7y —7,-1,&,79)+ f" (7.11.£,7, ), a Ha BHew-
HUX IrpaHunax ciost 7 =0 u 7 =17, cornacHo [26-27] hoTomMeTpryecKue HH-

BapuaHTsl R (77,5, TO) OTIPEAETISIFOTCS CIEAYIOIUM 00pa3oM:

Rf(’?ag,fo):pm (77’§7T0)i0m (77>§’T0)’ (77,5)>0’ m:O’_M~ (17)

3ameTnM, 4TO BCIIEACTBHE CBOWCTB MHBapHaHTHOCTH (15) mpu umc-
JIEHHBIX PEIICHUIX ypaBHEeHHUs (16) MOKHO UCIIOIB30BaTh TOJIBKO MOJIOBUHY
3a/JaHHOTO MHTEepBaa Ul ONTHYECKON TyOMHBI 7, TO ecTh 7 €[0,7,/2]

npu 77 €[—L1] nnm ansrepuarusHo 77 €[0,1], HO 1S MOTHOTO WHTEpBaa
re[0,7,].

PaccmoTrpuM Temeps Gonee neTambHO JIEBYIO YacTh ypaBHeHHUs (16),
COCTOSIIIYIO U3 crelu(ruIecKkor IMHEWHONH KOMOUHAIINH (POTOMETPUIECKIX

uHBapuantos [ (z,7,&,7,) u 1" (7,n,&,7,) CIEOyIOIIETO BUA:
[£1 (T,Uaéeafo) = 514,:1 (2-57755310)-"_77[1’1 (T3I77§7T0)3 (18)

Ig(‘[?n’garo)=(77+§)[m(z-0_75_7795310)4_(5_77)1”!(TJLé:?TO)’ 1
nel-111, £€[0,7,], z€[0,7,], m=0,M. (19)

OueBuIHO, YTO JHHEiHBIC kKoMOuHaIwH (18) u (19) 006pasyroT B TeO-
pHH TIepeHOCa CKAISPHOTO M3IyYeHHs HOBYIO ACHMMETPHUHYIO (YHKIIHIO

I (7,77,9‘, To) YIJIOBBIX MEPEMEHHBIX 77 U &, KOTOPYIO HAa30BEM €MHOU
(dhoTtomeTpruecKor PYHKIIHUEH st HHTCHCUBHOCTEH Bocxosmero (77 <0 ) u
uHucxozsmero (77> 0) U3IydYeHUs] HA MPOU3BOJIBHBIX 3ePKATLHO-CUMMET-
PHYHBIX ONTUYECKUX YPOBHAX 7 =0 U 7 =7, B 36pKalbHO-CUMMETPUYHBIX
HaTIPaBJICHUAX BU3UPOBAHUA 77 B —77 . OTMETHM, UTO B CIIy4ae OJHOBPEMCH-
HOM M B3aUMHOHI TpaHCIAUMUM TEKYLIMX ONTHYECKUX (7,7,—7) H YI-
JOBHI (77,—77) TIEPEMEHHBIX COTJIACHO YCIOBHUIO T <> Ty —7 U 7] <> —1 INA

eauHOM (oTomerpuyeckoil GyHkuMn Iy (7,77,§, TO) BBITOJIHAETCS CIENYI0-
1mee 6a30BOe CBONCTBO €€ MHBAPUAHTHOCTH:

Ién (7977"5970)2151 (TO _2-7_773(;:’70)’

- (20)
ne[-L1], £<[0,1],  €[0,7,], m=0,M.
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Takum 00pa3oM, y4WTBIBas COOTHOLICHUsI WHBapuaHTHOCTH (15)
u (20), enuHyto poTomeTpryecKyro GyHKImIO I3 (r, n,é, TO) Y €€ COCTaBJIsI-
FOILIHE KOMITOHEHTHI [}’ (r, n,¢, TO) MOXXHO PaccMaTpUBAaTh HE B TIOJIHON 00-
Jactu D= {77 e[-L1], £<€[0,1], 7 €][0, ro]} A3MEHEHHs] ITEPEMEHHBIX
(z,7,&), Kak 9TO MMEET MECTO B HECHMMMETPH30BAHHBIX KPACBBIX 3ajayax
KIIACCHYECKON TEOpHH MepeHoca U3mydeHus [3-5], a B 6oyee y3KuX ainbpTep-
HaTHUBHBIX WHTEpBajax D, = {77 e[0,1],¢ €[0,1],7 €0, z’o]} WIN
D, ={ne[-1,1],¢ €[0,1],7 €[0,1/27,]} . B aToM ciyuae, Kak MOKa3aHO

B [30], ucnonb3oBanue cBoicTB nHBapuantHocty (15) u (20), Hapsny ¢ apy-
TMMH T[PEUMYIECTBAMH CHMMETPHU30BAaHHOM TPAKTOBKM KpPaeBBIX 3ajad
KJIACCHUECKOHM TEOpUH NEepeHoca, NPUBOANUT K SKOHOMHHU BBIYMCIUTEIBHBIX
pecypcoB DBM 110 cpaBHEHHIO C TPaUIMOHHBIMH YHCICHHBIMA METOAaMH
MPUOIM3UTENEHO B 2-3 pasa.

B nanpHeiimeM, ucnonb3ys o61acte D, paccMOTpuM 000011eHUE Be-

muuH p"(n,&,7)) 1 0" (1,£,7,) Ha IPOU3BOIbHBIC ONTHYECKHE YPOBHH

0 < 7 < 7, BHYTPH CII0s1, BBeJIs1 000OIICHHBIC a3UMyTaIbHbIC TAPMOHUKHU KO-

sdduimentos spkocreit R” (7,7,£,7,) n T" (z,17,£,7,) COrmacHo cooTHo-

IMICHUAM:

1" (z,m,&,7,) =SET" (7,m,6,75), (1.£)>0, 7€(0,7), m=0,M, (21)
" (T,—I],f,TO)ZSé:Rm (r,n,é,ro), (77,§)>0, z’e(O,z’O), mz(J,_M. (22)

OTMeTHM, 9TO HETMHEHHOE HHTErpaabHoe ypaBHeHue (16) u nuHen-
Hele komOuHawy (18) u (19) sBnsoTcs 06001IEHNEM YaCTHOTO CiTydast €11~

HOIi hoToMeTpryeckoii GpyHkuuu E™ (77,5, 7, ) , BBEZICHHOM B [1-2] Ha BHe1I-

HUX T'paHULAX T = Our= Ty , Ha IPOU3BOJIbHBIC ONITUICCKUC I‘J'Iy6I/IHI)I T
OAHOPOJAHOIO CJIOs, BKJIHO4Yas €ro BHCIIHUE I'paHUllbl, UMCHHO:

17 (z,m,&,7,) = SEE™ (2,1,6,7, ), (1.€)>0, 7€[0,7,], m=0,M, (23)

Igi (T()nna‘f)ro): SgEm (703779597-0): S§Em (77:4:970): (24)
1(0,7,£,7,)=0, (7,6)>0,m=0,M.
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Kpome Toro, BaxxHO OAYEPKHYTh, YTO BCIIOMOTATENNbHAsI POLIEAypa
CUMMCTpHU3allu BHCIIHUX SHCPICTUYCCKUX UCTOUYHUKOB OTHOCUTEJIIBHO CC-
pezmHsl (7,/2) paccMaTpUBAEMOTO CIIOSl M UCTIONB30BAHHUE KIACCHICCKOrO
MIPUHLUIIA HHBapHAaHTHOCTH AMOapiymsHa — Yannpacekapa [1-2], mpume-
HEHHbIE B [25] mns MOJMyYeHUS HEMTWHEHWHOTO HWHTETPABFHOTO ypaBHEHHUS
(16), c MaTeMaTH4eCKON TOUKH 3PEHUS], OJHO3HAYHO MPUBOIST K 0000IIeH-
HOMY BUJy €AMHOM (oToMeTprdecKoit GyHKuuH Iy (1,77, §,z’0) , COBIIQJIato-
meMy ¢ BoipaxkeHusiMu (18)—(19) u Tem cambIM UCKITIOYAIOIIEMY IO (pHU3HYe-
CKUM COOOpaKEHHsIM MPO0JIeMy ee HEeJMHCTBEHHOCTH.

Takum 00pa3oM, pacCMOTPEHHOE BBIIIE HEJIOKAILHOE CBOMCTBO HPO-
CTPaHCTBEHHO-YIJIOBOH CHMMETPUH MPOTSHKEHHBIX I10JIeH MHOTOKPaTHOTO
PaccestTHHOTO aHU30TPOITHOTO M3JIYYEHHS B IUIOCKOM T'OPHU30HTAIBHO-O/JHO-
POJHOM CIIO€ SIBJISETCS BHYTPEHHUM (YHIAMEHTAJIbHBIM CBOMCTBOM 3THX
NoJIell M3Iy4eHus], a caMO CYIECTBOBaHHE 000OIICHHON enuHol (hoTOoMeT-

pudeckoit byHKIwmu Iy (r, n,¢&,7, ) 1 ee 0a30BBIX CTPYKTYPHBIX 3JIEMEHTOB B

BHUJEe GoTOMETpHUIECKIX HHBapHaHToB 1) (z,7,&,7,) 1pu 0 < 7 < 7, HOIHO-
CTBIO OIIPEENIACTCS MPUHIUIIOM 3ePKaJIbHOTO OTOOpaKEHHUS (CHMMETPHH)
[27-28]. Ilpu 3TOM yHOMSIHyTasl BBIIIIE CHMMETPH3ALNS BHEITHIX YHEPTETH-
YECKUX UCTOYHHUKOB HOCHUT UCKITFOUUTEIBHO Cyry0o 3BPUCTHYCCKHIA Xapak-
TEp U B OOLIEM Cilydae CIYXKHT JIMIIb HATJSITHBIM PUMEPOM (HU3UYECKOTO
IIPOSIBJICHUS HEJIOKAJIBHBIX CBOMCTB IIPOCTPAHCTBEHHO-YITIOBON CUMMETPUHU
WHTEHCHBHOCTEH BHYTPEHHUX I10JICH W3ITyUeHHs Ha 3€PKaIbHO-CHMMETPHY-
HBIX ONTHYECKUX IMyOouHax 7=0 U 7=7; B 3€pPKaJbHO-CUMMETPHYHBIX
HaInpaBJlIeHUsIX BU3MpoBaHust 77 U (—7 ). OTMETHM TaKke, YTO C MaTeMaTH-
YEeCKOM TOUKM 3peHUs MHBAPUAHTHBIE CBOWCTBA HOBBIX KOHCTPYKLHN CHM-
METPH30BaHHOW TEOPUH ITEPEHOCA U3y YEHHS — €TUHBIX (POTOMETPUIECKUX
dynxumii 1§ (7,7,£,7,) 1 GoTomerpuueckux uHBapuantos R (7,17,&,7,)
SIBJISIFOTCSI CIIEACTBUEM JIMHEHHBIX CTPYKTYPHBIX TpaHC()OPMALIU HCXOTHBIX
KpaeBbIX 33/1a4 KJIACCHYECKOM TeopHu TepeHoca u3irydeHus [3], cBsI3aHHbIX
C TpynmaMy HX JHHEHHBIX NpeoOpa3oBaHMil THMA IPOCTPAHCTBEHHOTO
cABHUra I10 OINTHYECKOM rny61/1He T= Tho—7T H BpallCHUsS HaIllpaBJICHWUA BU-

3UpOBaHUs 7 = —77 . YKa3aHHbIE TPYIIIbI JHHEHHBIX PEOOPA3OBAHUN a3H-
MyTaIbHBIX TapMOHMK WHTEHCHBHOCTeH Bocxomsmero 1" (7,-17,&,7,),
(7.£)>0 u mucxomsmero 1" (7,7,£,7,),(17,£)>0 wu3nydenus omHo-

3HAYHO NPUBOAUT K 00001IeHHBIM BemuuHaM (21)—(22) 1 a3uMyTallbHBIX
rapMOHUK Kod(duumentos spkocreit R” (7,1,E,7,) u T"(7,n,6,7,) .
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[IpocTpaHCTBEHHO-YTIOBask CTPYKTypa 3TUX BEIMYHMH OMpEAenseTcss 006006-
wennsiMu Gysxkumsavu @ (7,7,€,7,) u ! (7.1,£,7,) [13], koTOpBIC Ha
BHELIHHX Ipanuiax 7 =0 W 7 =7, NpeBpalIAOTCs B Kiaccuyeckue (HyHK-
win ¢ (17,7,) 1 w" (n,7,) Ambapuymsna — Yanapacekapa [1-2].

4. Tlone nuddy3Ho 0TPaKEeHHOT0 M MPOIMYIIEHHOr0 M3JIy4YeHHusl B
cJIy4ae CHIIbHO BBITSIHY THIX HHIUKATPHC paccesiHust. OueBHaHO, 4T0 A (ek-
THBHOE HCIIOJIb30BaHHUE SANHBIX (POTOMETPHIECKUX GyHKIMN Iy (‘r, n,¢,7, ) u
a[IeKBaTHBIX M CTPYKTYPHBIX JJICMEHTOB B BU/IE (POTOMETPUICCKIX HHBAPUAH-
toB [} (7,1,&,7,) TIpeanosaracT MpoBeeHHE YUCIEHHOTO MOIETPOBAHHS pe-

IIeHUH UHTErpasibHbIX ypaBHenui (11), (13) wmm (16) ¢ yuetom nx CBOWCTB Mpo-
CTPaHCTBEHHO-YTII0BOM MHBapuaHTHOCTH (20) 1 (15). ITpn 3TOM BO3HHKaET npo-
6J1eMa KOPPEKTHOTO ONUCAHMS ¢ (PU3MIECKOH M MaTeMaTHYECKON ITO3UINH T10-

BEJICHHS] Q3UMYTaIbHBIX TapMoHuK [ (7,-17,&, To) , (77, §) >0 Bocxomsiiero u

I"(z,n.é), (7,£)>0 HMCXOZSINEro M3TyYeHUS B CIIyYae IPOH3BOIBHOIO
AQHU30TPOITHOTO PACCESTHUS U3ITYUCHUS, B TOM YUCIIE VISl PEabHBIX CHIIBHO BbI-
TSHYTBIX MHIUKATpUC paccesHuss P(cosy). K coxanenuto, B o0imem ciaydae

BHYTPEHHHX IOJICH aHU30TPOIHO PACCESTHHOTO M3ITy4YEHHs IPOCTPAHCTBEHHO-
YIJIOBBIE CBOMCTBA CHUMMETPHUH a3UMYTAJbHBIX TAPMOHUK HHTEHCHBHOCTEH

" (r, n,8,9,7, ), (77, ¢ ) > 0, BKJTFOYast ©X 0000IICHHBIC KOPQHUITHCHTHI sp-
xoctu R(7,7,E,¢) u T(7,7,£,¢) Ha IPOM3BOJBHBIX ONTHYECKHX TJTyOHHAX
T IUIOCKOro ofHopoHoro ciod (0 < 7 < 7, ), 32 UCKIIOYEHUEM BHEIIHUX Ipa-
Hu 7=0 U 7=7,, JO CUX IIOp HE UCCIeAOBaHbL VcKItoueHue cocTaBisieT

cnyqaf?l OJHOKPATHO paCCEAHHOI0 U3TyUCHUS, AJI1 KOTOPOI'O U3BECTHBI CTPOrue
AHAJIMTHYCCKUEC BBIPKCHUA A3UMYTAJIbHBIX TapMOHHK

1" (7,41,¢,7y), (1,£) >0, onpenensieMbIX 110 H3BECTHBIM TOYHBIM (OpMY-

nam [5]:

e _
I (T,,],(;,TO) :%épm (Uaf)%,

(77,5)6[0,1], TE[O,TO], m=0,M,

(25)
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1 (5o &) =22 6P (0.

(7.£)€[0,1], 7€[0,7,], m=0,M.

’ (26)

Xorts cooTHotIeHus (25)—(26) u He 00J1a1aI0T CBOMCTBAMHU MPOCTpPaH-
CTBEHHO-YIJIOBOM CUMMETPUM BHYTPH OofHOpoAHOro ciosi (0 <7 <7, ), oHH
TIO3BOJISIOT, KaK 3TO CIEAYET U3 UX CTPYKTYpBI, aleKBaTHO ONUCATh UX aHa-
JIUTHYECKHU. B 3Toii CBsI3M akTyaibHa mpoliemMa HaxXOXAeHHs MPUOIHKEH-
HBIX YHCJICHHO-aHATUTUYECKUX PEIICHUH HETMHEHHBIX HHTETPaJIbHBIX YPaB-
Hern# (11), (13) nnu anprepHaTiBHO (16) HA OCHOBE MX aJANTUBHBIX YIJIO-
BBIX [TapaMeTPU3aNnii B CIydae peasbHbIX HHANKATPHC paccestHus P(cosy),
HMMEIOLINX PE3KHe MaKCUMYMBI B 00JIACTH MaJIbIX YIJI0B paccestHust  ~ 0° .

OTMETHM, YTO COTJIACHO OOIIEH TEOPHH MHOTOKPATHOTO AHU30TPOITHOTO
paccesirmst cBeta [3] Gasowiii acumrrroTHueckuii mapamerp (1-A)/(3-x),

rae X, — NepBblii KOAOGOUIMEHT pa3IoKeHNs! 3aJaHHON CHIIBHO BBITSIHYTOH (
X, ~3) UHIUKaTpUCHl paccesHus P(cosy) mo mnomuHoMaMm Jlexannapa
P,(cosy) B KJIacCCUYECKOM Cllyuae YMCTOro paccesHus A ~1 Moxer cyiue-

CTBEHHO TPEBBIIIATH CAUHUITY. DTO OOCTOSTENBCTBO 3HAUUTEIBHO OCIIOXKHSET
TIPUMEHEHHUE CTaHIaPTHBIX METOAOB YKA3aHHON TEOPHH IPHU PEIICHNH PUKIIA -
HBIX 3a/1a4 Mepe€HoCca HU3Iy4YCHUS U, COOTBETCTBEHHO, YUCJICHHOM paaualluOH-
HOM MOJICJIMPOBAHUU B YCJIOBUAX OOJBIINX MOTEPHL TOYHOCTU U HeyCTOﬁ‘IHBO-
CTH U3BECTHBIX PACYETHBIX CXEM U alroputMoB [31].

Crnenyer 3aMeTHTh, 4TO C (HU3MYECKOW TOYKH 3pEHHUst ycio-
Bue (1—A)/(3—x)> 1 o3Hadaer, 4T0 MHOTOKPATHO PACCESHHBIEC (OTOHEI

rryOOKO TPOHHUKAIOT B cpeny, A€ MoriouaiTcsi. BeaencTsue 3Toro ux
BKJIaZ B obmiee rmose u3irydeHus, 1uddy3Ho oTpakeHHOTO M MPOIMYIICH-
HOTO CJIO€M Ha YPOBHE 7 , OKa3bIBA€TCSI MalbIM, YTO MOXET MPUBOAUTH K
3HAUUTENBHOMY YIPOIIEHHUIO €T0 NMPOCTPAaHCTBEHHO-YIJIOBOM CTPYKTYpHI.
Hwmxe Oyner moka3aHo, 94TO MOJHOE IPEOIOJICHNE YKAa3aHHBIX BBIIIC BBI-
YHCIUTEIbHBIX TPYAHOCTEH B CIIydae CHIBHO BBITSHYTHIX HHANKATPUC pac-
cessuusg  P(cosy) MoxeT ObITh JOCTUTHYTO i Dypbe-rapMOHHK

" (r,in,f, 1'0) s (77,¢,E ) > (0 ¢ NpUeMJIEMOM TOYHOCTBIO Ha 6a3e MCIOJIb30-

BaHus cootHoueHui (14)—(15), (18)—(20) n amanTUBHON MapaMeTpU3aLuU
WCXO/IHBIX HEITMHEWHBIX MHTETpanbHbIX ypaBHeHuH (11)—(13) u (16), yun-
TBHIBAIOLIECH 3KCTpEMaJbHbIE CBOWCTBA PEalbHBIX WHAMKATPHC PACCESHUS
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P(cos y) BOMm3u ManbIx yrinoB y ~ 0° . JleiicTBUTEIHHO, peaTbHBIC CHIBLHO
BBITSIHYThIE UHIUKATPUCHl  PaCCEesTHUA P(-n"n",9"—¢") u

P(n',n",¢'—¢") a3p0301bHO-00/1auHbIX aTMOChEp M BOAHBIX Cpex s
Bocxomsamux (77 <0 ) u mucxoasuux (7 > 0) HanpaBiieHHI BU3UPOBAHUS
HAMEIOT pe3kue Makcumymsi ipu 7' =1" =0, @' =" u n'=1n", ¢'=¢" co-
OTBETCTBEHHO. VcNOab3ys 3TH CBOMCTBA IPU PaCCMOTPEHUU HEITMHENHBIX
nHTerpanbHbIX ypaBHeHu# (11)—(13) u (16) 1 BeIHOCA M3-TIOJ 3HAKOB MH-
TETPAJIOB B 9TUX YPABHEHUSX HEU3BECTHBIC BEIMIUHbBI [ (ro -7,-1,¢, 70)

u I’"(r,n,§,ro) B YIOMSHYTBIX TOYKaX MaKCUMyMOB (yHKIHH

P(cosy) = P(n’,n", o' —¢)”) , Oynem npeHeOperaTh HEMMHEHHBIMU WICHAMHA

B YKa3aHHBIX ypaBHeHUsX. O4ueBHIHOE 000CHOBaHKE MONOOHOTO MPHOIH-
KEeHHs1 00yCIIOBJICHO TeM OOCTOATENBbCTBOM, YTO HEJIMHEHHBIC YJICHBI B
ypaBHenusx (11)—(13) u (16) cooTBeTcTBYIOT (hOTOHAM, KOTOPHIE B IPO-
1lecce MHOTOKPAaTHOTO PACCEsIHUS MEePEU3IIydatoTcsi B 00JIACTH MaJIbIX yT-
JIOB pacCesHUs U3 HaIpaBlIeHUA «BIepen» (y ~(0°) B HampasicHUE
«Hazam (y ~90°). OueBHHO, UTO ¢ (PU3NYECKOI TOUKM 3pEHHS IM0]100-
HBIH MPOILECC JOCTATOYHO MaJIOBEPOSITEH, YUUTHIBAas HAIMYNE PE3KUX MaK-
CHMYMOB y CHJIBHO BBITSHYTBIX HHAMKATPHUC paccestHus P(cos y), UMEHHO
B HalpaBJICHHNH MaJIbIX YTJIOB paccesHus y ~ 0°.

[IprHNMas Bo BHUMaHME CAETaHHBIE 3aMEUYaHUs, TOCIE JOCTATOYHO
MPOCTHIX, HO JIOBOJILHO TPOMO3KHX U TPYIOEMKHX MPOLIEAYP MOATOHOYHOMH
napaMeTpu3alnuy UHTerpaibHbiX ypaBHeHu# (11)—(13), noxyuaem npubiu-
JKCHHbIE aHaJIMTUYECKHE annpoKCUMaI1U Dypbe-rapMoHHK

I"(ty—7,—n,&,70) w 1™ (1,0,6,7,) , (7,6) >0, 7 €[0,74], m=0,M oG-
pasyIoIMX BBEJCHHYIO BBINIE EIMHYIO (DOTOMETPHUUECKYIO (DYHKIIUIO
[éﬂ (2-37775770) > ’7 G[_l,l] s § E[O,l] ,» T e[071-0] , m =05M .

A ey
5[1—’2\51(77)}77[1—’2\51(5)} Lo

776[0,1], 56[0,1], re[O,z’O], m:O,_M,

I’"(ro—r,—n,é,ro):AfféP"(—n,f)
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" (mén) =2 (.6)—
T

2
6[0,1], 56[0,1], TE[O,TO] _M

BcenomoratenbHas (yHKIMs afanTHBHOM HapameTpusauun  a(7)

B (27)—(28) HaxoauTCs COTTIACHO CIIEAYIOIIEH ToaHOoM dhopmyde [32]:
l T
a(n)=—|do'| P(n'.,n,¢")dn . 29
(n) 27[{ (pl (n'.n.9")dn (29)

Jlist mpuMeHeHus MPHOIMKEHHBIX cOOTHOIIeHu# (27)—~(28) Heobxo-
JIMMO BBIOPATh COOTBETCTBYIOIIHH aJTOPUTM YHCIEHHOTO MOJIECITHPOBAHHS
dyHKIME a(7) M HMCCTENOBATH €¢ CBOWCTBA BO BCEM MHTEPBAE H3MEHEHHS

yriossIx nepemenssix 77 € [-1,1], & €[0,1], ¢ €[0,27] [32]. B aroii cBssmy,
Hapsiy ¢ onperneneHueM GpyHKIUU a (77) cornacHo (29), nenecoodpa3Ho Hc-

MOJTL30BATh €€ JIPYroe ajJbTePHATUBHOE OIPE/IEIICHIE, IPU KOTOPOM WHTE-
TPUpOBaHME BEIETCS O HOBOM YIIOBOH mepeMeHHON 4 =cosy [32]. Hua

3TOrO BMECTO CTaphIX YITIOBBIX HEPEMEHHBIX (77,£,¢) BBOIATCS HOBBIC ap-
rymentsl (u,&,y) ¢ obnacteio onpenenenns: 0 <y <27, 12 p>41-&
uoc(pwé)sy<2m—c(pé), J1-E 2u=—1-&, rre Qynxuns

c(u, &) ompenensiercs cieayiomuM 00pazom:

SH

c(y,é)zarccosm. (30)

B pesynbrare BMecto (29) momywyaem aist ompeneneHus (YHKIMN
a(n) npexcrasnenue, Gonee y100HOE ISl IPOBEICHHS HHTETPUPOBAHMS:

1 1
n)=[ Plidu=— [P~ P e (31)
0 0
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OtMmetuM, 9T0 U3 (29) Npu yCI0BUHM HOPMHUPOBKH 3aJaHHON MHIU-
KaTpHUCHI paccessHust P(cosy )= P(7,&,¢) COrNacHo H3BECTHOMY COOTHO-

INMCHUIO:
1 2z 1
— | d P S =1
o { ¢_I1 (n,&,0)dn (32)

Haxoaum, uto a(n)+a(-n)=2 u a(0)=1.

JInsl CUIIBHO BBITSIHYTBIX MHIMKATPUC paccesHus P(cosy), Kak 3To
caenyer u3 (29), umeeM a(n)>a(-n) npu n>0. Orciona nomydaem ¢
YHETOM yCIIOBHS HOPMHPOBKH (32), 4TO 3HAUeHHs GYHKUMK a (1) 3aKIo-
ueHsl B uHTEpBane 0 < a(77)<2. B ciydae MonenbHO#H ofHONapaMeTpHye-

CKOM MHJIUKATpUCHI paccesiHusi XeHbU — [ puHCTEHA, 4aCTO NCIOIB3YEMOM
TIPY YUCIICHHOM paJalliOHHOM MOJIEIHPOBaHNH:

P(cosy) = (I—g2 )(1+g2 —2gcos ;/)_3/2 s

gl<1, x =3g, (33)
JUIS aIalITUBHOM BCIIOMOTATENbHON (QYHKINH (77) nojy4yaeM sIBHOC aHaIU-

THieckoe BeipakeHue [32]. JeiictBurensHo, moactasisist (33) B (31) u unTe-
rpUPYS 3aTE€M T10 YaCTSIM, HAXOAUM:

l+g 1-¢ £ 11_j(;z2z j 1]_J(;rzz j
a = : P 7779]( +— 7575k >
= g gz A2 12" ) 1zt A 21z (34)

rae & :4gz/<1+g2 +2gz) U z=+/1-&% . Bxopsuue B (34) smmnrude-

z 2z
215z
JIMTITUYECKUX UHTerpasioB 1-ro u 2-ro poxaa [33].

B tabnuiie 1 npeacTapieHbl 3HaueHHs QYHKIMH a(77), PACCUMTAH-

CKHC UHTCTPAJIbI 3-ro poaa H( ,kj BBIYUCIIAOTCA C IIOMOIIIBIO 3J1-

HBIE TI0 IpUOImKEeHHOH hopmyie (34) Uil CHIIBHO BBITSIHY TOH HHIMKATPHUCHI
paccesiuust Xenbu — ['puHcTeiina (g ~1) B 3aBUCHMMOCTH OT yriia 77 | ma-

pamMeTpa g . I[aHHLIe Ta6J'II/IIII)I 1 TMOKa3bIBAIOT, UYTO IMPHU YBCJIWYCHHUU Mapa-
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Metpa BBITAHYTOCTH g —> 1 (x; — 3) UIs yKa3aHHOM MHIMKATPHChI pacce-
st yskums a(n) npu 7 >0 cTpemMuTCs K 2, TO €CTh, KaK U CJIE/I0BajIo

oxnnath, a(-n)<1.

Tabmuna 1. YucneHusle 3HaYeHUS QyHKIMU @ (77)

n

§ 0 0,05 0,10 0,20 0,40 0,60 0,80 1
0,950 | 1,00 | 1,560 | 1,710 | 1,860 | 1,930 | 1,960 | 1,970 | 1,980

0 0 0 0 0 0 0 0 0
0,990 | 1,00 | 1,878 | 1,740 | 1,972 | 1,987 | 1,992 | 1,994 | 1,996

0 0 0 0 0 0 0 0 0
0,999 | 1,00 | 1,987 | 1,994 | 1,997 | 1,998 | 1,999 | 1,999 | 1,999

0 0 9 0 2 7 2 4 6

OTMeTHM, 4TO Ha OCHOBE TOYHBIX (opmMyr (25)—(26) MOXKHO TpaHC-
(dopmupoBats Beipaxkenus (27)—(28) B ciaeayromme ajanTHBHbIC aHATUTHYE-
CKHE COOTHOULICHUS, YYUTHIBAIOIINE MHOTOKPATHOE aHU30TPOITHOE pacces-
HHE B OJHOPOJHOM IUIOCKOM CJI0€ KOHEYHOH ONTHYECKON TONIMHBI 7, < 00

mpu A~1u g~1:

1" (tg—7,-1,E,70) = M (—1,E) " (7 —7,-11,£, 7)),

_ (35)
nel0,1], £€[0,1], 7€[0,74], m=0,M,

1" (e )= M (1. )17 (i £.3). a6
ne [0,1], e [0,1], TE€ [0,1’0], m=0,M.
[Nony4ennsle mapameTpu3oBaHHble cooTHOUIEHUS (35)—(36) mokazbI-
BAaIOT JOMHHHUPYIOIIEE BIUSHUE OJHOKPATHOTO paccestHUs pH GopMupoBa-

HUH OOILETO MOJIS PACCESHHOTO M3IIyYEeHHS B ClTydae peasibHbIX, CHIIBHO BbI-
TSHYTBIX HHIUKATpUC paccesHus P(cos y) . [Ipu aToM aganTuBHBIE GYHKIMN

M (+1,€), (7,£)> 0 OnpenensIOTCs COrNACHO BRIPAKEHUAM:

M(_n’é)zg[l—a(n)ijij[l—a(g)}’ (7.6)>0 (37)
_ £ .
M(mf)_é[l—za(n) —Z[l—za(é)}’ (7.€) (38)
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IIpu YncIeHHOM paJUaIHOHHOM MOJACIMPOBAHUN OHH UTPAIOT POJIb
MOJTOHOYHBIX ()YHKIIMOHAIBHBIX MHOYKHUTEJCH, KOPPEKTHPYIOUIMX BKJIa
MHOTOKPATHO PACCESTHHBIX ()OTOHOB B 00IIIee TOJIE U3TYICHUS.

OtMmetnM, 9TO TpUOIMKeHHBIE (Popmynbl (35)—(38) MoxkHO Takxke
MPEJICTABUTH B 00JIee KOMIIAKTHOM BHJIE, & IMEHHO:

I (rnin) =5 € (1)

7]6[—1,1], 56[0,1], TE[O,TO], mz(),_M.

Amnanornaso (35)—(36), ucnons3ys cootromenus (39) u (25)—(26),
nMeeM:

"(on&n) =Mnd L (anén).nel-Ll), E€[0]), 7e[0g], m=0M, (40)

TZIe aJanTHBHbIE TIOATOHOYHbIE QyHKINH M (n,cf ) CHMMETPHYHEI 10 yTJIO-

BBIM [IEPEMEHHBIM (77, £) M MPEICTABIIAIOTCA B CIICAYIONIEM BHE:
&1
I ]

3ameruMm TAKKE, UTO A3UMYTAJIbHBIC TADMOHUKHU BOCXOASAIIECTO U HUC-

M(n,§)= ,ne[—Ll],§e[0,l],re[O,rO],mz(),T\/[

(41)

XOMAIIETO u3mydenus 1" (r,in,f, 7, ), (77,§ ) > (0 BHYTpPHU IUIOCKOTO OJHO-

poaHoro cnos (0 <7 <7, ) MOTYT ObITh OIUCAHbI C IIOMOLIBIO JPYIOi aib-
TEPHATHBHON TOATOHOYHONW (YHKIWH, CHMMETPHYHOW IO IE€peMeH-
HBIM (77,4E ) U OTIMYAIOLLEHCS 10 CBOEH YITIOBOM CTPYKTYPE OT BBEAECHHOM

b GyHKIHH M (77, ¢ ) . JeiictBuTensHO, BMecTO (39) mpencTaBuM HCKO-

mble nHTencuBHoctH 1" (7,%7,£,7y), (7,£)>0 ¢ nOMOWBIO APYroro
CTPYKTYPHOTO COOTHOIIEHHUS:

A S
1"(zn&7)=5 O(n)+0(-ne ¢ ‘e c ”](9(—77) (=nEa)

776[—1,1], §e[0,1], Te[O,z'O], szM,
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IJle HOBas aJlalTUBHAs OAroHouHas Gpyskums ;" (7,7,£,7,) B HHTEpBamax
nel[-11], £€[0,1] u r €[0,7,] mpeacTaBmsieTcst B B CEAYIOMIETO MPH-
ONIHMKEHHOTO AHATUTHYECKOTO BBIPAKEHHS:

f”<f"7’f’fo>=%”m(”’§)f[l—&(ﬂ}n[l—ﬁa(«s)} “)

(n,§)>0, T 6[0,70], m=0,M,

B

§[l—ga(n)}+n[l—/2\a(§)] (44)

(7,£)>0, 7€[0,75], m=0,M.

jm (Ta_n’g’ro):%Pm (_77’5)

Hcnonp3yst yriIOBYI0 CUMMETPHIO a3MMYTaIbHBIX TaAPMOHUK HCXOJI-
HOUW MHAUKATPHUCH paccesaus P" (n,&) = P"(E,n), P"(-n,-&)=P"(n,&)
, U3 COOTHOIIICHUH (43) 1 (44) HaXOIIM:

i"(r.n.é10) =" (z.E.m.70), (1,€)>0, T€[0,7,], m=0,M, (45)
" (r,—n,f,10)=jm (T,—é:,ﬂ,fo), (n,§)>0, 16[0,1'0], m=0,M. (46)

Takum 00pa3om, [ oJIeH u3ydeHus B Hucxomamux (77 > 0 ) u Boc-
xomauwx (77 <0 ) HampaBICHUAX BH3UPOBAHUSA AIBTCPHATHBHBIC CTPYKTYp-
Hble QYHKIMA ;"' (r,n,f, 2'0) CHUMMETPHUYHEI 10 YIJIOBBIM MIEPEMEHHBIM 77 U

& . OtMeTHM, YTO TONYYEHHbIE TPUOIMIKCHHBIC aHATMTHYSCKUE BBIPAXKCHHS
(27) u (28) siBisiroTCst 0A30BBIMU JIJISI AHAJIOTMYHBIX MpeacTaBieHuid Dypre-
rapMOHUK (HOTOMETPUUECKNX MHBapuaHToB [)'(7,77,&,7,) M eauHOil ¢doTo-

METPHYECKOH byHKIMH I (z,m.¢6,70), nel-L1], £€[0,1],
7€[0,7,], m =0,M . HUcnons3ys onpenenenus (14)—(15) u coorHolIeHuUs
(35)—(36), momy4aem I a3UMYTaIBHBIX TAPMOHUK (POTOMETPHUCCKHAX WHBA-
puantoB I} (z,n,&,7,) B Coydae CHIBHO BBITSIHYTHIX HHAUKATPHUC PACCCSHUS
P(cosy) cnenyrolye NpHOIMKEHHBIC aHATTUTHYCCKHC MPEICTABICHHMS:

I;n (737736970) :M(_ﬂaé:)llm (TO _T:_Uaéaro)iM(ﬂaé)llm (7977»5770)’

7 47)
nel-L1], £€[0,1], 7€[0,7,], m=0,M.
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AHaNOTUYHEIM 00pa30M, UCTIONB3Y: onpeneneHue (18) u cooTHoIE-
uue (47), nns Dypbe-rapMOHHUK CAMHOW (HOTOMETPHUCCKONW (YHKIIUU

I (7,m,&,7,) Haxomum:

E(onén)=(E+n)M-nd) (5 —t-15%) HE-nMnd (i),

_ (48)
ne[-11), £€[01], 7€[0,7], m=0,M.

OTMeTHM, YTO CTPYKTypa MOJyYEHHBIX BBIIIE aJallTUBHBIX MapaMer-
PH30BaHHBIX COOTHOIICHHUI TI03BOJISET AATh YETKYIO (DU3HYECKYIO HHTEpIpe-
TalUIO TPAaHC(OPMAIMN MCXOJHBIX TOUHBIX MHTETrpalbHBIX ypaBHeHWH (11),
(13) u (16) B anexBaTHBIE UM NPUOIKEHHBIE AHATUTHYECKAE COOTHOIICHNS
(35)—(41) u (47)+(48). Umernno monobHOE TpeoOpa3oBaHue C (PU3MICCKOU
TOYKHM 3PEHHS] HMUTHPYET CEJICKTHBHOE IPOCTPAHCTBEHHO-YITIOBOE «BMOpA-
KUBaHHE» OJHOKPATHO PACCESIHHBIX (POTOHOB B KadecTBE CBOCOOPA3HOTO
«impa» B ofliee moje w3mydeHus. Ero mocnexmyromas MyJIbTUILIMKaTHBHA
KOPPEKTHPOBKA C OMOILIBIO a/IaNTHBHBIX NIOATOHOUHBIX hyHKumit M (£77,£)

n M (ii], ¢ ) YUHUTBIBACT BIMSHAE MHOTOKPATHO PacCesTHHBIX (POTOHOB B CIIy-

Yyae CHJIbHO BBITSIHYTBIX MHIUKATpHUC paccesHus P(cos y) . [Ipu aToMm, Kak oT-

MEYEHO BbILIE, MAKCUMAJIbHBIE 3HAUEHHs 6a30BOTO aCMMIITOTHYECKOTO Napa-
merpa (1-A)/(3-x)>1, ¢ u3HIECKOIl TOUKH 3PEHHS, COOTBETCTBYIOT

rTyOOKOMY MPOHHKHOBEHHMIO U TIOTJIOIICHUIO B Cpelie MHOTOKPATHO PAcCesH-
HBIX OTOHOB. B pe3ynbpraTe BKI1al MHOTOKPATHO PaccesiHHBIX )OTOHOB B 00-
1iee IoJje M3IydeHus, AMPpQy3HO OTPAKEHHOTO U MPOIYIIEHHOTO OJHOPO-
HBIM CJIOE€M, OKa3bIBAaeTCsl HE3HAYNTENBHBIM, YTO M MPUBOAWT K 3HAUUTEIh-
HOMY YINPOILIECHHIO €T0 IMPOCTPAHCTBEHHO-YTTIOBOM CTPYKTYPHI U 3HAUUTEIIh-
HOMY YBEJIMYEHHIO JIONU OJHOKPATHO PACCESHHOTO N3ITyYCHHS.

5. Pe3ynbTaThl YNCJIEHHOTO PAaAMANIMOHHOTO MOJeIMpoBaHusi. B
Tabnuue 2 B cioydae IOMyOeCKOHEYHOH OJHOPOAHOM aTMochepsl (7, =)
MIPOBEACHO CPaBHEHHNE PACCUMTAHHBIX B [32] M MHAWKATPUCHI PACCESTHUS
Xenpn — I'puHCTEliHA TOYHBIX 3HAUEHHUH HYNEBOI a3UMyTaJbHOW rapmo-
nuku (m=0) kodpduunenta orpaxennus P, (17,£) U COOTBETCTBYIOLIHX

MIPUOJIMKEHHBIX BEJIMUUH, OIPE/ICIICHHBIX 110 (hopmyiie (27), B 3aBUCUMOCTH
OT 3HauYeHWH 0a30BBIX ONTHYECKHX NapameTpoB A u (l—A) /(1— g). "3

Tabmuubl 2 CJEIYET, YTO B CIyd4ae CHJIBLHO BBHITSAHYTHIX MHIUKATPHUC Xe-
upn — [puncreiin (g ~1) ¢ poctoM mapamerpa (1—A)/(1—g) > 1 npm
CTpEeMICHHH g —> | , IPUOIMIKEHHBIE BETHUHHB P (7,£) acummrormuecku
CTPEMSATCA K CBOUM TOYHBIM 3HAYEHUSAM.
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Janee oTMeTHM, 4TO HAa OCHOBAaHHM IPOBEJICHHOI'O BBHIIIE aHAIHM3A
aJlanITHBHASA apaMeTpH3alus HeTMHEHHOTO HHTErpaJIbHOTO ypaBHeHus (16)
MIPY YHCIEHHOM MOJICIUPOBAHUM equHONW (OoTOMETpUUEeCcKOil (YHKIMU

I (r,i],cf, 10) U TIOCTICTYFOIIEeM HaXO0XKICHUH COCTABISIONINX e¢ (POTOMET-

pudeckux unBapuantos 17 (z,7,£,7,), ne[-11], £€[0,1], r€[0,7,]
HEMOCPEACTBEHHO HE HKCIONB30BAach Ul HAXOXKICHHS  BEJIUYHH
m
I"(z,4n,¢,7,), ne[0.1], £€[0,1], 7€[0,7,]. B mepyio ouepens 510
CBSI3aHO C TeM, YTO Mpoleaypa MOAOOHOH MapamMeTpu3aldy MOJHOCTBHIO
aJieKBaTHA TOH, KOTOpas ObLIA BEIMONHEHA U1t ypaBHeHuit (11)—(13) Ha oc-
HOBE UCIIONB30BaHMS SKCTPEMATBHBIX CBOHCTB MCXOAHBIX CHJIBHO BBITSHY-
TBHIX UHAUKATPUC paccesHuss P(COosy) U JOMUHHPYIOUIETO BIMSHUSA OIHO-

KpPaTHOTO pacCesHUsL.
B 3akirouenue otMeTnM, 9to BeipakeHus (37)—(41) u (43)—(44) mns

ANanTUBHBIX  IOATOHOYHBIX  GQYHKOUHA M (in,é) , M (n,cf ) u
Jj" (z’, n,¢&,7, ) MO>KHO 3HAYUTENIBHO YIIPOCTUTD, ECJIH BOCIIOJIb30BAThCS OYe-
BHIHBIM CBOICTBOM yHKIMH a(77) ,a umenHo a(n7) =2 . Hanpumep, B ciy-
qae (37)~(38) umeem M (+7,&)=1/(1-A). danee, mpy OYCHb MaJIbIX 3Ha-
YEHUSIX  YIJIOBBIX  IEPEMEHHBIX =0 u n=0 HaXOAUM
M (i?], ¢ ) = 2/ (2 - A) , UTO IIPAKTUYECKU IO3BOJIAET UCIOJIB30BAaTh BMECTO

MIpUOIIMKEHHBIX BhIpaskeHNH (35)—(38) Tounsle hopmysl (25)—(26) anst a3u-
MYTaJIbHBIX TAPMOHHUK OJTHOKPATHO PACCESTHHOTO U3ITyYeHUSI.

6. 3ak/rouenme. PaccMOTpeHHBIN BbIIIE aJaTUBHBIN NOJX0MA, OCHO-
BaHHBIH Ha TAPaMETPHU3ALINH HOBBIX HEJTMHEHHBIX HHTETPAJIbHBIX ypaBHEHUH
(11)—(13) u (16), mO3BOIAET OIYIUTH IPOCTHIE NPUOIMKEHHBIE aHATUTHYE-
CKHE COOTHOMICHHS /IS HHTCHCUBHOCTEH BOCXO/ISIIET0 ¥ HUCXOISIIETO U3~
JIy4eHUs] Ha TPOU3BOJBHBIX 3EPKaJIbHO-CUMMETPHYHBIX YPOBHSAX 7 W

(ty, —7) B 3epKaJIbHBIX HANPaBIEHUAX BU3UPOBAHUS €1a00 MOITIOIIAOIIETO
(1-A) <1 u aHU3OTPOIHO pacceuBaroIero (x; =3) OAHOPOJHOIO CIOS
IPOU3BOJILHOM ONTHYECKON TOJIIHMHBI 7, < 00 . YKa3aHHbIE IPUONMKEHHbBIE
BEIpakeHUs 11 Dypbe-TapMOHHK  HWHTCHCUBHOCTEH  W3Iy4ECHHUS
" (r,in,f, To) s (77,5) > (0 TMOKa3bIBAIOT JOMUHUPYIOIIEE BIUSHUE OJHO-

KpaTHOTO paccestHus Ha (OpMHUPOBaHUE OOIIETo MO U3Ty4YeHHs B ciIydae
CHJIbHO BBITAHYTBIX HHIUKATpHC paccesHus P(cosy). B pamkax 3agaHHOTO

YPOBHS IUCKPETHOCTH MEPEMEHHBIX (7,77,£) M TOYHOCTH pacdeTon (~10)

SPIIRAS Proceedings. 2018. Issue 1(56). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 237
www.proceedings.spiiras.nw.ru



a3UMYyTAJIbHBIX TapMOHUK WHTEHCUBHOCTEH wu3myuyeHUs [ ”’(r,in,f, To) R

(7,£) >0 OHM MOTYT MCIIOIB30BAThCS TPH YUCICHHOM PaHAIHOHHOM MO-

JICTUPOBAHUN M yUYETE BIUSHHS HEOPTOTPOITHON rOPH30HTAIBLHO-OMHOPO-
HOH MOJCTUIIAOIICH MOBEPXHOCTH Ha 00IIee ToJie H3TYUCHUsI, a TAKXKE T0-
CTaHOBKE M PEIICHUU 0OPATHBIX 33/[a4 TEOPUH MEPEHOCA U3YUCHHS B BUIH-
Moii obactu criektpa A =400—850 HM.
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O.1. SMOKTY
MODELING OF RADIATION FIELDS OF UNIFORM
ANISOTROPICALLY SCATTERING SLAB OF ARBITRARY
OPTICAL THICKNESS

Smokty O.1. Modeling of Radiation Fields of Uniform Anisotropically Scattering Slab of
Aarbitrary Optical Thickness.

Abstract. Modeling of radiation fields of an arbitrary optical thickness uniform slab in the
case of a weak absorption and strongly elongated phase functions has been carried. The simple
modification of classical Ambarzumian’s — Chandrasekhar’s invariance principle indispensable
for the receiving of new non-linear integral equations connected with azimuthal Fourier
harmonics of generalized unified photometric function and photometric invariants has been used.
These values join upgoing and downgoing radiation fields intensities making use of simple linear
manner at arbitrary optical levels in mirror vision directions including fixed azimuthal angles
and solar zenith distance. Parametrizations of obtained non-linear integral equations have
demonstrated in the absence of reflecting underlying surfaces, placed at the lowest level of
considered uniform slab, the possibility to express angular-spatial properties of unified
photometrical function and appropriate photometrical invariants taking into account the phase
functions strongly elongation near small scattering angles and small slab’s absorption with the
help of primary scattered radiation field intensities and adaptive fitting multipliers. These
functional adaptive corrections have been stipulated by uniform slab’s multiple light scattering
and possess the clear physical interpretation. The use of mirror reflection (symmetry) principle,
elaborated by the author, and conception of unified photometric function allows one to estimate
the above-mentioned peculiarities of real environment’s phase functions in the framework of
photometric invariants numerical modeling. An analysis of appropriate radiative modeling
results has shown a dominating influence of primary light scattering in the formation of
anisotropically scattered radiation fields of an arbitrary optical thickness uniform slab in the case
of weak radiation absorption and strongly elongated phase functions.

Keywords: uniform slab, Ambarzumian’s — Chandrasekhar’s invariance principle, non-
linear integral equations, adaptive parametrization, photometric invariants, unified photometric
function, brightness coefficients, radiation fields intensities, primary scattering, fitting functions,
Henyey — Greenstein phase function.
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