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Abstract. Nowadays, web applications are one of the most popular types of target of
evaluation within the framework of the information security certification. The relevance of
the study of web applications vulnerabilities during information security certification is due
to the fact that web technologies are actively used while producing modern information
systems, including information systems critical from the information security point of view,
and on the other hand carrying out basic attacks on such information systems do not require
violators of high technical competence, since data on typical vulnerabilities and attacks,
including the attacking tools are heavily represented in publicly available sources of
information, and the information systems themselves are usually available from public
communication networks. The paper presents the results of a study of the security of web
applications that are target of evaluation within the framework of certification for information
security requirements against cross-site requests forgery attacks. The results of
systematization and generalization of information about the cross-site requests forgery attacks
and security controls used by web application developers are presented. The results of
experimental studies of 10 web applications that have passed certification tests against
information security requirements are presented. The results of experimental studies have
shown that most developers do not pay enough attention to protection from cross-site request
forgery attack - 7 out of 10 web applications tested have been vulnerable to this type of
attack. Based on the results of processing the results of experimental studies, the distribution
of security controls used in web applications and identified vulnerabilities by programming
languages were obtained. Recommendations regarding the protection of web applications
against cross-site request forgery attack for developers planning to certify their software are
formulated.

Keywords: information security; software security; analysis of wvulnerabilities; web-
application; CSRF-attack.
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1. Introduction

Software created with the use of web-technologies is currently one of the main
components in automated control system (ACS) design. The designed ACS are, as a
rule, multi-user and can be found on public domain networks (for instance,
Internet), which increases the risk of their successful attack. Various procedures
(such as certification, independent security audit) are currently used to lower
probability of successful attack. They are aimed at identifying vulnerabilities in the
software used to design ACS [1, 2].

Software vulnerabilities are analyzed during certification for compliance with the
requirements to the protection profiles approved by FSTEC of Russia (Federal
Service for Technology and Export Control), which clearly includes requirements of
AVA VAN assurance family “Vulnerability analysis”, and during testing for
compliance with the requirements of the technical specifications and classic
governing documents of FSTEC of Russia. The procedure for vulnerability analysis
recommended by FSTEC of Russia consists in the joint use of approaches specified
in the Common Methodology for Information Technology Security Evaluation and
ISO/IEC TR 20004 [3]. It should be noted that more specific instructions for the test
laboratories (for instance, standard penetration tests) have not yet been developed,
which makes this procedure non-determined [4].

The experience of analysis into vulnerabilities of web-applications within the
framework of the accredited test laboratory showed that Cross-Site Request Forgery
attack, hereinafter — CSRF-attack is currently the most successful attack against
targets of evaluation. The main attention of the developers of web-applications, as a
rule, is concentrated on implementing measures protecting against attacks like SQL-
injections or Cross-site scripting. The situation is aggravated by the fact that
measures protecting against CSRF-attacks are still being actively studied, and best
practices have not been rigidly registered yet [2, 6].

The goal of this work consisted in developing guidelines for the developers of web-
applications, who are planning to certify their solutions as to the information
security requirements. The work solves the following tasks to achieve the set goal:
a) Classification and summary of information about CSRF-attacks and measures of
protection against them;

b) Consolidation of information about vulnerabilities of web-applications identified
within the framework of work of the accredited test laboratories.
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2. The results of classification and summary of information
about CSRF-attacks and relevant security measures

A hacker performing a CSRF-attack makes the web-browser used by the legal user,
who has been authenticated in "security measures against " the attacked web-
application, send HTTP-request, which is going to be identified by the application
as a request received from a legal user, to the web-application.

A possible consequence from a successful CSRF-attack implementation is running
of an arbitrary code in the web-application in the name of authenticated user. Thus,
the main causes of CSRF-attacks are vulnerabilities in web-applications related to
wrong implementation of algorithm of HTTP-request authorization. Success of
CSRF-attack is determined by the following factors [7, 8]:

e The browser automatically applies authentication data of the user (for
instance, session cookie-files), when sending HTTP-request to the web-
application;

e Web-application uses the obtained authentication data to authorize the
action required for performance by HTTP-request.

It should be noted that despite difficulties in implementation, there are cases of
successful CSRF-attacks of ‘Login’ and ‘Logout’ type on web-applications [1, 9,
10]. The probability of successful ‘stored’ CSRF-attack is higher, because a
malicious code is stored on the side of the attacked web-application, and the hacker
does not have to make the user (for instance, using methods of social engineering)
go to a special resource with a malicious code.

Implementation of the security measures on the client’s side [11-16], represented by
plugins/extensions of the browser or additional software (proxy), has significant
drawbacks [8] and is currently only of academic interest.

There are suggestion on implementing security measures directly with the browser
source code, for instance, using ‘samesite’ properties of the cookie-files, but
currently these measures are experimental and are implemented only in certain
browsers. Integrated measures (measures implemented jointly by the software code
on the client- and the server-sides), as a rule, implement a certain information
control policy [6, 17], which contain critical information (for instance,
authentication data), between the browser and the web-server. It should be noted
that effective implementation of this type of security measures is possible by
making changes in the browser source code. Moreover, essential limitations of these
security measures are well-known, which does not allow their use as a sole measure
of protection.

The most popular security measures against CSRF-attacks are tokens (synchronic
tokens or generated using HMAC cryptographic function) that are generated and
checked on the web-application side. This security measure is implemented, as a
rule, by the web-application itself or the framework. It should be noted that the
majority of the most popular frameworks (such as, Ruby on Rails, ASP.NET,
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Django) implement this measure, which somewhat decreases the workload for the
developer of a certain web-application and reduces the number of errors related to
implementation of the security algorithm by the developer of the web-application.
The main distinctive feature of the token-based security measures is in the token
storage method:

e  Generated token may be stored on the web-application side (it is associated
with the user session) and it shall be compared with the token received
from the web-browser;

e  Generated token may be stored on the web-browser side (for instance, in
the cookie); when the web-application receives a request from the web-
browser, the web-application compares the values of tokens in the cookie
and the HTTP-request body.

It should be noted that this measure of the web-application security is used
correctly, if it is designed and implemented in a way that HTTP-requests of GET
type do not change the server state, and are used only for request of the necessary
information. AJAX-requests may be protected with tokens inserted in HTTP-header,
or custom HTTP-headers (during implementation of this security measure the web-
application only checks availability of the heading in the received request).

The leading specialists in the web-application security recommend using the
defense in depth principle, when implementing security measures. Thus, specialists
of OWASP community recommend implementing security of the web-application
by combining two types of the security measures —HTTP-headers verification and
tokens.

In some cases, the developers use three or more security measures for critical
information systems (for instance, online banking systems). For example, it can be a
combination of tokens, verification of HTTP-header and security measures that
require actions from the end user, who performs a critical operation (entry of one-
time code/ password).

3. Methods and results of the study

The study into the security level of the web-application was carried out in the
accredited test laboratory of NPO Echelon (study period: January — November
2016). Brief information about the web-applications that participate in the study is
represented in Table 1.

Table I. Brief information about the study objects

Level of measures for
secure software
development
implementation
(maturity level)

Programming Type of

Software identifier
language developer

Software No. 1 PHP Russian 2
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Software No. 2 Java Foreign 5
Software No. 3 PHP Russian 1
Software No. 4 Java Foreign 5
Software No. 5 C# Russian 4
Software No. 6 Java Russian 1
Software No. 7 C# Russian 1
Software No. 8 PHP Russian 1
Software No. 9 Ruby Russian 3
Software No. 10 Ruby Russian 3

Level of measures for secure software development implementation (maturity level)
was assessed by the expert method with account of the scope of measures
implemented by the developer of measures from the basic set of measures for
developing secure software suggested in the National Standard GOST R 56939-
2016 Information Protection. Secure Software Development. General Requirements.
[4, 18]: 1 - not one measure is implemented, 2 - less than 20% of measures is
implemented, 3 — from 20% to 40% of measures is implemented, 4 - from 40% to
60% of measures is implemented, 5 - from 60% to 80% of measures is
implemented, 6 - over 80% of measures is implemented.

Vulnerabilities were analysed using standard tests developed with account of
recommendations and CAPEC resource. Below is the general sequence of the
performed tests.

1) Analysis of parts of web-applications (pages), which allow changing the state of
the web-application (creating/ changing/ deleting user accounts, protected
information, other information etc.).

2) Study of the requests to the identified parts of web-applications: transmission of
the requests from the web-browser to the web-application with further interception
and analysis of the request structure. The expert analyses the intercepted request and
defines the type of security measure against CSRF-attack on a specific page.

3) Generating a mock HTTP-request, which is saved as an HTML-file on the local
computer and is opened in the web-browser, provided that there is a session
authenticated by the target of evaluation (web-application).

4) If the analysis of intercepted request (cl. 2) revealed security measures against
CSRF-attacks, the following actions shall be additionally taken:

a) when tokens are used as a security measure:

o analysis of URL for a presence of token in a plain text;
e sending a request without a token;
e sending a request with an altered token;
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o sending a request using one token for various user accounts;

e an attempt to guess /select a token;
b) when using verification of the HTTP-headers as a security measure;

e sending a request with altered HTTP Referer (originally a misspelling of
«referrer»)/Origin fields;

e sending a request without HTTP Referrer/Origin fields.
The tests were performed using the following software: BurpSuite software, Scaner-
VS software. The average time spent on testing of one web-application by one
expert of the test laboratory is 8 hours.
The results of the study are specified below.
1) CSRF-attacks were successful in 70% of cases — 7 out of 10 analysed web-
applications turned out to be vulnerable.
2) The majority of CSRF-attacks were successful in relation to web-applications
developed in Russia. It should be noted that the only CSRF-attack that was
successful in relation to the foreign web-application was that of “Logout” type, and
the experts of the test laboratory failed to develop an attack vector that implements
information security threat. Only one web-application initially did not have any
security measures against CSRF-attacks. The other vulnerable web-applications had
security measures based on verification of HTTP-headers or token (Figure 1).

nothing

Fig. 1. Distribution of protection measures used in vulnerable web-applications

3) It has been established that web-applications written in PHP have a few more
vulnerabilities that results in successful CSRF-attacks (Figure 2) [20].

4) The developers upgraded vulnerable web-applications using security measures
based on tokens in all cases.

5) In the majority of cases the upgraded web-application and web-applications,
where the vulnerability has not been identified, used a combination of several
security measures against CSRF-attacks.
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Fig. 2.  Distribution of identified vulnerabilities as to the programming language

6) The average time required for the web-application developer to correct
vulnerability is 3 weeks.

7) One of the results of the study was a deduced empirical rule, in accordance with
which the number of vulnerabilities identified in the software is in inverse
proportion to the maturity level of the secure software development processes
implemented by the developer.

4. Recommendations to developers on increasing the
security level of web-applications

Based on the results of the study the following recommendations were provided for
the developers of web-applications that are planning to hold certification tests as to
information safety requirements.

1) It is advisable that the developers implement measures for secure software
development in the software lifecycle processes. At the very least, it is
recommended to implement measures related to testing penetration of web-
application prior to their submission to the test laboratory. To minimize time for
such testing, the developers should generate sets of standard tests, which may be
developed with account of guidelines represented in the works [17, 19]. The
developers are advised against limiting their tests to the standard test only, and are
recommended to run additional tests aimed at performing CSRF-attacks, like
‘Login’ and ‘Logout’, and verify that the selected security measure is correctly
implemented.

2) The developers are recommended using the defense in depth principle — combine
two or more security measures (as a rule, verification of token and HTTP-headers),
when implementing security measures against CSRF-attacks in the web-application.
3) When implementing security measures against CSRF-attacks in the web-
application, the developers are, first of all, recommended to use security measures
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that are already implemented in the operational environment, for instance,
frameworks.

5. Conclusions

This work consisted in the study into security of web-applications, which are the
test targets within the framework of certification as to information security
requirements, against cross-site request forgery attacks. The result showed that the
majority of the developers (around 70%) do not pay due attention to implementing
security measures against such attacks. Resulting from the study, we defined
recommendations for the developers, the main of them being recommendations on
the use of defense in depth principle and the use of token-based security measures
that had already been implemented by the framework developers. We deduced
empirical rule, in accordance with which the number of vulnerabilities identified in
the software is in inverse proportion to the maturity level of the secure software
development processes implemented by the developer. Further studies are intended
into the issues of the web-application protection against SQL-injection attacks and
cross-site scripting attack and defining general guidelines for the developers of web-
applications, who are planning certification.
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AHHOTanms. BeG-npuiiokeHns sIBISAIOTCS OJHUM U3 HauOoyiee PacrpoCTPAaHEHHBIX THIIOB
OOBEKTOB HCCIENOBAHMS B paMKax pPabOTBI CHCTEMBI CePTH(HUKAIMH CPEICTB 3alIUTHI
nHpopMay. AKTYaTbHOCTh HCCIEJOBAHUS YSI3BHIMOCTEH B BEO-TIPHIIOKEHUSIX B paMKax
cepTudUKaKU M0 TPeOOBaHUAM 0Oe30MacHOCTH HMH(OpMAIUU O0YCIOBICHA TEM, YTO BeO-
TEXHOJIOTHH, C OJHON CTOPOHBI, aKTHBHO MCIIOJB3YIOTCS IIPU PEATM3alMi COBPEMEHHBIX
MH(OPMAIIMOHHBIX CHCTEM, B TOM YHCJIE KPUTHYHBIX C TOYKH 3PEHUS MH(POPMAIMOHHON
0e30macHOCTH, a, C JAPYroil CTOPOHBI, MPOBEACHHE O0a30BBIX aTaKk Ha MOJ00HBIC
WHPOPMAIIMOHHBIE CHCTEMBI HE TpeOyloT OT HapylmIuTeneld BBICOKOW TEXHHYECKOH
KOMIIETeHTHOCTH, IIOCKOJNBKY JaHHBIE O THIIOBBIX YS3BHMOCTAX M aTakaX, BKIIOYas
HWHCTPYMEHTAJbHBIE CPE/ICTBA IIPOBEJCHHS aTak, B OOJBIIOM OOBEME IPEACTABICHHI B
OOIIEeJOCTYITHBIX HCTOYHUKAX HHGOPMAanWH, a caMd HH(OPMAIMOHHBIE CHCTEMBI, Kak
MpaBUIIO, JOCTYMHBI W3 CeTel CBsi3M 0OIIero mojp3oBaHus. B paboTe mpencTaBieHbI
pe3yabTaThl HCCICIOBAHUS 3aIIUIIEHHOCTH BEO-TIPUIIOKEHHUH, SBISIIOLIMXCS O0bEKTaMH
HCOBITAaHKI B paMKax cepThduKanuy no TpedoBaHusIM 0€30MacHOCTH MH(OPMAILIMH, OT aTak
THNA «MEKCAHTOBasi IMOJJETKAa 3ampocoB». [IpHBeNeHBI pe3yNbTaThl CHCTEMATH3ALMUd U
000011eHNs CBeJICHHH 00 aTake TUIa «MeXcaiToBas MOIENKa 3alPOCOBY U Mepax 3alllUThI,
HCTIONB3YeMBIX  pa3zpaboTumkamu  BeO-mpunokennil.  [IpencraBieHBl  pe3ymibTaThl
OKCIEPHMEHTANBHBIX ~ nccienoBaHud 10  BeO-pmiloXKeHWH, KOTOpPBIE  IIPOXOJHIN
CepTU(HKAIMOHHbIE HCIBITAaHUS 10 TpeOoBaHMSIM Oe3omacHoCTH HH(opMarmu. Pe3ympTaTet
OKCHEPHMEHTAIBHBIX HCCIECJOBAaHMI IIOKa3ald, YTO OOJBIIMHCTBO pa3pabOTYNKOB HE
YACNAIOT JOJDKHOTO BHMMAHMS 3allUTe OT MEXKCAaHTOBOW Mojjaenku 3ampocoB — 7 u3 10
UCCIIEIOBAaHHBIX BEO-TIPUIIOKEHUH OKa3alM yA3BUMBIMH K JaHHOMY THIy artaku. Ilo
pe3yabTaTaM 00pabOTKM pe3yJbTaTOB JKCIIEPHUMEHTANIBHBIX MCCIEIOBAHUNA MONyYEHBI
pacnpeneneHus Mep 3alllUThl, HCHONb3yeMbIX B BEO-TIPUIOKEHUSX, M BBIIBICHHBIX
YSI3BUMOCTEH MO si3pIkaM HporpammupoBanus. CopMynHpoBaHEl PEKOMEHAANNH B YaCTH
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3alIUTHl BEO-IPUJIOKEHUH OT MEXCAaHTOBOW MOAMENKH 3allpoCcoB Id pPa3pabOTUMKOB,
TUTAHUPYIOIIUX MPOBEICHNE CepTH(UKAILIIMY CBOETO IPOrpaMMHOT0 00ecTIeueHusI.
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Abstract. Several known methods allow to estimate the overall effort(s) to be used up for the
software development. The approach based on story points is preferable and quite common in
the context of Scrum agile development methodology. However, it might be rather
challenging for people, who are new to this methodology or to a specific Scrum team to
estimate the amount of work with story points. The proposed approach involves estimation of
features on the basis of linguistic terms that are both habitual and clear for everyone. The
presented fuzzy inference system (Mamdani’s model) makes it possible to calculate story
points using people’s opinions expressed as sentences in natural language — the study shows
empirically that beginners to Scrum methodology consider the proposed approach to be more
convenient and easier in use than the ‘plain’ story points estimation. Also, four groups of
people with different levels of qualification in Scrum were asked to estimate several features
of a certain project using the developed approach and common story points approach to prove
the relevance of the approach — it was shown that the results of basic story points estimation
for Scrum experts differ slightly from the results revealed by proposed approach, while for
Scrum beginners such difference is significant. To the opinion of authors, the proposed
approach may allow to adapt to Scrum more smoothly, with better understanding of what is
implied by story points, grasping the general idea and learning faster their use in practice. The
experimental study conducted as a part of the research has shown results approaching the
estimations provided by Scrum experts who have been working in real projects and making
use of story points for several years. Continuation of the present work can be associated with
intensive studies of more complicated methods of aggregation of the experts’ opinions,
analysis of alternative representation forms of confidence degrees in estimates provided as
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1. Introduction

Many software systems relate to large-scaled and rather complex products that
embrace, in particular, numerous factors to monitor and control at the development
stage. Without a doubt, software development is a multifold process that essentially
depends on tangled human activities, thus requiring effective management and
planning [1]. Software development effort estimation acts as a key constituent of
decision-making support during the process of such planning and further
management. In short, effort can be defined in the context of combination «man-
time» and expressed as the time (number of units) needed for a man (team’s
member) to complete a given task [1, 2]. Nowadays, we may address a relatively
long list of recognized estimation methods aimed at evaluating efforts needed to be
spent in the software development process. In fact, many efforts to categorize such
methods are originating from the publications by Barry Boehm on software cost
modeling and engineering economics in the early eighties of the previous century.
We cannot talk about «the best» from all conceivable standpoints classification, but
in rough outline such methods can be divided into three aggregative categories,
namely: methods based on expert subjective estimates and views (non-model based
methods), formal estimation methods that are grounded on specific or generic
models, and combined (or, composite) methods built upon joint use of analysis and
processing of available from different sources data along with expert estimates [3].
Amongst others, the first category takes in such approaches as planning poker (also
known as Scrum poker) and Wideband Delphi, two similar methods where the
provided estimations are based on judgments and expressed opinions of project’s
stakeholders [1]. In formal estimation models (e.g. Constructive Cost Model
(COCOMO), COCOMO Il as a generalization of COCOMO, weighted micro
function points (WMFP), SLIM, use case modeling, story points) formulas and/or
results derived from earlier implemented projects are used.

In the present paper, we consider the method of estimation with story points in the
context of Scrum, an agile flexible framework to manage the process of software
development. The main goal of Scrum is to deliver new software capability
(features) every 1-2 weeks (the duration can be extended), each new version
includes the most important features for Product Owner, thus allowing to inspect
and adapt product to current conditions. The main Scrum characteristic of the
estimation process is that Product Owner defines priorities for the features because
the product should be maintained in a tested/integrated state every Sprint (i.e. fixed
number of days team works together to produce beforehand coordinated changes in
the product), so the work should be broken down to pieces/stages [4]. In case of
proper compliance with other Agile principles, the release deadline cannot be
missed by the team; if the features were evaluated incorrectly by some reasons,
skipping over the less important tasks can be the only noticeable disadvantage as
compared to waterfall or pseudo-Agile teams’ experience.

In contrast with other approaches, Scrum is concerned with two main factors that
are important in estimating development efforts. Firstly, the responsibility for the
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product falls on the shoulders of the whole team rather than individuals. It means
that there are no gradations like «my work» and «your work». The framework
attracts attention to cumulative effort(s) per Product Backlog’ Item rather than
individual effort(s) per feature. Secondly, the tasks are estimated in a relative
manner, i.e. they are assessed (compared to each other) in terms of relative units,
but not absolute ones. Thus, story points may be employed as such units of measure
to express an estimate of the overall effort required to fully implement a product
backlog item or any other piece of work [5]. As it is noticed by Joshua Kerievsky
[6], “... Many say that story points make us better at estimating because we’re
estimating the size of work, rather than the time it takes to complete it; ... in 2005,
one of our customers found story points to be so confusing that he renamed them
NUTSs (Nebulous Units of Time)”.

Such witty testimonial inherently expresses the attitude of newcomers to Scrum
development methodology towards story points, their ‘fear’ of commonly used
phrases and statements: «number of points per sprint», or «the estimate in story
points is better than estimate in hours», etc. There are many helpful and well-
composed electronic and printed sources dedicated to Scrum’s set of principles and
practices aimed at developing complex systems — books and articles by J.
Sutherland, C. Sims, A. Stellman, guides, reports, tutorials on Scrum and other
Agile methodologies by AgileRussia.ru, Scrum Alliance®, training courses from
ScrumTrek, Scrum.org, LuxSoft, to name a few. Even cursory glance at results of
Google search gives cause for being not fully confident indeed in the conception of
various word-combinations related to story points enquiries, e.g. «they are cheaper
than hoursy, «relative unit of measure», «estimate of effort», and the like.

In brief, story points are founded on “a short description of a set of features called
user stories”; each such story will have a set of story points [7]. When we estimate
features with story points, we assign a point value to each item. The raw values we
assign are unimportant (we can talk about unit of measure that team’s members
agreed on), what matters are the relative values. A story that is assigned a value of 2
should require twice as much effort as a story that is assigned a value of 1, and it
also constitutes two thirds of a story that is estimated at the level of 3 story points.
Because story points represent the effort(s) to develop a story, a team’s estimate
must cover every aspect that can affect the effort. In general, they bring together as
a single whole the amount of work to do, the complexity of the work, any risk or
uncertainty in doing the work.

Our research proposes to simplify the process of estimating features with the help of
story points. For most people it is rather confusing or even difficult to combine three
aforesaid components into one in their mind and give an approximate resultant
value. Instead of evaluating the features with story points, we assume that each
member of the Scrum team (e.g. expert) provides his/her opinion regarding two
factors, namely, these are the amount of work to do and its complexity. Besides, the
experts should also specify the level (or, degrees) of their confidence in both such
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estimates. Experts operate with preset collection of linguistic terms expressed as
words or phrases of the natural language. These verbal units are converted after that
to proper fuzzy sets used in further processing. The latter provides application of
fuzzy inference system (FIS) for each expert’s estimations and aggregation of the
results obtained into one outcome. What are the reasons to resort to the help of
fuzzy approach? Well, we can partly refer to [8] saying that “many fuzzy categories
described linguistically appear to be more informative than precise descriptions”.

On top of that, a short survey was also conducted with the aim to figure out the
opinions of four different groups of people on proposed approach. The core of this
activity is the comparison of story points obtained in “experimental” manner and
regular story points estimation.

The rest of the paper is organized as follows: section 2 presents basic definitions,
terms (type-1 fuzzy set, linguistic variable, inference system, defuzzification,
aggregation of estimates) that are used in the subsequent parts of the paper. The
proposed approach to obtain story point-based estimates on the basis of defined
input variables of Mamdani’s fuzzy inference system (FIS) is discussed and
visualized in section 3. The results of conducted experiment (empirical study) with
several groups of people having different practical skills relative to use of story
points estimations are discussed in the section 4. Concluding remarks are drawn in
section 5.

2. Basic definitions and general comments

In clear majority of cases humans express their opinions and judgments using
statements of natural language; many things that are thus heard or said are vague to
a variable degree. According to Stanford Encyclopedia of Philosophy, a term «is
vague to the extent that it has borderline cases», and the latter acquires special
significance in relation to the vagueness that has to be modeled in adequate way for
the case under consideration. In general, such task appears simple enough only at
the first glance, and one of practical approaches, at least, from perception-based
point of view, relates to fuzzy logic (FL) methodology. It provides ample means to
model the perceived meaning of words/phrases conveying the experts opinions
(estimates) in a graded fashion. Following seminal paper “Fuzzy Sets” by L.Zadeh
[9], the concept of fuzzy set constitutes a class of objects with continuum
membership grades.

Definition 1. Let U be a set of elements (objects) that are denoted generically as x

(U={x}); fuzzy set Ac U is a set of ordered pairs {(x,p,(x))}, where mapping

1A :x —[0,1] is a (type-1) membership function of a fuzzy set A. Value p,(x) is a

degree (grade) of membership of x in the set A.

In many situations the shape of membership function can be set by a specialist
(expert, domain engineer); such manual tuning of function’s parameters turns out to
be sufficient at the initial stages of model’s development and processing. Thus,
piecewise linear functions are often chosen due to their usability, expressive power
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in grasping thoroughly both the knowledge and human’s perception of situation, as
well as computational efficiency.
Definition 2. Trapezoidal membership function [10] is defined by a 4-tuple

(a,,a,,8,,8, ) Of its parameters in the following way:

0! XG(—OO,ai)
(X_al)/(aZ_al)! x.e[al,az]
pa(x)=9 1, Xe[ai,az] Q)

(8, _X)/(a4 —-a), X e[‘5‘3!6‘4]
0, x e (a,,+»)

Normalized trapezoidal (and triangular with values a, = a,) functions having height
h=max(u,(x))=1, YxeUcl !, often describe values in the form «close to by,
«around b», where b is either a crisp real number b, 0", or the interval

[b%,69 ]t

Definition 3. A linguistic variable is characterized by a parameter vector (or, 5-
tuple) <LV,T(LV),U,RSyn,Rsem>, where parameter L is the name of the variable

(e.g. L, ="complexity of work"), T(L,) is the set formed by labels of variable’s L,
linguistic values |,,..,1, (term-set of L ; e.g. 'easy’, 'normal’, 'difficult’, etc.). These
names are generated using syntactic rule R, whereas the meaning R (l;) is

associated with each value I, ,i=1n, from T(L, ) by means of semantic rule R ;

Rem (1) is a fuzzy set (respective membership function) defined on a universe of

discourse U. Linguistic modifiers (they are also called hedges) 'very', ‘more or less'
and the like, together with logical connectives 'and’, 'or' and negation 'not' are treated
as special type operators that modify the primordial meaning of primary values
(terms) 1,,..,1,. It results in altered shape of membership functions representing
|1m0d,..,|:wd [11]

Definition 4. The fuzzy inference is a process of deriving conclusion from given
premises and system’s inputs (or, given fact), for which compositional rule of

inference (CRI) serves as a core. CRI can be viewed as a generalization of modus
ponens argument scheme (the mode that affirms). The premises are represented as a

set of If-Then rules forming knowledge base Q, e.g. If x is A; Theny is B;, i =1m,
as a basic case (A; > By, i.e. A; implies B;) — potentially, such rules may have

more complex appearance. Mamdani-type fuzzy inference system (FIS) proposed
and evolved by E.H. Mamdani and S. Assilian in 1975 owing to the examination of
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fuzzy logic controller can be expressed as B'(y) :UXGU A'(X) AR(X,y), where

m
relation R(x,y) is calculated as follows: R(X,Yy) =UAi(x)/\Bi(y) , where A; and
i=1
B; are (type-1) fuzzy sets, A, cU,, B, c U,.
The knowledge base Q represented as a set of If-Then rules constitutes rather
convenient and transparent form to express individual expert conceptions of
phenomenon under study as well as perceptions of a group of specialists. On the
whole, model Q is a handy tool to discuss hypotheses (under potential tuning up
rules and initially set parameters of fuzzy sets, if needed) and to make final
decisions.
The process of representing initial data (e.g. linguistic values) as membership
functions is called fuzzification; most of applications require to perform at final
stages the opposite translation from fuzzy functional forms to crisp values; the latter
act as representatives of corresponding fuzzy sets. This is achieved through
defuzzification procedures, and one of commonly utilized method is called Center

Of Area (COA). It stipulates calculation of the resultant value res” by way of
res =24%— 2)

The intersection (AND) and union (OR) operations that are used in computational
schemes with fuzzy sets are expressed as functions called t-norms T(-) and s-norms
S(+), accordingly [12]. Different types of T(:) and S(-) are presented and discussed
at length in the literature (e.g. [13]) — without loss of generality, in the paper we use
standard min and max operators:

Hang (X) = T(pa (X), 1g (%)) = Min(u, (%), ug (X)) (3)
Uaos (X) =S(ua (%), ug (X)) = Max(pa (%), ng (X)) (4)

It is worth noting that story points are crisp numbers, because they appear to be the
most convenient and easy “units” to compare and interpret by Scrum team members
as compared to, for instance, numeric intervals. Thus, crisp numbers are associated
with story points, which help to rank features in compliance with efforts required to
implement them. As it was mentioned before, the valuable source of information are
expert judgments (estimations), and once all such estimations are obtained, they
should be aggregated to form conjoint opinion. Such activity can be performed by a
dedicated person called analyst. With this aim in mind, two methods of aggregation
are used in the paper.

The first method of aggregation is applied when all estimations elicited from Scrum
team members (experts) are different, with one minimum and one maximum
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denoting left and rights extremities in the resultant sequence. For example, if it is of
a form 10, 25, 46, 34, 30, 47, 28, simple expression allows to calculate the
aggregated estimate:

Cagr = (Zi;:i

where e, is the aggregated estimate, e

agr

€ — €min —Ermax )/(ne -2) 5)

min +Tmax

, and e . are minimum and maximum

values among obtained estimations, respectively, n, is the total number of values in
the sequence; summation goes over all estimations excluding e, and e, -

The second aggregation method (weighted arithmetic mean) can be used in situation
of appearance of recurring experts’ estimations as in the case of values 10, 25, 10,
34, 25, 47, 28; such outcomes (with repetitions) are rather practicable, so they should
be addressed reasonably enough. If R, is the most recurring estimate (conditional

mean) observed in the numeric sequence, then e, can be obtained as follows:

Cagr =Re _(Zi((ei -R.)-f; ))/ne ®)

where f; is the frequency of e, occurrence in the row of estimations provided.

All prepared comments allow to proceed to approach that may assist people who are
new to Scrum methodology (or, they are newcomers to a specific Scrum team) and
who do not fully understand how they can estimate the amount of work to do on the
base of story points. The central idea of such approach relates to a natural course,
i.e. story points seem brittle and a bit confusing — fine, try in that case to estimate
how much certain part of work will take making good use of terms you are familiar
with. The aforesaid definitions simplify the perception of the following material,
and they should not be considered as an extra “difficulty” to tackle on top of Scrum
methodology itself; «such overload is a bit too thick!» — the reader may exclaim.
We think, in no way, as long as all necessary (not very complex) calculations can be
done by analysts; in other respects, interviewing and grasping the verbal statements
expressing the results (what is said) in pretty understandable form are natural and
plain day-to-day human activities.

3. Expert opinions and levels of confidence — modified Likert
scale and fuzzy approach

Suppose that through talks and consultations with experts, the analyst collected the
opinions (estimations) of several experts on certain feature expressing how much
work, reasoning from their understanding and perception, they’ll have to do to
implement this feature, complexity of the work and their level of confidence about
each of these estimations. After fuzzification of verbal data obtained and applying
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fuzzy rules, the aggregated result is converted to story points; the latter can be used
at subsequent stages in any project management system.

As it was already mentioned earlier, the expert puts his/her opinion concerning
complexity, amount of work as well as degree of confidence in estimation expressed
in linguistic forms (statements) [14]. For example, the expert may say the following:
«I’'m quite sure that this feature will be difficult to implement, besides | must do a
large amount of work to implement this feature, however, /’m not very sure about
ity. From this sentence, we can pick out the following pairs of linguistic terms,
namely: 'difficult' — 'quite sure' and 'large' — 'not very sure'. With such estimations
in mind (and their formal representation by way of fuzzy sets), we’ll be able to
proceed to the construction of corresponding fuzzy rules [15].

Table 1. Parameters of trapezoidal membership functions representing values of term-sets

The amount of work
(set T(A))

The complexity of work
(set T(C))

The overall effort (set
T(E))

value 'very small' value 'very easy' value 'tiny'
(1,1,5,20) (1,1,5,20) (1,1,5,20)
value 'small’ value ‘easy’ value 'little’
(5,15,30,40) (5,15,30,40) (5,15,30,40)
value 'medium’ value 'normal’ value 'average'
(25,40,60,75) (25,40,60,75) (25,40,60,75)
value 'large’ value 'difficult’ value 'big'
(60,70,85,95) (60,70,85,95) (60,70,85,95)
value 'very large' value 'very difficult' value 'huge'

(80,95,100,100)

(80,95,100,100)

(80,95,100,100)

It is commonly advised to use the interval [1,100] to represent story points
estimations, so we direct our attention to the same extreme points 1 and 100 to
define the universe U to specify fuzzy sets [4]. The amount of work to do, the
complexity of the work and the degrees of confidence are considered as system’s
input variables, whereas the overall (combined) effort is taken as an output variable.

Thus, the following linguistic variables L(j) denoted as A, C and E and their values
(labels of linguistic terms) are considered [11]: L?=A="amount of work to do",
L9=C ="complexity of work" (Fig.1),

L®=E ="the overall (combined) effort" (Fig.2), where

T(A) = {'very small', 'small', 'medium’, 'large’, 'very large' },

T(C)={'veryeasy', 'easy', 'normal', difficult', 'very difficult'},
T(E) ={"tiny', little', 'average', 'big’, 'huge' }.

Table 2. Correspondence between levels of confidence and their values
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Level of confidence (linguistic term) Value
'not sure at all’ 0.05
‘almost not sure' 0.15
'not very sure' 0.35
'more or less sure' 0.5
'sure' 0.65
'quite sure' 0.8
'definitely sure' 0.95
‘extremely sure' 1
—tetiny e araze —m—bg ——huge

o oo 0o o000 o
O ko okoim Mmook

Fig. 1. Linguistic variable C = “complexity of work”.

—s—very mal smal

N W e

o

in

o oo o0 o0 o oo

S T I T

5 10 15 20 25 30 35 40 45

medium arge  —+— very lrge

0 85 %0 95 100

50 55 60 65 70 75

Fig. 2. Linguistic variable E =

“the overall (combined) effort”.

After consultations with experts, the analyst (and his group) defines the parameters
of trapezoidal membership functions (1) to represent formally values of term-sets
T(A), T(C) and T(E) fuzzy sets as shown in Table 1. For example, if expert says
something like «... this feature is hard to implement, but I must do small amount of
worky», we select primary linguistic values 'small' from the set T(A) and 'difficult’ —
from T(C). The parameters of membership functions (Table 1) were chosen
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empirically, although slight alterations of values within certain bounds ( ¢, , i =1k,
k is the number of deliberate assortments of such deviations on all terms of sets
T(-)) turn out to be allowable. Such “mobility” of value ranges may bring to the
advisability to consider further on type-2 interval fuzzy sets — unlike type-1 sets,
they enable to express the uncertainty about the membership grades of elements on
the domain considered.

Table 3. The accordance of the amount of work and the complexity of work to overall effort.

A\C Very easy | easy normal difficult very difficult

very small tiny tiny little average average

small tiny little little average average

medium little little average big big

large average average big big huge

very large average average big huge huge
normal

=
&

easy

]
9

=
o
-

Very easy

The level of
certainty

2
&

* The excess level
of certainty

The membreship degree
= =

=*=Chosen interval

*
===The remained
a interval
o s 10 15 E]
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Fig. 3. The distribution of confidence levels (fuzzification stage).

The next step is to relate the level of confidence to fuzzy set being thought about.
The ideas and views concerning Likert scale (psychometric response scale
suggested by American sociologist Rensis Likert in 1932) allow to come out with
relatively simple scheme to use in aforesaid task. Following Qing Li, the level of
agreement (LA) as an estimate within the range [0,1] can be associated with the
membership degree (as an option, terms 'strongly agree', ‘agree’, 'neither agree, nor
disagree', 'disagree’ and 'strongly disagree' can be in use) [16]. The sum of LA for all
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options is equal to 1. In the case considered, the option provided by an expert and the
level of agreement is experts’ levels of confidence are shown in Table 2. However, if
expert’s level of confidence is not 'extremely sure', we are facing with the excess of
LA. Thus, it can be suggested to distribute emergent excess between the nearest
neighbors of the option selected by the expert. If there are two nearest neighbors,
they both will get half of the excess observed; if there is only one nearest neighbor,
it will get the whole amount of excess. In the paper, we use crisp numbers to
represent level of confidence’ values as the starting point of our approach. These
values are based on the results of survey — opinions of approximately 50 people
concerning the correspondence between linguistic values (labels) of confidence
level and their actual mapped numbers were first elicited and averaged afterwards
(see Table 2).

For example, if expert says that his/her level of confidence can be expressed as
‘quite sure' (i.e. expert explains that «... I'm quite sure that...»), and the feature
under consideration is very easy to implement, we choose fuzzy number
representing term ‘very easy' and define degree of membership as being equal to 0.8
— it is the value of choice. Thus, the excess level of confidence comes to 0.2, and it
is handed over to the nearest neighbor of the term 'very easy', which is 'easy'. This
distribution of confidence levels is shown graphically in Fig. 3.

Based on the information and knowledge elicited from experts, we may design a set
of fuzzy rules (fuzzy rule-base). The amount of work to be done and the complexity
of work act as input variables, and their combination result in the value of the
overall effort. In general, these rules reflect the perceptions of experts, their feelings
and conclusions drawn regarding situation given. For instance, a “typical” question
may look as follows: «How much will it take in the sense of overall effort to
accomplish a 'very easy’ task that needs just 'medium’ amount of work to be done.
The short version of the rule-base is represented in Tab. 3, whereas the full set is
provided below (rules Ri, i=1,5). From the very outset, there were 25 rules (one
rule for each combination of the amount of work (A) and the complexity of work
(C)). Later, they were combined on the base of resulting value of overall effort, and
only five rules R1,...,R5 were retained.

- rule R1L:

IF amount is 'very small' AND complexity is 'very easy' OR
amount is 'very small' AND complexity is 'easy' OR
amount is 'small' AND complexity is 'very easy’,

THEN effort is 'tiny'

- rule R2:

IE amount is 'very small' AND complexity is 'normal’ OR
amount is 'small' AND complexity is 'easy' OR

amount is 'small' AND complexity is 'normal’ OR
amount is 'medium' AND complexity is ‘very easy' OR
amount is 'medium' AND complexity is 'easy’,
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THEN effort is 'little’

- rule R3:

IF amount is 'very small' AND complexity is 'difficult’ OR
amount is 'very small' AND complexity is 'very difficult' OR
amount is 'small' AND complexity is 'difficult’ OR
amount is 'small' AND complexity is 'very difficult' OR
amount is 'medium' AND complexity is 'normal’ OR
amount is 'large’' AND complexity is ‘very easy' OR
amount is 'large’ AND complexity is 'easy' OR

amount is 'very large' AND complexity is 'very easy' OR
amount is 'very large' AND complexity is 'easy’,

THEN effort is 'average'

- rule R4:

IF amount is 'medium' AND complexity is 'difficult' OR
amount is 'medium' AND complexity is ‘very difficult' OR
amount is 'large’ AND complexity is 'normal’ OR

amount is 'large’' AND complexity is 'difficult’ OR
amount is 'very large' AND complexity is ‘normal’,

THEN effort is 'big’

- rule R5:

IE amount is 'large’ AND complexity is ‘very difficult' OR
amount is 'very large' AND complexity is ‘difficult' OR
amount is 'very large' AND complexity is ‘very difficult’,
THEN effort is 'huge'.

Let’s consider the following expert’s verdict: «Well, | am quite sure that this
{feature} is easy to implement; to tell the truth, I'm also more or less sure that it
requires a large amount of work to do». From this statement, we can extract the
following pairs of linguistic terms: 'easy' — 'quite sure' and 'large' — 'more or less
sure'. Membership degrees in use are summarized in Tables 4 and 5 (elements of
T(A) and T(C) — five terms in each case):

Table 4. Membership degrees of the complexity C values (example).

The complexity of work (set T(C)) Membership degree
value 'very easy' 0.1
value 'easy' 0.8
value 'normal’ 0.1
value 'difficult’ 0
value ‘very difficult' 0

Table 5. Membership degrees of the amount of work A values (example).
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The amount of work (set T(A)) Membership degree
value ‘very small' 0
value 'small’ 0
value 'medium’ 0.25
value 'large' 0.5
value 'very large' 0.25

In this case, fuzzy rules R2, R3 and R4 will give non-zero resultant value. As
already stated above, Mamdani inference system (FIS) is used in the experiments —
it allows to obtain an output in the form of fuzzy set. Rules R2, R3 and R4 “fire”,
thus ensuring non-zero results; in compliance with (3) and (4), we arrive at the
following:

R2: max(min(0.1,0.25), min(0.8,0.25)) = 0.25 — membership degree that corresponds
to the term 'little' (element of T(E)),

R3: max = 0.5 — membership degree that corresponds to the term ‘average' (element
of T(E)),

R4: max(min(0.1,0.5),min(0.1,0.25)) = 0.1 (label of the term ‘big' as the element of
T(E)).

COA (Center Of Area) method (2) is applied to obtain crisp result. According to
equation (2), the output value equals to approx. 45 story points as shown in Fig. 4.

Fig. 4. The result of defuzzification (COA, approx. 45 points).

In Scrum story points estimation’ approach the experts often aggregate their
opinions using the method of planning poker. It relies on collective judgments
(several rounds may become necessary until experts make an agreement) and tries

31



Semenkovich S.A., Kolekonova O.1., Degtiarev K.Y. A Modified Scrum Story Points Estimation Method Based on
Fuzzy Logic Approach. Trudy ISP RAN/Proc. ISP RAS, vol. 29, issue 5, 2017, pp. 19-38

to avoid “pointless haggling over small differences” by compelling to use estimation
value from a set of sharply defined distinct values [17]. All participants (they can
also be called estimators) secretly write down their estimations in story points on
preprepared cards, and then all cards are laid on the table at one time. If all
participants select the same value, this value becomes the feature estimation. If not,
each expert one after another explains his/her reasons in showing preference for
specific value provided, especially when the choice is fixed upon the highest and the
lowest estimators in the set. Afterwards, the process is reiterated, i.e. experts vote
again, planning poker goes on. It continues until estimators arrive at the agreement.
As regards the aggregation procedure, two approaches mentioned earlier are used.
The exact way to calculate the aggregated opinion based on estimations expressed is
chosen according to simple rule: if some of them (estimations) are repeated, the
equation (6) is used; otherwise, the equation (5) is preferred.

4. Results of experiment — different groups of potential users.
Does the proposed method work?

For the sake of completeness, we have asked several groups of people about their
views regarding proposed method (its details were discussed with persons
concerned in advance). Group 1 consisted of those people who have worked with
story points for a long time. Those delegates who worked with story points before
for relatively short-term period formed group 2, while those who know what story
points are, but have never used them earlier found themselves in the 3" group.
Finally, people who never even heard of story points fell into group 4. As a result,
opinions stated below were emphasized (single form of statements are cited for
convenience):

(1) group 1: «... I personally consider story points to be the most effective and
quite fast way of evaluating features. I make almost no mistakes in estimating
features now, and I can adapt myself in new projects in a short time. Your
approach is not useful for me now, though I think it might be helpful at the
beginning of (my) career»,

(2) group 2: «... As for me, it took about two months to fully understood the
concept of story points, but even now I sometimes make mistakes while
estimating features in terms of story points. Today I believe that estimating in
story points is more convenient than estimating in hours or some other units.
I'm quite experienced member of the currently ongoing project, and I don't
need your approach now, though I could still use it, if I have to get the feel of
some new project later ony,

(3) group 3: «... I have heard that story points exist, and that they are used in
project estimation, though I have no experience of participating in real
projects, where story points were adopted. I think that your approach is better
for me right now than story points in their “pure” appearance as I
understand it more clearly as compared to story points per sey,
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(4) group 4: «... Oh, I have no idea what are these “story points” are, so
obviously, I better prefer to give my opinion on how much work I will have to
do to implement the feature, or how difficult this work seems to me».

Afterwards, we gave people a description of the project (Android App “VR Quest in
city” and its features planned for implementation) was introduced to people who
took part in the interview session. They were asked to estimate these features both
(A) in terms of “plain” story points and (B) using proposed approach.

Table 6. The results of the conducted experiment.

Feature
name gr.1 gr.2 gr.3 gr. 4

Create a login | story points 30 28 40 45
form our approach 35 37 30 28
Find aquest | story points 27 30 55 60
with specific

parameters our approach 29 24 27 30
Save/load a story points 20 25 35 45
quest our approach 18 22 20 19
Begin a quest | story points 15 18 25 40
walkthrough | our approach 16 14 15 17
Buy quests in | story points 50 48 75 85
local currency | our approach 52 55 50 45

As shown in Table 6 and Fig. 5-6 (data obtained for groups 1,4 only are visualized),
the results of basic story points estimation for the group 1 (participants in this group
know how to estimate features in story points), differ not appreciably from the
results revealed by proposed approach. It can be treated as initial piece of empirical
evidence of the fact that our method is relevant enough and can be used for feature
estimation and further elaboration. Moreover, results in both groups 3 and 4
(members of these groups have never used story points before) are substantially
different in case of our method as compared with basic story points estimation’
approach. This can be attributed to the marked fact that people do not really
understand what story points are in the context of non-using them earlier. This is an
extra argument in favor of potential utility of the proposed method for those people
who are new to Scrum.

Taking story points estimates as landmarks, the Root Mean Square Error is growing
steadily from 2.76 for group 1 to 28.26 for group 4 (for groups 3 and 4 the error
values are equal to 6.18 and 19.15, correspondingly). The MAD measure, i.e. the
size of deviation in units of landmarks from values calculated with the help of
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proposed approach ((A) and (B) estimates, Table 6), is progressing from 2.4 (group
1) to 27.2
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Fig. 5. The results of the conducted experiment as applied to group 1.
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Fig. 6. The results of the conducted experiment as applied to group 4.

(group 4), while values of 5.8 and 17.6 stand for groups 3 and 4, accordingly. These
error values show certain tendency of drawing groups 1 and 2 together along with
more perceptible isolation (or, distancing) of «groups 3 and 4» bundle from the
practical standpoint of both perception and acceptance of story point-based
estimation approach. However, even against a background of such observation,
group 3 reveals some positive “detachment” toward group 4. In aggregate, we may
conclude that the proposed method has rather tangible effect (in decreasing
sequence) on group 1, group 2 and group 3 just “touching” the latter in passing. To
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the opinion of authors, it can be treated as encouraging sign that is incentive to
continue research in this direction.

5. Conclusion

A novel approach that relates to feature estimation in terms of story points was
presented in the paper. The natural idea behind the approach reflects the fact that
people may estimate their perception (ideas) concerning the complexity of
implementation of certain product’s feature to be and the amount of work to be done
to develop this feature. Besides, they can also specify the level of their confidence
(or, confidence degree) in evaluation provided. Fuzzy inference scheme lays both
solid and transparent groundwork for converting aforesaid input information (data)
to the number of story points that can be utilized in the software project
management (SPM) at a later stage.
To the opinion of authors, this approach allows people to adapt to Scrum more
smoothly, with better understanding of what is implied by story points, grasping the
general idea and learning faster their use in practice. The experimental study of the
proposed method has shown results approaching the estimations provided by Scrum
experts who have been working in real projects and making use of story points for
several years. According to survey conducted, such approach can be successfully
applied by Scrum newbies, since it is more convenient for people who just make up
with story points estimations.
It must be noted that full awareness of strong and weak points of the proposed
approach reasoning from one example (project) cannot be realized entirely.
Therefore, a sequel of empirical studies and active cooperation with Scrum teams
may result in enhancement of the approach. One thing is just to mention that the
method seems both promising and handy, but it’s quite another matter to make it
applicable in practice because of convenience and clearness, at least, as a part of
induction stage of the “immersion” to Scrum. Transparent and well perceptible
ideas of fuzzy logic are very much to the point here.
Further steps can be associated with intensive studies of more complicated methods
of aggregation of the experts’ opinions — in particular, they may consider the level
(or, weight) of professional qualification of domain experts drawn into project
activity. Currently a program’s prototype to support (implement) the approach
discussed in the paper is under development. The present-day agenda also covers
the development of plugin for JIRA tracking system. It is also worth mentioning
that certain refinements and changes of the proposed approach can be done at the
theoretical level either — some of them are visible enough at present. For instance,
the confidence degree values can be represented as intervals, i.e. a form of
uncertainty/vagueness expression at the lowest level of comprehension. Such
intervals may come about as an effect of possible discord concerning the choice of
crisp values shown in the Tab. 2. For the time being, these values may be treated as
rough aggregated estimates underlying the computational steps of the discussed
approach. Besides, the transition from intervals to type-1 fuzzy sets is also an
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explicable option to consider. Fuzzy set can be decomposed into a series of nested
crisp intervals (so-called a-cuts of a fuzzy set), and this fact can be effectively used
in algorithms. Without confining ourselves to just modeling linguistic terms that
stand for confidence levels in use, type-2 fuzzy sets and systems are also regarded
as “right” candidates for expansion research efforts in a given problem.
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Annoramus. CyIiecTByeT HECKOIBKO M3BECTHBIX METOIOB, ITO3BOJIIONINX OLEHUTH YCHIIHS,
KOTOpBIE MPHJETCA MOTPATHTh Ha Pa3paboTKy MporpaMMHOTro obecneueHus. B momymspHoit
Ha CETONHALIHUN NEHb METOMOJIOTHH THOKOH pa3paboTku Scrum AJsl 3THX Ieleld OIMPOKO
UCIIONB3yeTCs TTOIX0]], OCHOBAHHBIN Ha story points. OmHaKo, X HCIOIB30BAaHUE IJISI OLICHKU
00bemMa paboTHl MOXKET OBITh 3aTPyJHUTEIBLHBIM IS TEX JIIOAEH, KOTOPBIE TOJIBKO HAUYMHAIOT
3HAKOMCTBO C METOJOJIOTHEl Scrum WM BIEpBbIC IONANAlOT B HOBYIO Scrum-KOMaHAy.
OnncaHHEIN B CTaThe MOAXO0] IIPEAJIaraeT NCIIOIb30BaTh OLICHKY TPYJI03aTpaT Ha pa3paboTKy
KOHKPETHOW YacTH IPOTPaMMHOIO MPOJIYKTa Ha OCHOBE IPHUBBIYHBIX M MOHATHBIX JUIS BCEX
(hpa3 ecrectBeHHOTO s3bIKa. [IpeanoxkeHHas cucreMa HEYETKOTO BbIBOAA (Moaens MaMaaHn)
MO3BOJISIET TPeoOpa3OBBIBATE MHEHHMS JIIOAEH, BBIPAKEHHBIE B BHJEC INPEATIOKEHUI Ha
€CTECTBEHHOM sI3bIKe, B YHCIO StOry POiNtS — mpoBeACHHBIE HMCCIIENOBAHHUS IMITHPHYESCKA
MOKa3bIBAIOT, YTO T€, KTO JIENACT IIEpPBbIC IIard B METOAOJOTHH SCrUM, CYMTAIOT TaKou
noaxox Gonee yHOOHBIM W MPOCTHIM, IO CPAaBHEHHIO C OOBIYHBIM METOJOM OIICHHBAHHUS B
story points. Takke, C TI€NbI0 BBUSICHEHUS, MOXET JIM pa3pabOTaHHBIA IOIXOJ
HCIIOIB30BAThCS TIPH paboTe HaJl pealbHBIMU NMPOEKTaMH, ObLI MIPOBEEH JOMOTHUTEIBHBIN
JKCIIEpUMEHT, B KOTOPOM IPHHSJIM Y4YacTHe 4YeThIpe TPYyNIbl JIOACH C pasIuYHBIMH
ypoBHsMH KBanupukanuu B Scrum-paspadotke. [IpencraButensiM 3TUX Tpynn OBUIO JaHO
3aJaHUe OILEHUTH TPYHO3aTPaThl HA pa3pabOTKy OTAENBHBIX YacTed HEKOTOPOTO MPOEKTa C
HCHOJIb30BaHUEM MPEUIOKEHHOTO MO/X0Ja M OOBIYHBIX StOry points eamuuuax. OreHkd
TPYNIBl DKCIIEPTOB B O0JMAcTH Scrum OKa3ajuCh MNPUMEPHO OJMHAKOBHI I 00OHMX
MOAXO/OB, B TO BpPeMsI KaK OLCHKM 'HOBHYKOB' B METOJOJOTHH CHJIBHO OTIMYAIHNChH NPU
NPUMEHEHHH JIBYX Pa3HBIX METOAO0B. I10 MHEHHIO aBTOPOB, MPEMIOKEHHBIH MOAXO0 MOXKET
JaTh BO3MOXKHOCTh 0OOJiee IUIABHOTO BXOXKAGHHMS B METOJOJIOTHIO SCrUm, Jyd4iunero
MOHUMaHUS IPUPOJIBI StOry points u Gosee GhICTPOit BBIpaGOTKE HABBIKOB PabOTHI C HUIMH Ha
npaktuke. OTIeTbHOT0 BHUMAHHUS 3aCiy’)KUBAaeT BONPOC M3Yy4YEHUs pa3HbIX (HOpM arperamuu
MHEHHMH OKCIEPTOB, aHaIM3 aJbTePHATUBHBIX IOJXOJOB K IPEACTABICHHIO CTeleHel
YBEPEHHOCTH OKCICPTHBIX OIEHOK W BO3MOXHAs pa3pabdOoTKa IUIarWHa MIJIsI CHCTEMBI
orciexuBanus omrOok JIRA. Beé 310 MOXKET COCTaBUTH PEIMET Pa3BUTHS JAHHOW TEMBI.

KiroueBble ¢10Ba: HedeTKas JIOTHKA; SCrum; story points; sKCriepTHbIC OLEHKH; arperaius
MHEHUIT; ccTeMa HeYeTKOro BbIBo/a; Ikaia Jlaiikepra
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Annorammsi.  IlpemmoxxeH  cmoco®  THOCTpoeHHS  MOAU(UIMPOBAHHBIX ~ KOJOB  C
CYMMHUPOBaHHEM B3BEIICHHBIX IEPEX0J0B MEXAY Pa3psiaMi B NH(GOPMAIIMOHHBIX BEKTOPAX,
3aHMMAMOIIMMH COCEIHHE MO3HMIMH B HMH(POPMANMOHHEIX BeKTOopax. HoBbIE KOABI C
CYMMHUPOBaHHEM UMEIOT TaKOE )K€ KOJIMIECTBO KOHTPOJIBHBIX Pa3psaoB, KaK U KIACCHYECKHE
Kozbl beprepa, ofHaKO OOHAPYKUBAKOT OOJIBIIEE KOJTMYCCTBO OMIMOOK B MH()OPMAIMOHHBIX
BeKTOpax. MoanduiupoBaHHble KOIBl C CyMMHPOBAHHEM B3BEHICHHBIX IIEPEXOJOB IIO
CpaBHEHHMIO ¢ KojaMu beprepa Taxske HMEIOT yIydIIeHHbIE XapaKTEePUCTUKH OOHAPYKCHUS
ommnbok B oOmacTu Maimoi KpaTtHOocTH. Kpome TOro, Ijis HEKOTOPBIX 3HAYEHHWH MJIHH
WHQOPMAIIMOHHBIX BEKTOPOB MOTYT OBITh IIOCTPOSHBI KOIBI C OOHApYKEHHEM JIOOBIX
IBYKPaTHBIX W JIOOBIX TPEXKPaTHBIX OIMIMOOK. ABTOpaMH pa3paboTaH crocod CHHTE3a
CHCTeM (YHKIMOHAIBHOTO KOHTPOJS KOMOWHAIMOHHBIX CXEM, OCHOBAHHBI Ha aHaju3e
TOTOJOTMM OOBEKTa JMAarHOCTHPOBAaHHWS C BBIJEICHHEM TPYNI KOHTPOJEHPHIOJHBIX
BBIXOJIOB C YYETOM CBOWCTB OOHapyXeHWs OIIMOOK MOAM(HUIMPOBAHHBIMH KOJaMH C
CYMMHUPOBaHHEM B3BELICHHBIX TepexoqoB. CQopMHpOBaH alrOpHUTM CHHTE3a CHCTEMBI
(YHKIMOHATIBHOTO KOHTPOJISL.

KioueBble ciioBa: cucteMa (YHKIMOHAJIBHOTO KOHTPOJIS; KOMOMHAIMOHHAS CXEMa; KOJ
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ournboK; 0OHapyKEHHE TPEXKPATHBIX OIIHOOK.
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1. BeedeHue

[Ipn mocTpoeHMM HaeKHBIX AMCKPETHBIX CHCTEM YacTO HCIOIB3YIOTCS METOBI
oOHapy)XeHHs1 OTKa30B B Ipoliecce WX (YHKIMOHHPOBAHUS, B YaCTHOCTH,
CaMOIIPOBEpsiEeMbIE CXEMBbl BCTPOCHHOTO KOHTPOJSL (CHCTEMBI (DYHKIHOHAJIHHOTO
koHTpois) [1 — 4]. Meroasl cuHTe3a cUcCTeM (YHKIHMOHAIBHOTO KOHTPOJIS
GasupyroTcsi ~ Ha  NPUMEHEHUHM  IIOMEXOYCTOIUMBOrO  KOJUPOBAHHUSA W,
HETOCPEICTBEHHO, KOJIOB, OPHEHTUPOBAHHBIX Ha oOHapyxeHue omubok. K Takum
KOJIaM OTHOCSTCS paBHOMEPHBIE OJIOUHBIC KOJBI, BKJIIOYArONIHE B ceOs OOJbIION
KJlacc KOIIOB ¢ cymmmupoBaHHeM (konoB beprepa m mx moamdpukammii [5 — 8)), a
TaKXKe HepasJeInMble paBHOBECHBIE KOsl [9, 10].

YHHBEpCAIBHBIM TIOAXOAOM IPH CHHTE3€ CHCTEM (PYHKIHOHAIBHOTO KOHTPOIT
SIBIIETCS] UCIIONIb30BAHUE Pa3ICIUMBIX KOIOB C CyMMHpOBaHueM, wid (M,K)-komoB
(m u k — mmHbI HHGOPMAIIMOHHBIX U KOHTPOJIbHBIX BeKkTOpoB) [11 — 14]. CBoiicTBa
(m,k)-xom0B o 0OHapyxeHUIO OMNOOK B HHPOPMAITHOHHBIX BEKTOPaX ONPEACISIOT
XapaKTEePUCTUKN OOHAPYKEHUs OIIMOOK Ha BBIXOJAaX OOBEKTOB IHArHOCTUPOBAHUS
B cucTeMax (YHKIMOHAIBHOTO  KOHTpons. CHOXHOCTH e  (PyHKIUH,
OITKCHIBAIOINX Pa3ps/Ibl KOHTPOIBHBIX BEKTOPOB (M,K)-KOI0B, HATIPSIMYIO CBs3aHA
CO CJIOKHOCTBIO KOHTPOJILHOTO 000PY/IOBaHUSI B CHCTEME TUATHOCTUPOBAHMUSL.

IIpn cuHTE3e CcHCTEMBl MAWAarHOCTHPOBAHWS PpEIIAeTCs 3a/4ada HaWIydIlero
MOKPBITHSI HEUCIIPAaBHOCTEH B 00beKTe AuarHoctupoBanus. Haubonee momynspHon
SBIICTCA KJIAacCHUeckas MOJAETb OJMHOYHBIX KOHCTAaHTHBIX HEHCIPaBHOCTEH
BBIXOJIOB BHYTPEHHHUX JIOTHUECKHX diieMeHTOB (stuck-at fault) [1 — 4]. B cucremax
(YHKIIMOHAJIBHOTO KOHTPOJISL pealibHbIX AMCKPETHBIX YCTPOMCTB JOJKHO OBITh
obecrieueHo oOHapykeHHe JIIOObIX HEHUCIPAaBHOCTEH W3 3aJaHHOTO Kiacca. Jlis
pemeHns 3Toi 3aa4y ¢ y4eTOM HaMMEHBIINX alMapaTypHBIX 3aTpaT UCIHOJIB3YIOT
cBoiicTBa OOHapyxeHust ommOoK (M,K)-komaMu, a TakKe pa3IM4HbIe BHUIIBI
(hyHKIIMOHAJIBHONW 3aBHCUMOCTH MEXIY BBIXOJAaMH OOBEKTa JHAarHOCTHPOBAHMS
[15 - 20].

2. ModughuyupoeaHHbie KOObl C CYMMUPOBaHUEM 838€eUEeHHbIX
nepexodos

Paznenumeble 6109HBIE KOBI AT CUCTEM (YHKIIMOHAIBHOTO KOHTPOJIS CTPOSTCS 110
pa3sNUYHBIM TpaBWIaM, MPEANONAraloldM  ONEpallid CyMMHPOBaHHS  Kak
eAMHUYHBIX HMH()OPMAIMOHHBIX pa3psoB, TaK W B3BEIICHHBIX pPa3pAIOB HIH
MEePexo 0B  MEXIy paspsaaMy, 3aHUMAIONMMH  COCEIHHE  TIO3WIUH B
uH(POPMAIMOHHBIX BekTopax [2, 5 — 8, 21].

HccnenoBanmst crnocoOoB MOAMGHUKAINH KIACCHYECKHX KOJOB C CYMMHPOBaHHEM
MOKa3ajd, 4YTO KJAacC KOJOB C OJ(PGEeKTUBHBIM OOHApYKEHHEM OIIHOOK B
MHQOPMALMOHHBIX BEKTOPaxX, B TOM YHCIIE, B 00JaCTH OIMIMOOK MaJIol KPaTHOCTEHIO,
MOJKET OBITH ITOJIyYeH C MCIIOJIb30BAaHUEM CIIEAYIOIIET0 CII0co0a MOCTPOCHHS.
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Aaroputm 1. [locredosamenvbHocms noCmpoeHus MOOUPUYUPOBAHHO20 KOOA C
CYMMUPOBAHUEM B36CULCHHBIX NEPEXOD08!

1. TlepexomaM MexXIy paspsaaMy, 3aHUMAIOIIUMH COCEIHHE TMO3WIUH B
UH()OPMAIMOHHBIX ~BEKTOpax, MPHUIUCHIBAIOTCS BECOBBIE KOA(DDUIMEHTH U3
HATYpaJbHOTO psla YKCEN, HaYMHAs C MEepexojia MEXAy MIAIIIUMU Pa3psIaMu:
[(Wanme1s Wintmas «-es Wo, W] =[m=1,m-2, ..., 2, 1].

2. VYcraHaBauBaeTCs 3HaUCHUE MOIYJIsA M - 2|—|ng (erlﬂ»l .

3. ToncuurtsiBaercsi cymMMa BECOBBIX KOA((HUIIMEHTOB aKTHBHBIX IIEPEXOIOB!
i=m-1
W= zWi+1,i(fi+1 ®f, ), (1)
i=1
rae f; — 3Hauenue i-ro paspsaa B HHGOPMAITHOHHOM BEKTOPE.

4.  OmpenenseTcss HANMEHBIINH HEOTPHUILATEIBHBIN BRYUET YKcCia W 10 MOAYIIO
M: Wy=W(modM).
5. TloacuuTthiBaeTCs CHEIHATBHBIN MOMPABOYHBIA KOI(DOHUIIUCHT 0, KAK CyMMa I10
MOAYIIIO JBa 3HaUYEHHH 3apaHee BEIOpaHHBIX HHPOPMALMOHHBIX Pa3psaoB.
6.  Borumcnsercs MoauUIMPOBaHHBIN BeC HHGOPMAIMOHHOTO BEKTOPA:

V =W,, (mod M )+ aM. )

7. UYwmcno V mpencraBiseTcs B IBOMYHOM BHAE W 3alMCHIBACTCS B pa3psiIbl
KOHTPOJIFHOTO BEKTOpA.

Hony4aempiit mo amroputmy 1 kom obo3naumm kak RWT(m,k)-kox, otaenbhO
yKa3biBasg (popMyITy moicuera monpaBogHoro koddduinenrta o. Creayer OTMETHTB,
yto B [22] mpuBeseH cnocob nocrpoerus ogauoro w3 RWT(m,K)-komoB, B koTopom
MPEIIoIaraeTcs, YTO CYIIECTBYET TOJNBKO SIWHCTBEHHBIH CIIOCO0 MOAM(UKAIIH:
myTeM BBIYHUCIICHUS MTOTPAaBOYHOTO KO3 uIreHTa o bopmyie

a=f  @®.0f Df .

JeiictBust anroputMa 1 wutroctpupytorest B Tabn. 1 npu noctpoennn RWT(4,3)-
KOoJla C TMONpPaBOYHBIM  KOI(G(HUIMEHTOM, BBIUUCISIEMBIM TI0  (QopMmyre
a=1,&f,.

Ipu nocrpoennn RWT(4,3)-koma ¢ o = f, @ f, undopmanmonssie BexTopsI,
HUMEIOIIIE PABHOYIAJICHHOE PACIIONOKECHHE OT IICHTPa TaOJHUIIBI 3aJaHusT Kona (CM.
Tabs. 1), IMEIOT OJTHO U TO K¢ 3HaUeHue MoauduiupoBanHoro seca V. Kpome Toro,
B TIEpBOH TMOJIOBUHE TaOJUIEl, Onaromapss MOMPAaBOYHOMY KOd(DGHUIUEHTY,
IPUCYTCTBYIOT IO OJHOMY pa3y Bce Beca M3 MHoxecTBa V € {O,l,...,?}. 3to
00yCliaBIMBaeT paBHOMEPHOE pacIpeleiieHre BcexX HH(POPMAIMOHHBIX BEKTOPOB
MEXIy BCEMH KOHTPOJIbHBIMH BEKTOpaMu (TaOi. 2) W, 4TO Ba)KkHEe, HAINYHE B
KaXIOW KOHTPONBLHOW Tpymie WHPOPMANUOHHBIX BEKTOPOB C  KOJOBBIM
paccrossuuem  d=m. Takum oOpa3oMmM, B Kiacce HEOOHAPYKHUBAEMBIX
paccMaTpUBAaEMBIM KOJOM OIIMOOK HAXOJATCS TOJBKO YETHIPEXKPATHBIC OIIMOKHU B
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uHGOPMALMOHHBIX BekTopaxX. OmuOKu ke ¢ KpaTHOCTAMH O<3 JaHHBIM KOJOM
00OHapyXHUBAIOTCS.

Tabn. 1. Kooosvie cnosa RWT(4,3)-k00a ¢ o = f3 ® f4
Table 1. Code word of RWT(4,3)-code with o = f, @ f,

3Ha4YeHus paspsAIoB 3uauenns
HH(OPMAIIOHHOTO paspanos
o KOHTPOJILHOT'O
JecaTuunblii BEKTOpa BEKTOPA
wpopuamororo | o | fa | fo [ f | W | Wmodd) | e |V
BEKTOpa BecoBbie k03¢ GHULIHEHTHI
TIEPEX0/I0B 9 | 92 | O
Wy3=3 | W3,=2 | Wy,=1
0 0 0 0 0 0 0 ojoffo}]oO0}|oO
1 0 0 0 1 1 1 o|10]0]|1
2 0 0 1 0 3 3 o301 ]|1
3 0 0 1 1 2 2 o|2o0}] 1|0
4 0 1 0 0 5 1 1|5 1 0 1
5 0 1 0 1 6 2 116110
6 0 1 1 0 4 0 1141100
7 0 1 1 1 3 3 1|7 1 1 1
8 1 0 0 0 3 3 1|7 1 1 1
9 1 0 0 1 4 0 1141 1]0]0
10 1 0 1 0 6 2 1|6 1 1 0
11 1 0 1 1 5 1 115 1 0 1
12 1 1 0 0 2 2 0|2 O 1 0
13 1 1 0 1 3 3 0|3 O 1 1
14 1 1 1 0 1 1 0O|1f O 0 1
15 1 1 1 1 0 0 0|0 O 0 0
Tabn. 2. Pacnpeoenenue ungpopmayuonnvix eexmopos RWT(4,3)-ko0a na

KOHmMpOJIbHblE 2PYNTbl
Table 2. Data vectors of RWT(4,3)-code distribution on check groups

v
o [ 1+ | 2 | 3 | 4 | 5 | & | 71

KOHTpOHLHLIe BEKTOPLIL

000 | o011 | 100 |

000 | o001 | 100 | 10 | 11

HupopMamoHHbIE BEKTOPHI
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0000 0001 0011 0010 0110 0100 0101 0111
1111 1110 1100 1101 1001 1011 1010 1000

HccnenoBanusi MOKa3bIBAIOT, YTO XapaKTEPUCTHKH OOHApyKEHUS  OLIMOOK
MOTU(PHUIIMPOBAHHBIMU KOJAMH C CYMMHPOBAaHHEM B3BCIICHHBIX MEPEXOI0B
HaInpsMy0 OINpEIEISIFOTCS CIIOCOOOM BBIYMCIICHHUS TONPABOYHOIO KO3 PHIIHEHTa
o. Hanpumep, B Tabn. 3 marorcs pacnpesaeneHus HEOOHapyKMBAEMBIX OIIMOOK I1I0
BUIAM M KpaTHOCTsAM Juis cemelictBa RWT(4,3)-K010B € BCEBO3MOXKHBIMH
cnocobamu TojicdeTa MompaBodHOro kKoddduimenra. B kaxmol kineTke TaOIUIIBI
yKa3aHBl 00IIee KOJIMYECTBO HEOOHAPYKMBACMBIX OIIMOOK, a TaKXKe TPH YHCIA
4yepe3 KOCYI0 4epTy — YHCIO MOHOTOHHBIX, CUMMETPHYHBIX M ACHMMETPHYHBIX
HEOOHAPYKMBAEMBIX OIIAOOK.

Tabn. 3. Xapaxmepucmuxu obnapysicenus owubox pazmuunvivu RWT(4,3)-kooamu
Table 3. Error-detection characteristics by different RWT(4,3)-code

®opmyna OGIIee KOTHIECTEO Pacripeznenenne HeoOHapyKHBAaEMBIX
MOIIPABOYHOTO HEOOHAPYKUBAEMBIX omHGOK 10 KparHocTsm d
ko3 durenTa o OIIMO0K 1 2 3 4

a=0, 48 0 32 0 16
a=fLef,®ef;®&f, 18/22/8 16/16/0 2/6/8
a=1f,®f;, 32 0 16 0 16
a=f ®&f,, 10/14/8 8/8/0 2/6/8
a=1,@f1,
a=f,
a="f,,
a=fj,
a="f,,

4 16 0 16 0 0
a=f,®f,®f,, 8/8/0 8/8/0
a= fl @ f3 @ f4,
o= fz ('B f3 (‘B f4
a=1&f,, 16 0 0 0 16
a=f®f, 2/6/8 2/6/8

B T1abn. 4 mnpuBomATCS pacCUMTAHHBIE 3HAYEHUS J0Jiell HeoOHapyKHBAaeMBIX
OIMOOK KpaTHOCTHIO O  OT OOLIEro KOJMYECTBAa OIIMOOK JAHHOW KPATHOCTBIO
(BemuumH By, %) OIS pasNIMYHBIX KOAOB C CYMMHPOBAaHMEM C JUIMHOH
nHopmanmoHHoro Bekropa M=4. B Tabnuue mnpencTaBieHbl JaHHBIE IS
cemeiictBa RWT(4,3)-k0[10B ¢ pa3IM4HBIMH CIIOCOOAMH IMOJCYETa MOMPABOYHOIO
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K03 duUIMeHTa 0, a TaKKe BEIMYMHBI JJI Kiaccudeckoro kogaa Beprepa (S(4,3)-
koma) [23], momuduimposannoro koma beprepa (RS(4,3)-xoma) [24], a Takxe
MOJIyJIbHBIX KOJOB C CYMMHpPOBaHHEM B3BeleHHbIX paspsgoB (WSM(4,3)-koxa) u
nepexonoB (WTM(4,3)-koza) [25]. HekoTopsie u3 pazpaboranubix RWT(4,3)-komoB
HMCIOT YITy4IICHHbIE XapaKTePUCTHKH OOHAPY)KEHHUS OLIMOOK IO CPaBHEHHIO C

H3BECTHBIMHU KOJAaMU C CYMMHUPOBAHUEM.

Tabn. 4. Obuapyscenue owubOK Kodamu ¢ cymmuposanuem npu M=4
Table 4. Error-detection by sum codes with m=4
Dopmyna Bg, %
KOZ[ oIpaBoO4YHOIO
ko3¢ duIuenTa a 1 2 3 4 1+4
MoanhuipoBaHHbIH KOJ ¢ CyMMHPOBAHHEM B3BEIICHHBIX MIEPEXO0I0B
RWT(4,3) aet, @af;; Lo, 0 (3333 0 100 | 20
a=1,®f;, a=1,®f;,
RWT(4,3) 0 16,667 0 100 | 13,333
a=f,®&f,, a=1,®f,
a="1, a=1,, a="1;,
a=f,, a=f,&f,®f;,
RWT(4,3) a=f@f,®f, 0 |16667| 0 0 | 6667
a=f,&f;®f,,
a=f,®f;®f,
RWT(43) | a=f@®f,, a=f,®f, 0 0 0 100 | 6,667
Kon Beprepa
S(43) | - | o | s0 | o [ 375 ] 225
prrne MO[[I/Iq)I/IL[I/IpOBaHHLIe KOJbl C CYMMHUPOBAaHUEM
a="f, a=1,, a="1;,
a="1,, a=f,®f,®f;,
RS(4,3) a=f®f,of, 0 25 0 0 10
a=f,®f;®f,,
a=f,&f;®f,
a=1&f,, a=1f;®f,
RS43) | a=f ®f;, a="f,df,, 0 |16667| 0 50 10
a=1®f,, a=1,&f,
WSM(4,3) - 0 0 |1875| 25 | 6,667
WTM(4,3) - 0 8,333 0 100 10
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Cpenu Bcex RWT(4,3)-K00B BBIICTSAIOTCS [Ba KOJ4, IOMPABOYHbIC KOIPUIIMEHTHI
KoTOphIX Bhraucsiores mo popmytam o=, @ f, u o= f, @ f,. Nanusivu

KOJaMHi OOHApyXUBAKOTCA JOObIe OmHOKH ¢ KpatHOocTsiMH O<3. Ilpu sTOoM
TeHepaTophl JaHHBIX KOJJOB UMEIOT MPOCThIE CTPYKTYPHI (puc. 1).

a) 0)
f4 fs f, f1 f4 fs f, f1
Fan Y Fan ) FanY FanY Fan ) FanY
\\J \\J \J \J A\ \J
Fan fan
\J \J
1 1 1 1
HA HA
2 1 2 1
gz O 01 05 02 01

Puc. 1. Cxemsl reneparopos RWT(4,3)-konos: a)c = T, @ f,;0)c =3 D 1,
Fig. 1. RWT(4,3)-code generators circuits: a) with o = f; @ f,; b) with o = f; @ f,

3. Xapakmepucmuku ObGHapyxeHus owubok
ModughuyuposaHHbIMU Kodamu c CyMMupo8aHuem
838eWeHHbIX nepexodoe

K coxaneHuro, ¢ yBEIMYCHHEM JUIMHBI HH(POPMAIHOHHOTO BEKTOpAa CBOMCTBO
oOHapyXeHHs RWT(mK)-komamu  JH0OBIX ~ TPEXKpaTHBIX  OIMHOOK B
HHPOPMAIHOHHBIX BeKkTOopax Tepsiercs. OmHAKO MOAU(DHUIIMPOBAHHBIE KOIBI C
CYMMHPOBAaHHEM B3BEUICHHBIX MEPEXOJOB OCTAIOTCS [0 XapaKTePHCTHKAM
oOHapy)XeHHs OHIMOOK pa3IMuHBbIX KpaTHOCTeil Oosiee S(GQPEKTUBHBIMU, YeM
PaccMOTPEHHBIE BHIIIE KOABI C CYMMUPOBaHHUEM (CM. TabI. 4).

UccnenoBannss RWT(m,K)-komoB mpe pasiMyHBIX JUIMHAX WHGOPMALHMOHHBIX
BEKTOPOB TMOKa3aJH CICAYIOLINEe BaXKHble OCOOCHHOCTH. PasnmyHble CrocoObI
BBIYMCJICHHS TIONPAaBOYHOrO KOd(hQHIMEeHTa o [alOT pa3idyHble MO CBOUM
xapaktepuctukam RWT(m,k)-konsl. Tlomexoycroiiunseie RWT(m,K)-koxer Moryt
OBITh MOCTPOCHBI HPH JIOOBIX COYETAHUSIX WHOOPMAIMOHHBIX Pa3psAIOB B CyMMe
HOMPaBOYHOr0 KOd(DGHUIUEHTa 0 A JOOBIX 3HAYCHUH AJIMH MH()OPMAIMOHHBIX

BekTopoB  3a uckmouennem M=29+1 q=12,... s noctpoenus
nomexoycroitunsbix RWT(m,K)-konos mpu M =29 +1, q=1,2,..., neobxonumo,
4T0 B CyMME MONPABOYHOrO KOI(P(HUIUMEHTA 0 NIPHUCYTCTBOBAI CTapILUH
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I/IH(I)OpMaI_II/IOHHHﬁ paspsa. Takast 0COOEHHOCTH MO,HI/I(l)I/IIII/IPOBaHHLIX B3BCIHICHHBIX
KOOB CBsA3aHa € TEM, 4YTO IIPpU 3HAYCHUU AJIMHBI I/IH(i)OpMaHI/IOHHOFO BCKTOpa

m = 2% +1 3nauenne momyms M =29 u crapumii paspsn f,, nepexon mexay
KOTOPBIM H paspsaoMm f j, uMeeT BecoBoil kod(duiteHT, paBHbIil uynciny M, He
KOHTPOJIUPYETCS pa3psiaMd  KOHTPOJBHOro Bekropa [26]. Jlmst HameneHus
RWT(m,k)-koma CBOMCTBOM MOMEXOYCTOHYMBOCTH B PACCMOTPEHHOM CITydac
TpeOyeTcst KOHTPOJIb CTAPIIETO pa3psaa B CyMMe IIONpaBOYHOTrO ko3 durmenrTa.

CremyeT Takxe mom4epkHyTb, uto RWT(m,K)-Kombl, 751 KOTOPBIX MOMPABOYHBIH

k03¢ unneHT BBIUUCIICTCS 1o bopmynam a=0 17
a=f®f,®.®f ,Df, , #e o>bdextuBHOo wuCHONBIYIOT ~ CTApIIMiL

KOHTPOJIBHBI pa3psi, BBHAY 4Yero He OOHApYXUBAIOT OOJbIiee KOJMYECTBO
OmHOOK, YeM BCE OCTalbHble MOJU(UIMPOBAHHBIX KOJIBI C CYMMHPOBaHHUEM
B3BEIICHHBIX M1EPEXO0JIOB.

JanpHeiimue ucciaeqoBaHMs TOKa3add, 4YTO 4YHCIO KOJOB C Pa3IUYHBIMH
XapaKkTepUCTUKAaMU OOHAapyXEHHUsl OLIMOOK Topa3lo MEHBIIE YHhCia CII0COOOB
nojicyera MomnpaBodHOro ko3 ¢uuuenra. Hanpumep, B Tabi. S5 mnpuBecHBI
XapaKTEPUCTHKH OOHApYKEHHS OIMHOOK Mo KpaTtHOCTsM Bcemu RWT(m,K)-komamu
npu M=5 + 7, a B tabn. 6 — RWT(m,k)-komamu mpu m=8. IIpu OOMBIINX 3HAYCHHUAK
JUIMH WH()OPMAIMOHHBIX BEKTOPOB 4HMCIO pa3HooOpazueix RWT(m,K)-komoB
SBIACTCSl CyllecTBeHHBIM. [Ipn 3ToM i koddduummeHTa o I COKpamieHHs
3alHCH HCIIONB30BAaHO clienyromee obo3HaYeHHe: KOAQOUIUCHT O NMPEACTABICH B
BHUJE NECATHYHOTO YHCIIa-dKBUBAJIICHTa (HOPMYJIBI MmojcyeTa (HanpuMmep, 4ucio 57
npejcTaBisieTcss B aBouuHOM Buae kak <f; fg fy f, f3 f, fi> = <0111001>, uro
O3Ha4yaeT WCIOJb30BaHUE TIPH BBIYMCICHHM IIONPABOYHOrO KoddduimeHTa
dopmymst ¢ = f, D f, © f, D f;).

MoanpuunpoBaHHBIM KOaM C CYMMHPOBaHHEM B3BEILIEHHBIX IEPEX0/I0B MPHUCYIIA
CIeqyIomas 3aKOHOMEepHOCTh. Ilpu deTHbIX 3HaueHmsix M RWT(m,K)-komst
OOHApYXUBAIOT JIOObIe OIIMOKM HEYETHOW KPaTHOCThIO B HMH(OPMAIMOHHBIX
BEKTOpax. DTO CBOMCTBO XapaKTEPHO TaKxke JIOOOMY KOAYy C CyMMHpOBaHHEM
SIMHUYHBIX HH)OPMAIMOHHBIX pa3psaos [8].

OTaenbHO CcleayeT YHNOMSHYTh O MOJU(HLIMPOBAHHBIX B3BELICHHBIX KOJAAX C
OoOHapyXeHHeM JIFOOBIX JBYKPATHBIX OIMMOOK B HH(OPMAIMOHHBIX BEKTOpaX.
Taxue kogp! cTposites ipu M=4, 5 u 8. U3 tabn. 3 u 5 cnenyert, 4TO CYIMIECTBYET 11O
nBa criocoba moctpoeruss RWT(m,k)-ko10B ¢ o0HapykeHHeM JTHOOBIX TBYKPATHBIX
omuboK mpu 3HadeHHAX M=4 u M=5. [Ipu M=8 Takmx cmocoboB 16. Ykaxem
JIECSITUYHbBIC SKBUBAJICHTHI MOMPABOYHBIX KO3 uireHToB st qaHubix RWT(m,K)-
konoB: (135, 165, 210, 240), (143, 173, 218, 248), (147, 177, 198, 228), (155, 185,
206, 236). B ckoOkax BBIIENEHBl CIIOCOOBI BBIUMCICHUS MOIMPABOYHBIX
K03(h(ULHEHTOB 0. ¢ aOCOJIIOTHO MJCHTHYHBIMU XapaKTepUCTUKAMU OOHAPYKEHHs
omMO0K B MH(YOPMALMOHHBIX BEKTOPAX.
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IIpn osTOoM, 4YTO SABISIETCS BAKHBIM U1 3aJa4 TEXHUYECKOW JMarHOCTHKH,
HEKOTOpBbIE  CIIOCOOBI  BBIYMCICHUS IONpPaBOYHOrO KoddduimeHta o JaroT
BO3MOXHOCTh TocTpoeHus: Takux RWT(m,K)-kom0B, KOTOpbIE HMEIOT MUHUMAIBEHO
BO3MOXKHOE 00IIee KOJMYECTBO HEOOHApYXKMBAaEMbIX OIIMOOK TIPH 3aJaHHBIX

3HaueHusax M u K [24].

Tabn. 5. O6uapysrcenue owudbox RWT(5,3) u RWT(6,3)

Table 5. Error-detection by RWT(5,3) and RWT(6,3) codes

Crioco0 BEIYHCICHUS
MOIIPaBOYHOTO

Yucino HeoOHAPYKUBAEMBIX OIIHOOK KpaTHOCThIO d
Y 3HAYCHUS BETMYHH [y

K03 duIreHTa o 2 ‘ 3 4 5 ‘ 6 ‘ 7 " 2=+7
m=5
19, 28 0 64 32 0 96
0% 20% 20% 0% 9,68%
32 32 0 32 96
17,18, 20, 23, 24, 27, 29, 30
T 10% 10% 0% 100% 9,68%
32 32 32 0 96
21,22,25,2
22,25, 26 10% 10% 20% 0% 9,68%
64 0 32 0 96
16, 31
20% 0% 20% 0% 9,68%
m=6
19, 28, 35, 44 128 0 320 0 0 448
13,33% | 0% | 33,33% | 0% 0% 11,11%
3,12, 15,17, 18, 20, 23, 24, 192 0 192 0 64 448

27,29, 30, 33, 34, 36, 39,

40, 43, 45, 46, 48, 51, 60 20% 0% 20% 0% | 100% 11,11%
7,11,13, 14, 21, 22, 25, 26, 192 0 256 0 0 448
37,38, 41, 42, 49, 50, 52, 56 20% 0% | 26,67% | 0% 0% 11,11%

256 0 192 0 0 448
16, 31, 32, 47
U 26,67% | 0% 20% 0% 0% 11,11%
256 0 256 0 64 576
5,6, 9, 10, 53, 54, 57, 58
T e 26,67% | 0% | 26,67% | 0% | 100% 14,29%
320 0 128 0 0 448
1,2,4,8,55,59, 61, 62
o 33,33% | 0% | 13,33% | 0% 0% 11,11%
0.63 448 0 448 0 64 960
' 46,67% | 0% | 46,67% | 0% | 100% 23,81%

Yto kacaercs pacmpeneneHuil omubok no Buaam mis RWT(m,K)-komos, To oHo
HOACYeTa MONPABOYHOIO
koddunnenra. Hanpumep, Ha puc. 2 MPenCTaBIEHO paclpeAeieHne OMUOOK 0
Bugam Juist RWT(8,4)-xom0B (10 ocu  abCIicC PacIoNOkKEHbI JIECATHIHBIE

TaKXKe pasHOOOpa3HO [UIA PA3IUYHBIX CIIOCOOOB
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9KBUBAICHTHl (DOPMyN MOJCUETAa IONPABOYHOTO KOI(PPHUIMEHTA ¢, a IO OCH
OpAMHAT — KOJHMYECTBO HEOOHapyXXMBaeMbIX OIIMOOK JIAaHHOTO  BHJA).
Pacnipenenenust ommOOK MO BHIAAM CHMMETPHYHBI OTHOCHUTENBHO IEHTPAIBHBIX
3HAYEHHUH JECSATUYHBIX IKBHBAJCHTOB ITONPABOYHBIX KOI((GHUINEHTOB IPH YETHBIX
3HAYEHHUAX M, TPH HEUYCTHBIX 3HAUCHUSAX JAHHAS 3aKOHOMEPHOCTh HAPYIIASTCS.
s  ManpIx 3HaueHWH [UIMH WHGOPMAIMOHHBIX BEKTOPOB M<6 Oomee
pacnpocTpaHeHHBIMH OKa3bIBAIOT CHMMETPHYHbIC HEOOHAPY)KHUBAacMbIe OIIHOKH.
IIpu OONMBIINX 3HAYCHUSIX M HAUMEHBIIUM SIBJISETCS KOJHYECTBO MOHOTOHHBIX,
3aTeM CHMMETPUYHBIX M aCHMMETPUYHBIX OIIMOOK B KJIACCE HEOOHAPYKHUBAEMBIX
RWT(m,k)-xogamu ommu6oxk.

Tabn. 6. O6napyscenue owubox RWT(7,3)-kooamu

Table 6. Error-detection by RWT(7,3)-codes

Crioco® BEIUHCICHUS Yucio HeoOHAPYKUBAEMBIX OIIHOOK KPaTHOCTHIO d
HOIPaBOYHOTO Y 3HAYCHUS BEJIMYMH [y
kodddurmenTa o 2 3 4 5 6 7 247
7,11,13, 14, 19, 28, 35, 256 512 640 512 0 0 1920

44, 49, 50, 52, 56, 67, . 9 9 % | 0% | 0 ’
76,79, 112, 115, 124 9,52% | 11,43% | 14,29% | 19,05% | 0% 0% 11,81%

3,12, 15,48, 51,60, 71, 256 640 640 256 0 128 1920

75,77, 78, 83, 92, 99,
108, 113, 114, 116, 120 9,52% | 14,29% | 14,29% | 9,52% | 0% | 100% | 11,81%

21,22, 25, 26, 37, 38, 384 384 768 384 0 0 1920
41,42 14,29% | 8,57% | 17,14% | 1429% | 0% | 0% |f 11,81%
56,9, 10,17, 18, 20, 384 512 512 384 0 128 1920

23,24, 27, 29, 30, 33,
34, 36, 39, 40, 43, 45, 14,29% | 11,43% | 11,43% | 14,29% | 0% | 100% | 11,81%
46, 53, 54, 57, 58

65, 66, 68, 72, 80, 95, 512 384 384 512 0 128 1920
96, 111, 119, 123, 125

' ' 1Zé ' " |l 19,05% | 857% | 857% | 19,05% | 0% | 100% | 11,81%
69, 70, 73, 74, 81, 82, 384 640 512 384 0 0 1920

84, 87, 88, 91, 93, 94,
97, 98, 100, 103, 104,

107, 109, 110, 117, 118, 14,29% | 14,29% | 11,43% | 14,29% | 0% | 0% |f 11,81%

121,122
85, 86, 89, 90, 101, 102, || 384 768 768 384 | 0 | 128 | 2432
105, 106 14,29% | 17,14% | 17,14% | 14,29% | 0% | 100% || 14,96%

1,2 4,8 16, 31,32, 47, | 512 768 384 256 | 0 | 0 1920
55, 59, 61, 62 19,05% | 17,14% | 857% | 9,52% | 0% | 0% | 11,81%

64 107 768 0 1152 0 0| o 1920

’ 2857% | 0% | 2571% | 0% | 0% | 0% | 11,81%

0,63 768 | 1152 | 1152 | 768 | O | 128 | 3968

28,57% | 25,71% | 25,71% | 28,57% | 0% | 100% | 24,41%
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[Mono6uele rpaduku (cM. puc. 2) TMO3BOJSIOT ONPENEIUTh AUAIa30Hbl PazopocoB
3HAUCHUH 4YHCeN HEOOHAPyKHBACMBIX KOIAMH OIIMOOK Pa3IHYHBIX BHIOB IS
nestoro cemeiictea RWT(m,k)-ko10B 3a1aHHOM THHBL
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Puc. 2. Pacnpeoenenue HeoOHapyscusaemuix omubox
no eudam ona pazuunvix RWT(8,4)-x0006
Fig. 2. Distribution of undetectable errors by types for different RWT(8,4)-codes
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4. [TloHsmue 06 r-He3aeUCUMbIX 2pynnax 6bIx0008
KOM6UHaUUOHHbIX CXeM

RWT(m,k)-kogpt  MoryT  OBITh  HCIOMb30BaHBl  NPU  CHHTE3€  CHCTEM
(hyHKIIMOHAJIBHOTO KOHTPOJISI KOMOMHAIIMOHHBIX JIOTHYECKHX cXeM. B ocoGeHHOCTH
3TO KacaeTcs KOAOB € OOHAapyXeHHEeM IToObIX OIMIMOOK ¢ KpaTHOCTAMEu O<3 —

RWT(4,3)-konosc aa=f, @ f, n a = f, @ f,.

RWT(4,3)-koap1  MOTYT OBbITE 3(Q(EKTHBHO HCIONB30BAHbl TIPH  OpPTaHU3AINH
KOHTPOJsSI KOMOMHALIMOHHBIX CXEM IO TPYIIaM, COAEpXamuM 1o 4 BBIXOAA.
Kaxxmas Takast rpymma JOJDKHA YIOBICTBOPSITH OJHOMY YCIIOBHIO — BBIXO/BI TPYTIIIEI
HE OJDKHBI JIOITyCKAaTh OJHOBPEMEHHOTO MCKaXCHUS 3HAYEHHUI, TO ecTh o0iajgarh
HE3aBUCHMOCTBIO OTHOCHUTENIFHO YETHIPEXKPATHBIX HcKakeHHH. Chopmymmupyem
YCIIOBUSI IONCKA JIOTHYECKUX 3JIEeMEHTOB Gy KOMOWHAIIMOHHBIX CXEM JOIYCKaIOIIHX
YETBIPCXKPATHBIC UCKAKCHU.

U3BecTHbI crnegyromue nomaoxenus [2, 11].

Omnpenenenne 1. I[lonMHOXECTBO  BBIXOJOB  KOMOWHALIMOHHOM  CXEMBI

{fil’ fiz peeey fiq } ({il, Iy yees g }e {1,2,..., n}, N — 9UCIIO BBIXOJOB CXEMBI) SABJIAETCS

IPYIIONH HE3aBUCHMBIX BBIXONOB (0Opasyer H'-rpymmy), ecim HeHCIIPaBHOCTH
BBIXO/Ia JIFOOOTO JJOTMYECKOT0 JIEMEHTa CXEMBI HCKa)KaeT 3HAUEHHsI TOJIBKO OJTHOTO
BBIXOJIa TPYTIIIBI.

Teopema 1. MHOXECTBO BBIXOJOB KOMOWHAITMOHHOW CXEMBI {fil, fiz""' fi }
q
(i, 0,,..., iq e {LZ,..., n}, N — 9HCIO BBIXOIOB cXeMbl) oGpasyer H'-rpymmy, eciu

JUISL Ka)XJOW mapbl BBIXOJOB {fia’ fic} (a,be{1,2,...,q}) U JUIS KaXJIoro

JIOTUYCCKOIr'o 3JICMCHTA Gt BBITIOJIHACTCA YCJIOBUE!

iy of iy
——=0, 3)
%, 0y,
rac fia u fib — (byHKI_[I/II/I, pcainu3yeMbI€ Ha COOTBETCTBYIOIIMX BbIXOAaX

JIOTHYECKON CXEMBI;

Yt — QyHKIMs, peann3dyemast Ha Bbixoze 3aeMenTa G

Wcrnionb3ysl NOHATHE HE3aBUCHMBIX BBIXOJIOB, BBeJAEeM MNOHATHE H'-rpymmsl
BBIXOZIOB.

Onpenenenne 2. MHO0KeCTBO BBIXOJ0B CXEMBI {fil, fi2 Jeens fi }
q

(I PRT e{l,Z,...,n}) ABIseTcs [-He3aBMCHMMOH rpynmoii Bbixogos (H'-

TpYINO), €CM HEHUCIIPaBHOCTh BBIXO/a JIOOOTO JIOTMYECKOTO 3JIEMEHTA CXEMBI
WCKa)kKaeT 3HaYeHHA He 0oJiee I' BEIXOJIOB IPYIIIIbL.
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Teopema 2. MHOX€ECTBO BBIXOJIOB JIOIMYECKOU CXEMBI {fil’ fizv"" fiq} (g>r+1)

r+l
obpazyet Hr—rpynny, €CJIM IS KaXKIO0To U3 Cq MOJAMHOXECTB U3 I'+1 BBIXOIOB U

JIUISL KQXKJIOTO 3JIEMEHTA JIOTHYECKOM CXEMbl BBIIOIHSICTCS YyCJI0BHUE:

of, of, o
“h e T ) )
N ¥ W

Joxka3zaTejbcrBo. CrpaBeUIMBOCT JAHHOTO IIOJIOKCHUS CIEAYEeT M3 TOTrO, 9TO
Kaxxas IPOM3BOJAHAS B JIEBOM 4acTU BbIpakeHHs (4) ompenenseT TE BXOAHBIE
Ha0OpbI, HA KOTOPBIX HEUCIIPABHOCTH DJIEMEHTA C BBIXOJOM Y; IMpOSIBISIETCS Ha
COOTBETCTBYIOIIIEM BBIXOZE, a IIPOM3BEJICHHE BCEX UETHIPEX IPOU3BOAHBIX
orpezieIsieT Te BXOJHbIE HAa0OpPbI, HA KOTOPBIX OJZHOBPEMEHHO HCKaXaIOTCS BCE
4eThlpe BBIXOAA. Ecim 1uId Kaxaoro 3jaeMeHTa ycioBue (4) BBINOIHSETCS, 3HAYHT,
Ha MHOXXECTBE BBIXO/IOB HU IIPH KaKUX yCIIOBHUIX HE OyIyT BOSHUKATh NCKAKCHUS C
KpaTHOCTBIO 0>r+1. Jloka3aTeIbCTBO 3aBePIIECHO.

[Ipn opraHm3amyy KOHTPOJIA JIOTHYECKUX YCTPOWCTB IO TPYIIaM -HE3aBHCHMBIX
BBIXO/IOB TpeOyeTcsl ONpeAeNnuTh KOHKPETHOE 3HaueHue 4mcna . DTo Jemaercs c
YYETOM CBOWMCTB OOHapy>KCHHs OINMOOK BBIOPAHHBIM Ha 3Tare MPOEKTUPOBAHUS
CHCTEeMBI (PYHKIIMOHAIBHOTO KOHTPOJSL KOIOM: I=Unin—1, rae Odyin — MHHUMalIBHOE
paccrosiHue X3MMHUHra A KOJOBBIX CJIOB BeIOpaHHOro koaa. Hampumep, mpu
ucnonpzopannn RWT(4,3)-konos ¢ a=F,@f, u a=1f,®f, du4, a
3HAYMT, KOHTPOJIb CXEM MOXKET OBITh OCYIIECTBIICH HA OCHOBE BhIeeH s H3-rpymmn
BBIXOJIOB.

Jnist mpuMepa paccMOTPHM CXeMBI, H300paXKeHHbIE Ha puc. 3.

YeThIpeXKpaTHbIE MCKaXEHHS MOXET BbI3bIBATh TOJBKO dneMeHT G;. Ompeneinnm,
SIBJISICTCS JIM KaXIas U3 CXeM cXxeMoii ¢ H-rpymmoit BeIxooB. JJIst 3TOr0 BITHIIEM
(yHKIINH, peaan3yeMble Ha BbIX0Jax cxeM. [y cxeMsbl Ha puc. 3, a) uMeeM:

f=y, =Y, vX VX, =y, vXXXu f,=yX VX,

Brruncnmm 6y.]'I€BI>I MMPOU3BOAHBIC IJI KaKA0I'0 U3 BBIXOHAOB!:

o,

—=y,=0)®(y,=1)=1

" (y,=0)@(y, =1)
a_fzz(ylzo)vxlvx.%@(%:1)VX1VX3:X1VX3;
oy,

of,

—2=(y,=0)v X1X_2X3 ®(y, =1)v X1X_2X3 :X_1V X; Vv X_a;

N,
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Puc. 3. Kombunayuonnvle cxemul: a) cxema, 8b1X00bl KOMopou 06pazyiom 3-He3asucumyio

o,

,

epynny; 6) cxema, 8b1X00bl KOMOPOU He

obpasyom 3-He3a8ucumyio epynny

Fig 3. Combinational circuits: a) circuit with 3-independence outputs group;
b) circuit without 3-independence outputs group
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%S %, )=0.

BbIBOIOM M3 TOCIEIHEro BBIPAKEHHs SIBISIETCS TO, YTO CXeMa Ha pHC.
SIBJISIETCS CXEMOI1 ¢ 3-He3aBUCUMbBIMH BBIXOJIAMH.
st cxemsl Ha puc. 3, 6) OTIIHYaeTCst TONBKO GyHKIws fy!

fy =YX,
BBIYHCITNM POU3BOJHYIO JUTS JaHHOM (DYHKIMH HO IEPEMEHHOI Y.

G

N,
of,

oy,

= (¥ = 0)x,%; @ (s =1 % =X, v g

of, o, of, =1-(x, v xs)(xl VX, v

oy, o, Y,

X3XX2 v x3)= X, Xy Xg V Xg Xy

Cxema Ha puc. 3, 0) He ABJISIETCS 3-HE3aBHCHMO.
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5. AneopumM CUHMe3a cucmemsbli d)kauUOHaanoeo
KOHMpOJis Ha OCHOee ebidesieHUs1 3-He3aeUCUMbIX epynn
ebixodoe

CchopmupyeMm aiaropuT™M IOCTPOCHHSI CHCTEMBI (YHKIHOHAIHHOTO KOHTPOJISI Ha
OCHOBC  BBIJCIICHHUS H3-rpynn HAa MHOXECTBE BBIXOJIOB KOHTPOJIUPYEMOM
KOMOWHAIIMOHHOM CXEMBI M KOHTPOJIC KasKI0# U3 Tpym Ha ocHoBe RWT(4,3)-kona.
Adaroputm 2. [locnedogamenbHocms ROCMPOEHUsE CUCHEMbl (DYHKYUOHALLHOO
KOHMPOISL:

1. Omnpenensiercs MHOXkecTBO O mormueckux sneMeHTOB G, CBS3AHHBIX MyTAMH
C YCTHIPEMS U 00JICE BBIXOIAMU CXEMBI.

2. Jlns KaKZoro JOTHYecKoro sneMenta G; m3 moaMHoxkectBa O ompenensercs

IMOAMHOYKECTBO BBIXOJOB CXEMBI Gi (f )= {fil, fiz poery T }, C KOTOPHIMHU OH CBSI3aH.
q

i
G°(f
3.  Ompeznensercs HOIMHOXKECTBO myTeM OOBeIMHEHHS  BCeX
MNOAMHOXCCTB, NIOJTYUCHHBIX B m2.
4 0
4. PaccmarpmBaeTcs KakIoe IOIMHOKECTBO Gi (f )EG (f ), coleprkauiee
TpH BBIXOJA. [[/1s HEro mpoBepseTcsl YCIOBUE TEOPEMBI 2 OTHOCUTEIHHO JIEMEHTOB
4
G eQ".
5. Ilo pesymbraram BbimonHeHust 1.4 cocrasiusercss MHoxecrso W, rpymm

G'(f .
BBIXOJOB i , KOTOPBIC HE ABJIAIOTCA H -Irpynmamu.

4
6. Pemmaercs 3amada TOKPBITHS BBIXOJOB CXEMBI HOAMHOXECTBAMHU Gi (f) 3-

HE3aBUCHMBIX TPYII BBIXOZOB C YU€TOM MUHUMAJIFHOTO KOJMYECTBA TaKUX IPYTIIL.
7. Kaxnmas 3-He3aBucuMas Tpylna BBIXOJOB CXEMBI, IOIy4eHHas B II.6,

KOHTponupyercs Ha ocHoBe RWIT(4,3)-xoma (¢ a=f & f,, mbo ¢
oa=f,®f,) — crposrcs ornenbHbie MOACXEMBbI KOHTPONA KaXIOH TPyMIIbl

BBIXOOB.
8. Ecin xaxue-mu0o BbIXOAbl CXEMbl H€ BOIIJIM B TIOKPBITUC BBIXOJ0B

4
MIOAMHOXECCTBAMH Gi (f ), JUIL HUX pCAJIM3YyCTCd IMOACXEMa KOHTPOJISA IO METOAY

JyOnMpoBaHUsL.

9. BrIxoapl moacxeM KOHTPOJISE OOBEAMHSIOTCS HA BXOJAaX CaMOIPOBEPSIEMOIO
KOMIIapaTopa, peajlu3yeMoro Ha OCHOBE CTAaHAAPTHBIX MOAyNIed  cxkarus
napadasnsix curanoB TRC [27].

Crnemyer OTMETHTB, YTO NPU PEATH3AIlMH [IaroB ajJropuT™Ma 2 MOTYT, B KOHEYHOM
wrore, ocrtatecsi Ho-rpymmsr m  H'-rpymmsr  BbixomoB. OHHM  TaKke MOTYT
KOHTposupoBathcs Ha ocHoBe RWT(4,3)-kom0B, omHako 3ddekTnBHEE MOKET
0Ka3aThCs MPUMEHEHHE U KOHTPoss H -rpyrm KoJoB ¢ OGHApYKEHHEM JHOOBIX
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OJTHO- U IBYKPATHBIX OIKO0K [28 — 31] u myst KOHTpOIIs Hl-rpynn BBIXO0B KOIOB
naputeta [32, 33].

6. 3aknroyeHue

[MpennoxxeHHbId B cTarbe Kiacc MOAMGUIIMPOBAHHBIX B3BEHICHHBIX KOJOB C
CYMMHUPOBaHHMEM IIEPEXO0JI0B MEXAY pa3psaaMH, 3aHUMAIOIUMH COCEHUE MO3ULIUU
B HMH(MOPMAIIMOHHBIX BEKTOpaX, MOXHO 3((}eKTHBHO HCIOIB30BaTh B 3a1adax
TEXHUYECKOW UArHOCTUKHM JUCKPETHBIX cucTeM. [Ipu 3TOoM mpu 3HadeHun M=4
MOJTy4eHBI KOJBI ¢ OOHApYXeHHEM JIOObIX OMHOOK KpaTHOCThIO <3. Wcmomnb3ys
MIOCJICIHUE W BBIJIEIISASI BO MHOXECTBE BBIXOJOB KOMOMHAIIMOHHBIX CXEM I'PYyMIBI 3-
HE3aBHUCHMBIX BBIXOJIOB, MOKHO CTPOUTH CHCTEMBI ()YHKIIMOHAIFHOTO KOHTPOJA C
00Hapy>KEHHEM JIFOOBIX OAMHOYHBIX KOHCTAHTHBIX HEHCIPABHOCTEH BO BHYTPEHHEH
CTPYKTYpE KOHTPOIUPYEMBIX OOBEKTOB.
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Modified codes with weighted-transitions summation
in concurrent error detection systems
of combinational circuits

! D.V. Efanov <TrES-4b@yandex.ru>
V.V. Sapozhnikov <port.at.pgups@gmail.com>
VL.V. Sapozhnikov <at.pgups@gmail.com>
! Emperor Alexandex | St. Petersburg state transport university,
190031, Russia, St. Petersburg, Moscowsky ave., 9

Abstract. A method for constructing modified codes with summation of weighted transitions
between bits in data vectors occupying neighboring positions is proposed. New codes with
summation have the same number of check bits as the classic Berger codes, but they detect
more errors in data vectors. Modified codes with summation of weighted transitions in
comparison with Berger codes also have improved error detection characteristics in the area
of small multiplicity. In addition, for some values of the lengths of information vectors codes
can be constructed with the detection of any twofold and any triple errors. The authors
developed a method for synthesizing concurrent error detection systems of combinational
circuits, based on the analysis of the topology of the object of diagnosis with the selection of
groups of checkable outputs, taking into account the properties of error detection by modified
codes with summation of weighted transitions. An algorithm for the synthesis of a concurrent
error detection systems has been developed.
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CHHTEe3 4YaCTUYHO NporpaMmMmMpyemMbIX CXem,
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AHHoTanus. [Ipu cuHTe3e COBPEMEHHBIX WHTETPANBHBIX CXEM pa3pabOTYMKU BCE dHalle
npuOeraloT K YCIyraM CTOPOHHHX (GHPM JUIi peanu3alid TeX WIH HHBIX KOMIIOHEHT
cuctemsl (Intellectual Property cores, nepenporpammupyeMsix KoMmroHeHT Ha 6aze FPGA u
T.JI.) C IETbI0 CHIDKCHUsS €€ CTOMMOCTH. B KOMIIOHEHTaX, M3TOTOBJIEHHBIX CTOPOHHUMHU
¢upmamu, MOTyT OBITH CIHpSITAaHBl BPEIOHOCHBIE mojcxeMbl (Trojan circuits) ¢ muenbto
pa3pyIICHUs] CHCTEMBl WM H3BICUCHUS U3 Hee KOH(HUACHIHManbHOH mH(opmarmu. Trojan
Circuits (TCs) oOBIYHO AEHCTBYIOT B CHTyalUsX, KOTOPbIE BO3HUKAIOT B pabOTaromei
CHCTEME Ype3BBIYAaliHO PEIKO, IO3TOMY OHH He OOHapyXHMMBI HU B IIpoIiecce BepU(pHKaINU
CHCTeMBI, HH B IIpollecCe€ €€ TecTUpoBaHus. B pabore mnpemiaraercs MOAXOA K
MPOEKTHPOBAHHIO YACTHYHO IPOTPAMMHUPYEMBIX CXEM M3 BEHTHJEH, NPOrpaMMHPYEMBIX
6igokoB  mamstn  (LUTs) wu  mporpamMmupyembix — MynbTumuiekcopoB  (MUXS),
OpUEHTHPOBaHHBII Ha MackupoBaHue TCs. Takoi MmomXon K CHHTE3y TO3BOINSET JIMOO
3aMackupoBath aericteue TC B ciydae ee OOHapyKeHHS, OO TOIYIUTh CXEMY, B KOTOPO
a¢¢pextuBHOe BBemeHHMEe TCs  CTaHOBHTCS  HEBO3MOXHBIM.  [Ipemmoxken  cmoco0
nepenporpamMmmupoBanus 0yokoB mamiatd LUTS mms mackupoBanus TC. ChopmymnupoBaHo
TpeboBaHWEe K 3aMellaromieil  (QyHKIMH, TMOCTyMmarolieid Ha  CBOOOJHBIA  BXOJ
HNporpaMMHpyeMoro 0OJI0Ka, OCHOBAaHHOE Ha AHAIM3€ YaCTHYHBIX (YHKLIUH BHYTPEHHUX
MOJIOCOB  KOMOWHAIMOHHOW cXeMbl. [locTpoeHne 9acTHYHBIX (YHKIMH BBIMOJHAETCS C
ucnonb3oBanneM omeparuii Hax Reduced Ordered Binary Decision Diagrams (ROBDD-
rpadamu), crposiMHCS U1 QparMeHTOB cxembl. Omepanuu  XapakTepu3yrTCs
MOJMHOMUAIILHOM CI0KHOCTBIO.

KirioueBble cj10Ba: 4acTHYHO MPOTPAMMHpPYEMBIE CXEMbI; BpeJoHOCHBIe cxeMbl (Trojan
Circuits); uactnunsie Gynesst Qynkumu; Reduced Ordered Binary Decision Diagrams
(ROBDD-rpadsr).
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IPOrPaMMHPYEMBIX CXEM, OPUCHTUPOBAHHBII Ha MAaCKHPOBAaHHE BPEIOHOCHBIX IOJCXEM
(Trojan Circuits). Tpyaet WCIT PAH, tom 29, Bem. 5, 2017 r., ctp. 61-74.
DOI10.15514/ISPRAS-2017-29(5)-4

1. BeedeHue

Bpenonocusie moncxembl (Trojan Circuits) MOryT BBOJMTBCSI B KOMIIOHEHTEI
MHTETPAJIbHONW CXEMBI C LENBI0 pPa3pyLIeHUs] CXEMbl WJIM H3BJICYCHUS M3 Hee
koH(puaeHunansHoit nHdopmanuu. Trojan Circuits (TCs) 0OBIMHO NEHCTBYIOT B
CUTYyallUsiX, KOTOpbIE BO3HUKAIOT B YCIOBHAX (YHKIMOHHUPOBAHUS CXEMBI
Ype3BBIYANHO PEIKO, II03TOMY OHHM HE OOHApY)KUMBI HH B TIpoliecce BepUPHKALIUH,
HH B mporiecce tectupoBanus cxemsr [1, 2]. Bpemonocuas moacxema (TC) coctour
n3 1Byx uyactedl. Tpurrepras moncxema (Trojan trigger) BrIrOHaeTcss NpH
MOCTYIUICHUH HA €€ BXOABI OMNPENEJICHHOW KOMOHMHAIMM 3HAYCHWH CHIHAJIOB.
Bropas wacte moacxembl (Trojan payload) sBisgeTcs HCHOTHHUTEIHHBIM
YCTPOMCTBOM, BKJIIOYAaEMBIM TPHUITEPHOH IOJCXEMOH, KOTOPOE MOXKET JIHOO
pa3pymuTh paboTy CXeMBbl, JINOO U3BJICYb U3 Hee CEKpeTHYI0 MH(popmarmio. Takue
BPEIOHOCHBIE IIOACXEMBbI HEOOXOIMMO OOHAapyXHBaTh, M, IO BO3MOKHOCTH,
HEUTPaIu30BaTh UX JACHUCTBUE.

PaccmaTpuBaeTcs mpobimemMa MacKMpOBaHHS BpedOHOCHBIX moacxeM (Trojan
Circuits) B JJOTHYECKMX CXEMaxX, COCTOSAIINX M3 BEHTHJICH, ITyTeM BBEACHHS B Hee
nporpammupyembix 61mokoB mamsata LUTS (Look up Tables) u mporpamMmmupyembix
mynbrumiekcopoB (MUXs). B LUT moryr ObiTh cBOOOAHBIE BXOABI (B AaHHOI
paboTe IomycKaeTcsi OAWH CBOOOIHBIA BXOM), KOTOPBIE MOXKHO HMCIOJIB30BATh IS
KOPPEKIIMM CXEMBbI C LIEJbI0 MAacKUpOBaHMs B HEW BO3JCHCTBUSA BPEIOHOCHOI
nozcxembl. MccneayroTcss BO3MOXKHOCTH HCIIONIb30BaHKMS CBOOOJHOTO BXOAa B
ycnoBusax nepenporpammupoBanus LUT u MUXs mubo ams mackupoBanus TC B
ciyyae ee OOHapyXeHHs (B ATOHW CHUTyallMM INEPenporpaMMHUPYETCS TOJNBKO OJUH
cootBerctBytommit LUT), mubo mns mepemporpaMmupoBaHus HeckKombkux LUTS
(He oOs3aTeNFHO BCEX) TaKMM OOpa3oOM, YTO BKIIOUEHHE B CXEMY BPEIOHOCHBIX
MOZICXEM OKa3bIBAETCS HEINEPCIEKTUBHBIM. 3]1€Ch pedb WAET O IPEBPAIICHUH
WCXOAHOW JIOTMYECKOHW CXeMbl W3 BEHTHJEH B CXeMy, 3allUIIEHHYI0 OT
BPEIOHOCHBIX IMOJICXEM. JTO 3HAYMT, YTO IPH COXPAHEHHH CIeNU(UKAIIMN CXEMBI
BBefeHne B Hee TCS okasbiBaeTcss HEID(EKTUBHBIM — OHH C  OOJIBIIOWH
BEPOSITHOCTBIO OOHAPYKMBAIOTCS B Ipoliecce BepupHKALUK CXEMbl WIH B
pe3yibTate ee TecTUpOBaHHs. THIBI BPENOHOCHBIX IIOJICXEM M CHOCOOBI HX
BKJIFOUEHHSI B CXEMy MOTYT ObITh pa3iuuHbiMH. B paborte mis ynobcTa
paccmarpuBatotcsi TCs, BBOAUMBIE B JIMHUIO CBSI3M MEXK/Y HJIEMEHTAMHU CXEMBI, TaK
YTO 3HAYEHHE Ha BBIXOJE OSTOM JIMHUM B YCIOBHSX akTHBM3aluu Bxoma 1C
3aMEHSIeTCsl TPOTHBOMOJIOKHBIM. OJHAKO Tpe/ularaeMblii MOAXOA TOXUTCS IS
MPOU3BOJILHOTO BKJITOUeHHs T'C, BayKHO JIMIIB, YTO BBIXOJ BPEJOHOCHON IOJICXEMBI
MOJKIIIOYEH K HEeKOTOpoit imHuu. AxtuBu3anus TC obOecrieunBaeTcst TOCTHKEHUEM
COOTBETCTBYIOIIETO BXOJHOTO COCTOSHUS KOMOWMHAIIMOHHOW CXeMbI (ITOJIHOTO
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COCTOSIHMS,  €CIM  pedb  HAET O  KOMOWHAIMOHHOM  3KBHBAJICHTE
MOCJICIOBATEIPHOCTHON ~ cxeMbl).  llepemporpaMmupyeMble  MYJIbTHUILUIEKCOPEI
NPUMEHSIOTCA C LENbI0 MAacKHPOBaHMA HECKONBKMX 1CS ONHHM M TeM e
nepenporpammupyemsiM LUT.

[Ipeanonaraercst, 9YT0 NCXOJHASI CXEMa COCTOMT TOJIBKO M3 BEHTWICH U peamnsyeT
3aJaHHYI0 CHENU(UKAIMI0O — CHCTEMY IOJHOCTBIO OINPENCICHHBIX OYIEBBIX
¢ynkuid. Tpebyercst MOKPBITH HEKOTOPBIE €€ MOACXEMBI IPOrPaMMHUPYEMBIMU
6nokamu mamsti (LUTS) takum o6pa3om, 4yToObl 00eCeunTs 160 MaCKHPOBAHHE
TC B cinyyae ee oOHapyXeHHs, JHOO cAelaTh CXeMy OoJyee 3aIlUIEHHOW OT
BPEIOHOCHBIX TIOJICXEM. 3ajada CBOJHUTCS K MACKUPOBAHUIO JIMHUI B CXeMe,
KOHCTAHTHbIE HEHCIIPABHOCTH KOTOPOH TPYJHO OOHApYXHMBI, TO €CTh MHOXECTBa
TECTOBBIX HAOOpPOB Ui TaKMX HEHMCHPAaBHOCTEH Majbl W HE NPEBBILAIOT
HEKOTOpOro 3ajaHHOro mopora. Ilpexmomaraercs, 4YTO WMEHHO TaKWE JHHUH
yIO0OHO HCTIONIB30BATh IS MTOAKIIOUeHN K HUM TCs.

B pa6otax [3, 4] cxema cHavana CTPOHMTCS W3 BEHTHJCH. 3aTeM HEKOTOpHIC ce
HOJICXEMBI MOKPBIBAIOTCS MporpamMmupyeMbiMu Onokamu (LUTS), Tak 4to omuH
Bxox LUTs, He 00s3aTenbHO BCEX, OCTACTCS HEWCIIONB30BAaHHBIM. Brinemnsercs
MHOXXECTBO JIMHHMH, KOHCTAHTHBIE HEHCIPABHOCTH KOTOPBIX HEOOXOIHMO
3aMacKMpoBaTh OJHMM M3 JBYX CIOCO0OB. BO3MOXHOCTP MAaCKHpPOBAHHS
KOHKpeTHbIM LUT KOHKpETHOH JMHHMM CBOJHUTCS K ONPEICICHUIO BBITOJHUMOCTH
cootBercTBytomiet  Quantified Boolean Formula (QBF). Peus wmmer o
KBaHTU(UINPOBAHHONH KOHBIOHKTHBHOW HOpMalbHOH (opme. Mcmomp3yrores
pasimuunbie pemratenn (QBF-solvers), aBromatmsupyromue mporecc. IIpobiema
BBINOJHUMOCTH Takod ¢opmynsl oTHOcuTcs K PSPACE-nonnbiM. 3apyOexHble
uccieoBarenu oTMevaror, uro pemarend st QBF ¢opmynsl paboratoT ropasmo
MEIJICHHEe, YeM pelIaTeNd, AaHAIM3HUPYIOIINe KOHBIOHKTUBHYIO HOPMAaJIBHYIO
dopmy (KH®) Ha BBIMOJHMMOCTh. B Ciyuae BO3MOKHOCTH MAaCKHPOBaHUSI
ompenenseTcs Ccrmocod IepernporpaMMmupoBaHus wMackmpytomero LUT. B
MPOEKTHPYEMOH CXeMe NPOBOAWTCS JIONOJHUTEIbHAS JIMHUS, CBS3bIBAIONIAS
cBoOomHbIi Bxon LUT ¢ BEIXOJOM 31eMeHTa cXeMbl (BeHTwIs win apyroro LUT),
KOTOpBI cOoBMecTHO ¢ mnepenporpammupyeMeiM LUT Moxer MackupoBath
HEHCIPaBHOCTh COOTBETCTBYIONIECH JINHUU.

Henocrarkom Takoro mojxoja sBIs€TCs, Ha Hall B3IJISAA, OTCYTCTBHE CTpaTeruu
BBIOOpA MOJCXEM JUIS MOKPBHITHSI WX mporpammupyembivu Onokamu (LUTS) wu
oTCyTCTBHE (DOPMAIBHBIX KPHUTEPHEB BO3MOXKHOCTEH MacKHpoBaHMs. JlaHHas
paboTa OpHEHTHpOBaHA Ha IMPEOJOJICHHE HTHX HemocTaTkoB. C 3TOil mensio
UCTIONB3YIOTCS W AHAIM3UPYIOTCS YacTW4HBIEe (YHKIMH, COIOCTaBISIEMBIC
BHYTPEHHUM IOJIOCAM M JIMHUSAM CcXeMbl. YacTHuyHble (QYHKIHMH BBIYHCISIOTCS
myTeM BbIMoNHeHHWs onepanuid Hax ROBDD-rpadgamu, TOCTpOCHHBIME IS
(bparMeHTOB 3aJjaHHON KOMOWHAIIMOHHOW cXeMbl. Takue ormeparuu, Kak U3BECTHO,
XapaKTepU3yTCs TOJTHHOMHAIBHOM CIIOXHOCTRIO. Mcmonp3oBanne QBF solvers we
Tpebyercs.
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MpI nipeanaraeM cHavyasla HalTH JIMHUU B CXEME, HEMCIIPABHOCTH KOTOPBIX TPYIHO
oOHapyXuMbl. B 3TH nMHMM MOTYT OBITH BKIIOUCHBI BPEIOHOCHBIC ITOJCXEMBI.
IloBenenne axtuBupoBaHHOH TC aHaNOTHMYHO MPOSBICHHIO KOHCTAaHTHOM
HEHCIPaBHOCTH JIMHUHM Ha ITOJMHOKECTBE BXOIHBIX HAOOPOB CXEMBI (BO3MOJXKHO,
TOJIBKO Ha OJTHOM), KOTOPBIE HE 00s3aTENILHO SIBJISIIOTCS TECTOBBIMU HA0OpaMH ATOM
HEHCIIPABHOCTH B YCIOBHUAX OTCYTCTBUSL B CXEME BPEIOHOCHBIX IOJACXEM.
Berinenennsie muanu Mackupytorest LUTS ¢ ¢pukcHpoBaHHBIM YHCIIOM BXOJIOB, OWH
U3 KOTOPBIX sIBJIETCsl cBOOOAHBIM. Eciau MackupyeTcs ofjHa U3 JIMHUM MHOXeECTBa
npu nojkmoueHn K Heit TC, To nedcTBHE MOIKIIOYCHHON K HEH BPEJOHOCHOU
MOJCXEMBl  HEUTpamu3yeTcs. B 9TOW  CUTyalluh  COOTBETCTBYIOLIMIA
nporpammupyemsiii 6ok (LUT) mepenporpammupyercst. Ecimu Mackupyrotest Bce
WK MOYTH BCE JHMHUHN BBIIECIEHHOTO MOIMHOMKECTBA, TO B PE3yJIbTATE CTPOMTCS
CX€Ma, yCTOM4YMBAasi OTHOCUTEIBHO BBEICHHUS B HEE BPEIOHOCHBIX MOJACXEM.
[Ipennaraemslii MOJXOJ OCHOBAH HA BBIYMCICHWM YACTHYHBIX OyneBHIX (GyHKumit
BHYTPEHHHUX IIOJIIOCOB M JINHWH KOMOMHAIIMOHHOW CXEMBI C MOMOIIBIO ONEpanui
Hax ROBDD-rpadamu, mocTpoeHHBIMHE IS €€ MTOJICXEM.

2. MocmaHoeka 3aday4yu

PaccmatpuBaetcs komOuHanmoHHast cxema C (KOMOMHAIIMOHHAsE COCTABISFOLIAS
MOCJIEIOBATEIbHOCTHON CXEMBbI), COCTOSIIIAsl U3 BEHTIIICH. MICIOIb3YIOTCS CIIOCOOBI
(puc. 1, puc. 3) MacKMpOBaHHs OJMHOYHBIX KOHCTAHTHBIX HEUCIPABHOCTEU Ha
JMUHASAX CBA3EH MEXAy JOrmdecKHMHU snneMeHTamMu ¢ momombio LUTS u MUXS,
npeioKeHHbie B padortax [3, 4]. Yucno Bxoa0B mporpammupyemoro 6ioka (LUT)
¢ukcupoBano. OIMH U3 BXOJOB MOXET ObITh CBOOOIHBIM, HE HCIOJIB3YEMBIM IPH
NOKpbITUU BeHTWiel cxembl C. [l 3agaHHOrO MHOXKECTBa JIMHUE TpeOyercs
BBIMOJIHUTH TOKPBITHE (PparMeHTOB cxeMbl C U3 BEHTHJICH MPOrpaMMHPYEMbIMU
Onmokamu, Tak 4ToOBl NpU  TOCIEOYIOIIEM HMX [EpPenporpaMMHUPOBAHUH
3aMacKHpOBaTh KaK MOXKHO OOJblliee KOJWYECTBO JIMHUI, K KOTOPBIM BO3MOXHO
nojKIIfoUeHne BpeaoHocHbiX moacxeM (TCS). JloroBopuMcs B AalbHEHIIEM CXeMy
M3 BEHTWIEH U CXeMy, B KOTOPOH HEKOTOPbIE IOJCXEMbI  MOKPBITHI
MpOrpaMMUPYEMBIMH 0JIOKaMu, 0003HAYATh OJJHAM U TeM ke cuMBosioM C.

Bynem uMeTh B BHAYy, YTO KaKAOMY BHYTPEHHEMY IOJIOCY V KOMOHMHAIIMOHHOMN
cxembl (cxema peanusyer ¢yukiuio f, sBusronryrocst crenudukanueit) B o0ueM
cily4ae COMOCTaBysieTcs YacTiuuHas GyHKius f, oT BXOAHBIX nepeMeHHbIX cxembl C,
npencraBisiemast MmaoxxkectBamu M (f,) (Mo(fy)) HyneBbIX M eIMHUYHBIX HAOOPOB
3HAYCHUH BXOJHBIX TIEPEMEHHBIX. [lOJHOCTBIO  OIpENENeHHYI  (YHKIUIO
BHYTpEHHEro moitoca V Gyaem o6osnauaTe cumBonom f(v). Tlomroc V siBiseTcs
BBIX0/IOM MojicxeMbl C,, BXOJIbI 3TOH MOJCXEMbI COBIANAIOT C BXojaamu cxembl C.
Yactuunocth GyHkiuM noacxembl C, BO3HUKAeT 3a CUET OKPYXKEHUs ee
anemeHTamu cxemsl C.

IIycte C sBisIeTCS OAHO BBIXOAHOM KOMOWHAIIMOHHOM cxeMoii. PaccmoTpuM crioco6
MacKHpOBaHUs, IPE/ICTABICHHbII Ha puc. 1.
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v ' w

Puc. 1. Mackuposanue aunuu |, nookntouennoii k 6xooy LUT
Fig. 1. Masking line | that is LUT input

Iontoc vV coenuuen nuuued | ¢ Bxomom U; mporpammupyemoro 6ioka LUT,
nokpsiBarorero noacxemy Cpyr w3 Bentuneit. Ha puc. 1 nunust | BbieneHa
JKUPHBIM. Bxoner moxcxemsr C, 1 ABISAIOTCS OO BXOIHBIMH, JINOO BHYTPECHHIMH
nepemeHHbIME cxeMbl C. Uucmo Bxomubx mepemeHHBIX LUT ¢dukcupoBano, ogHa
W3 TIePEeMEHHBIX CBOOOIHA, a (YHKIHS OT OCTABIIHMXCS MEPEMEHHBIX pean3yeT
nmoacxeMy w3 BeHTHICH Cpyr, MOKPHIBAIOIIYI0 COOTBETCTBYIOMIMN ()parMeHT u3
Bentuieit cxembr C. ITycTh B nuHUMIO | BKIIOYEHA BpefoHOCHAs mojacxema. bymem
MacKUpOBaTh €€, UCIHOJb3ys cBoOOAHBIN Bxon LUT. B nmanpmeifmem stor LUT
OynemM Ha3piBaTh KOppekTupyoumMm. OO003HaYUM €ro BBIXOJ CHMBOJOM W.
OTMeTHM, YTO TIO3UIIMs MYHKTHPHOM JMHUM Ha pUC. | 3apaHee He ompe/eiicHa, OHa
MOXET COEIMHATH cBOOOAHBIN Bxoa LUT ¢ BBIXOJOM Jpyroro 3jieMeHTa CXEMBI,
MPY BHITTOJTHEHUH OTPE/ICIICHHBIX YCIOBUIA.

O003Ha4UM CHMBOJIOM M YHCJIO BXOJOB KOPPEKTHPYIOIIETO MPOrPaMMHPYEMOTO
6aoka (LUT), Torma (M — 1) — 9Kcii0 MCMONB3YEMBIX BXOJOB B MPEIIOIONKEHNH,
YTO B CXEME OTCYTCTBYIOT BPEJOHOCHBIE MojicxeMbl. Cpelid UCIOJIb3yeMbIX BXOJIOB
HaxXOAMTCS BXOJ Uj, coeauHeHHBIN juauel | ¢ momocom V. [ onpeneneHHOCTH
OyzeM cuuTarh, 4TO CBOOOAHBIN BX0J uMeeT HoMep M. [TycTh B nuHuio | BKiroueHa
BpenoHocHas moacxema. OHa m3MmenseT noacxemy Cy ¥ (QyHKIHIO, BEIYACICHHYIO
M0 CTPYKType 3TOH moncxeMbl. HammoManM, 9TO BXomaMu mojacxeMbl C,, sSBISIOTCS

*
BXOJObI CXCMBI C. Yactuunas q)yHK].[I/IH fW y COIOCTaBJsIeMas MOJIIOCy W B

npucyrctBun TC, Takke H3MEHSETCs, IOCKOJIbKY BpEJOHOCHAas IIOJCXeMa B
YCIOBHAX AaKTHBALMK H3MEHSET PEaKLUUI0 CXEMBl Ha HEKOTOPBIX €€ BXOJHBIX
Ha0Opax, BO3MOXHO, TOJBKO Ha OHOM. B 3TOM ciydae HEOOXOAMMO MacKHpOBAaTh
nuanio | 3a cuer wcmonb3oBaHuMs cBOOOAHOTO BXoma Koppektupyromero LUT. B
JaJbHEUIIeM MOKakeM, YTO MACKUpOBaHME JMHUH | coco6oM, MpeicTaBIeHHBIM
Ha puc. 3, ananornyHo. CHauana BBEJEM Psil HEOOXOANMBIX TTOHATHH.

3. O nocmpoeHuu Yacmu4yHoU pyHKUUU U ee peanu3sayuu

Brigenum B cxeme C BHYTPEHHHH MOIOC V, SIBJISTFOIIUNACS BBIXOJOM BEHTHIISI CXEMBI
win Hekotoporo LUT u comocraBnsieMsiii ucxostiiet u3 nero jsunuu |. Tloctponum
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no cxeme C moacxemy C), 0ObABUB JMHUIO | BXOIOM DTOM IOACXEMBI HapsLy C
MEPEMEHHBIMU Xg,..., X,. Cxema C| monydaercss u3 cxeMmbl C 0OpbiBOM JuHMH | 1
yCTpaHEHHEeM BCEX JIeMEHTOB cxeMbl C, CBS3aHHBIX C JMHHEH | 1 HEe CBA3aHHBIX C
BeIx0710M cxeMbl C. Comocrasum moacxeme C; ROBDD-rpad R(C)) ot mepeMeHHBIX
X1y -.-» Xn, |. B rpade R(C)) mepemennas | BoiGupaeTcss mepBoii mpu pasioKeHUH
llleHHOHa ¢ 1ENBIO TIOCTPOCHUS ATOTO rpada.

Byzem wuMmerp B BHAy, 9YTO MONIOCY V, U3 KOTOPOr0 HCXOAUT JuHHA |,
COMOCTABJISIETCS MMOTHOCTRIO onpenencHuas Gpyukuus f(v), peanusyemas moacxemoi
C, (ona mpencraemsiercs ROBDD-rpadom R(Cy)), BBIXOZOM KOTOPOH SIBISETCS
MOJNIOC V, a BXOJAaMHU — TIEPEMEHHBIE X, ..., Xp. DTOMY IOJIOCY CONOCTaBJISAETCS
TaKKe vacTuuHas QyHKuuS u(Xy, ..., X,), peann3yemas Ha MOJIOCE V OT TeX Ke
BXOJIHBIX MEPEMEHHBIX, B YCIOBHUsX, Koraa moacxema C, sSBISETCS YacThIO CXEMBI
C. Yactuunas GpyHKUMS OIpenescHa Ha HEKOTOphIx eamHndHbix Mi(f,) (HymeBbix
My(f,)) Habopax nonHOCTHIO onpeaenenuoit Gynkiuu f(v). Tonpko Ha 3TUX HabOpax
u3MeHeHue 3HaueHus QyHkuun f(v) Bnuser Ha 3HaueHWe QyHKUuH f, peanu3yemoit
cxemoit C.

MHOXeCTBa SOUHMYHBIX U HYJEBBIX HA0OPOB YaCTUYHOH (YHKLIUH HPEIUIOKEHO
npesactaBisate aByms ROBDD-rpadbamu Ri(V) u Ro(v). IToctpoenue uactudHoi
(YHKIMH CBOIUTCS K IIOMCKY BCEX TECTOBBIX HAOOPOB Ul KOHCTAaHTHBIX
HEeUCIpaBHOCTeH moioca V. MHOXKECTBO BCeX TECTOBBIX HAaOOpOB Ui
HeucnpaBHOCTH KoHcTaHTa 0 ecTb MHOXXecTBO M (f,), @ MHOXKECTBO BCeX TECTOBBIX
Ha0OpOB /IS HEUCNpPAaBHOCTH KOHCTaHTa | ecthb MHOKkecTBO My(f,) uactuunoi
¢byukuun u(Xy, ..., X;). Metox mocrpoeruss ROBDD-rpadoB st MHOXECTB
eMUHUYHBIX U HYJEBBIX HAOOPOB YACTHYHOW (DYHKIIMK BHYTPEHHETO MOJIFOCA CXEMbI
npeJjicTaBieH B paborax [5, 6].

OGosnaunm cumsonamn R, R; ROBDD-rpadsi, nonyuennsie n3 rpaga R(C))

cienyronuM obpasom. Kopuem rpada R, sBisiercst BepiunHa, B KOTOPYIO 3aXOJUT
myra, conocrasiusiemast nepementoit | rpada R(Cy), a xopuem rpada R; sBisercs
BEpIINHA, B KOTOPYIO 3aXOJUT AyTa, COMOCTaBIsIeMasi HHBEPCUHU ITOI IEPEeMEHHOMN.
bynem umers B Buay, uro ROBDD-rpad R noiyudaercsi u3 ROBDD-rpada R
MEpEeUMEHOBAaHNEM TEPMHMHAIBHBIX BEpIIMH: | — TepMUHAIbHAS BEpIINHA
craHoButTcs ) — TEpMUHAIBHON BEPIIMHON U HA00OPOT.

Torma rpad R(l), mpeacraBmsromii MHOXECTBO TECTOBBIX HAaOOPOB IS
HEHCIIPABHOCTH KOHCTaHTa | Ha muHMH |, BEIUHCISETCS 10 hopMyIIe:

Ri()=(R AR VR AR AR(C,),

a rpad Ry(l), npencrapistornit MHOXKECTBO TECTOBBIX HAOOPOB ISl HEHCIIPABHOCTH
koHctanTa 0 Ha TMHUH |, BRIUUCISETCS O hopMmyIie:

R =R AR VR AR)AR(C).
O6a rpada 3amaror yactuyHyo (GyHkuuio nuaud |. Eciu monroc V He sBiseTcs
TOYKOM BETBJIEHHSI, TO YACTHYIHbIE PYHKIMU JTHHUH | U moJI0ca V cOBMaatoT.
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Paccmorpum wactruHyo ¢ynkuuio f; u mosHOCTRIO OmpeneneHHyI0 GyHKIHIO fp,
HPEACTABICHHBIC MMAPaMH MHOXKECTB €IMHHYHBIX M HYJICBBIX HaOOPOB 3HAYCHMIA
comx mepemennbix: Mi(fy), Mo(fy); My(f2), Mo(f2). Bymem roBoputh, 94TO MOITHOCTHIO
onpenenentas Gyukuus f, peanusyer yacTuaHyo QyHKIHO f; , €CITH BBIIOIHAIOTCS
ycnoue: nepecedenus MmuoxecTB Mi(f;), Mo(f,) u muoxkectB Mo(f), My(f,) mycToL.

3710 3HagwnT, urto Mi(f,) comepxur Mi(f)) 1 Mo(f,) conepsxur Mo(fy).

U3 ompezeneHus CiemyeT, 4TO MONHOCTBIO ompeaencHHas ¢yukius f(v) sBmsercs
peanusareit QyHKIUH u(Xy, ..., Xp).

YrBep:kaenne 1. IlomcTtaHoBka BMECTO IIEpEeMEHHON V JFO00W peann3aiiu
byukuun p(Xy, ..., Xn) coxpansiet pyukuuio f cxemsr C.

JloKa3aTeabCTBO CIIEMYeT U3 OMPEASICHHS PeaN3aliy YACTHIHON (HYHKIINN.
Yactuunas ¢ynkius f, mormomaer yactuunyo GyHKuuo fi, eciu BBIIOIHAIOTCS
CIICAYIOIINE YCIOBHSL:

1) My(f,) comepsxur My (f1) u My(f,) conepsxur My(fy);

2) mepeceuenne muoxectB Mi(f;), Mo(fo) u muoxkectB Mo(f), My(f,) mycTo.
OTHOIIICHHE TIOTJIONICHHS YACTHYHBIX (DYHKIIUHA HILUTFOCTPUPYETCSI Ha pHUC. 2.

Puc. 2. Qynuxyus f, nocnowaem f,
Fig. 2. Function f, covers f;

MoskeT oKa3aTbes, YTO MPH TMOKPBHITHH CXEMBl M3 BEHTHJICH IPOTPaMMHUPYEMBIMH
OmokaMu HET BO3MOXHOCTH mnoakmounTh JsmHHI0 | k Bxomy LUT. Torma
BOCIIOJIb3yeMCs crtocoboM MackupoBanusi (puc. 3), mpeaioxkeHHbIM B paborax [3,
4]. Tlpu takom criocobe MacKupoBaHusl TUHUSI | TeKUT HA TyTH, IPOXOIAIIEM Yepe3
3JIEMEHTHI CXEMBI, CBS3BIBAIOIIEM ATY JIMHHUIO C BXOJIOM U; KoppekTupytomiero LUT.
Ha puc. 3 HeucnpaBHast TUHUS BBIACICHA YKUPHBIM MIPUGTOM.
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Puc. 3. Mackupoeanue aunuu |, coeourennoui uepes snemenmol nymu C 6Xo00M
xkoppexmupytowezo LUT
Fig. 3. Masking line | that is connected by path with input of correcting LUT

Just oboux cmoco6oB mackupoBanust jaubum | (puc. 1, puc. 3) cropaBemnBo
Cleyollee yTBEpKICHHUE.
YrBepxaenue 2. Crenmbpukanus cxembl C (bynkums f) coxpansercs ecnu u

*
TOJIBKO eciu yacthyHast Gpyukuust f,, mormomaer yactuunyro Gyukumio fy.

JlokazaTenbCTBO OUEBUIIHO, U CIEAYET U3 ONpPEACICHUS YaCTUYHON QYHKIINH.
Koppekuuro Oynem BBINOIHATH, CIEAysl YTBEPKACHUAM | U 2, IpuueM, KOppeKIus
HEe J0JDKHA MEHSTh (QYHKIMH 31eMeHTOB cxeMbl C, BXOISIIMX B OKPYXKEHHUE
noacxemsl C,. bByneMm wumers B Bumy, 4Yro crnocoObl MacKHpOBaHMS,
Npe/ICTaBICHHBIE Ha pHC. 1, 3, yAOBIETBOPSIOT TOMY YCIOBHIO.

4. MackupoeaHue HeucnpasHocmu

s croco0a, mpeyIosKeHHOTo Ha puc. 1, ¥ crmocoba, MPeUIoKEHHOro Ha pHc. 3,
OyaeM 3amuChiBaTh B KOPPEKTUPYIOIIUN MPOrpaMMHPYEMBbIid OJIOK €IUHHYHBIC
HAOOpBI TIOJIHOCTHIO OMNPEACICHHOW (YHKIUK, pealu3yeMOil TMOACXeMOil U3
BEHTHJICH, TOKPBHITOW 3TUM OJIOKOM M 3aBUCSINEH OT €ro BXOTHBIX MEPEMEHHBIX, a
umeHHo ot ero (M - 1) mnepemennoit. Kaxaomy enuHudHOMY HAOOpy
COIIOCTaBIISIETCS 1Ba Habopa B MPOCTPAHCTBE M MEPEMEHHBIX: OJUH C CIUMHUYHBIM
3HaUYE€HUEM MEPEMEHHOMN Up,, IPYroi — C HYJIEBBIM 3HAUEHUEM TOW NEPEMEHHOM.

IIpu nepenporpammupoBannu LUT dhopmupyem dpyHKIHIO
frur (U =D AUy v fgr (U =0) Auy,

U3 €OUHUYHBIX HA00poB pyHKIMHU KoppekTupytomiero LUT. DTu HabophI MoTyydeHbI
HETIOCPEACTBEHHO 10 CTPYKTYpE MOACXEMBI, HOKPBITONH KoppektupytomuM LUT, u
Teneps npeacTaBisoT ¢pyaknuto 3toro LUT B mpoctpaHcTBE Uy, ..., Ui, Uisg, .., Uy
€ro BXOJHBIX nepeMeHHbIX. OHa ommyaercs ot ucxoaHoit ¢pynknuu LUT tem, 4ro
B HEH mepeMeHHas U; 3aMEHEHa NEPEeMEHHOW Uy, M TIepeMeHHas Un, (KakK mpexnie
nepeMeHHast U;) Teneph sBisiercst cymiectBeHHOH. C mernpio MackupoBaHus 1C
JieTlaeM MepeMEeHHYI0 Uj HECYIIECTBEHHOM. DTO 3HAYHT, YTO KKAOMY €ANHUIHOMY
Habopy ¢GbyHKIMN flur (Ui =) Auy, v fLyr (U =0) AUy, HEOOX0aNMO
COTIOCTAaBUTH JBa Habopa B MPOCTPAHCTBE M IMEPEMEHHBIX: OJUH C €AMHHUYHBIM
3HAYEHUEM IEPEMEHHOM Uj, a Jpyrol — ¢ HyJEBbIM 3HAUYEHHEM 3TOU MEPEMEHHOM.
Torma TC, mnoakiaroueHHass K BXOAy Uj, HE MOXET H3MEHHTh KOPPEKTHOTO
noBeneHust cxemsl C.

Ha puc. 4 npusenen mpuMep ucxomHoN ¢GyHKImE Koppektupyromero LUT (puc.
4a) u QyHKIMH, TIPEICTABISIONIEH pe3yIbTaT Koppekimu (puc. 46). 3aech BXox U;
COTIOCTaBIISIETCS MEPEMEHHOM X, a MEepeMeHHash X4 COOTBETCTBYET CBOOOTHOMY
BXOxly Koppektupytomero LUT.
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B pesyapTare mepenporpammupoBaHusi kKoppektupyromuid  LUT  peammsyer
¢dynkuio ot (M — 1) MepeMeHHOH, OTIMYAIONTYIOCS OT €ro MPEXHEH QYHKITUN TeM,
YTO BBITIOJIHEHA 3aMEHA MepeMEeHHbBIX (U 3aMeHeHa Ha Up). amee BMecTo Uy (pHC.
1) mojcTaBisIeTCS MOJTHOCTHIO ONpe/eNieHHas: QYHKIUS, pealn3yomias YaCTHIHYO
dyukwo u(Xy, ..., Xp) momoca V. [TogHOCThIO onpeeneHHast (QyHKIHS Peann3yeTcs
Ha TMOJIOCE M.

X? X?
X, X,
o|1(1}1 oO|1(1]0
1112(010 111 (1
1({1(0]0 0|0|0]|O
0O|1(1/1 11111
X X
3
X, X ?
a) 6)

Puc. 4. llepenpocpammuposanue LUT
Fig. 4. Reprogramming LUT

[ockombky ¢(ynkums xoppektupytomero LUT momydena u3 mcxomHoil 3aMeHOM
NepeMeHHOM U Ha Uy, a TIOJIHOCTBIO OlpesesieHHass GpyHKIMs, cornocTabisieMas Upy,
COE/IMHEHHBIM C TIOJIIOCOM (0, PEalIU3yeT YacTHUHYIO (YHKIHIO, COMOCTAaBIISIEMYIO
MEePEMEHHOM Uj, TO Ha OCHOBAaHWHM BHIIIE IPUBEACHHBIX YTBEPKACHUI 3aKiIIOuaeM,
urto cxema C peamm3yeT B pesyibTare Koppekuuu Ty xe ¢ynkmmio f, To ects
cnenupukaiys cxembl C COXpaHICTCs. ITO 3HAYMT, YTO MoAKIroUeHUe TC K JIHHUH
| He m3mensiet Gpyukuuo f.

3ameTuM, 4YTO BXOAY Uj B KOHCTPYKIHH, IIpPEICTaBICHHOH Ha puc. 3, He
00s13aTeNbHO CONOCTaBiIsieTCss cllabo orpejiesieHHas 4acTH4Has (QyHKUMs, Kak B
ciydae, KOrja BXoJ U; MHIMICHTEH JIMHUM, HEHCIIPABHOCTH KOTOPOH TPYyTHO
obHapyxuma (puc. 1).

5. CuHme3 cxembl

[TokpbITHE MCXOMHON BEHTHJIBHOW CXEMbI HNPOrPAaMMHUPYEMBIMH OJIOKAaMH HaMSITH
(LUTS) ¢ wenplo MackupoBaHWsl BpeqoHOCHBIX moacxeM (TCS) BhimonHsieM
cienyronM obpasom. OnpenensieM MHOXKECTBO L TMHMIA, HEMCTIPaBHOCTH KOTOPBIX
TPyIHO OOHapyXuMbl. J[IBuraemcst B TIOpsAKE, HAmpuUMep, HE BO3PACTAHUS
MOIIHOCTH TECTOBBIX HA0OPOB YAaCTHYHBIX (PyHKIMI. MOIIHOCTH €IMHUYHBIX H
HYJIEBBIX HA0OPOB YaCTHYHOW (DYHKIIMU JMHUM HE JOJDKHBI NPEBBIIIATH 33aHHOTO
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nopora. Haxomum smHmo |, comocraBmsiemMylo TPyZHO — OOHAPYKHUMBIM
KOHCTaHTHBIM HewcnpaBHocTssM 0, 1, meitaemcs mokpeith ee LUT, Tak dto
MOKpBIBaeMast JINHUS OKa3bIBACTCSI BHYTPH IOKPHITOH MM ITOJICXEMBI M HE SBIISIETCS
BxogoM LUT. Oror LUT He HyXmaercs B KOPPEKUIWH, a TOKPHITas UM JHMHHS
BBIYEPKHBACTCS M3 CIIHCKA.

HcuepnaB Takue BO3MOXKHOCTH, IIBITAEMCSl IIOKPBITh ITOAXOISIIUE ITOJCXEMBI
nporpammupyeMbiMi  O6i0kamu (LUTS), Tak uTo odepemHas JIHHHS W3 CITHCKA
sBisieTcss Bxogom U mekoroporo LUT (puc. 1). Dror LUT xoppektupyercs
OIMCaHHBIM BBIIIE CIIOCOOOM, €CITM yAaeTcs HaiiTu noiroc o B cxeme C, Takoil 4To
€ro MOJIHOCTBIO OIpeAeIeHHas (QYHKIMS peaau3yeT YaCTUUHYI0 (YHKIHIO MOJIoca
v (Bxoma U;). Popmupyercs NOMOTHUTENbHAs (0003HAUCHHAS MYHKTHPOM) JIHHHS,
CBSI3BIBAIOIIAS] MTOJFOC (© C BXOJIOM Up,

B ciydae, ecnu BO3MOKHO MAacCKMpOBaHHE HECKOJBKUX JHHUH OTHUM M TEM XKe
koppexTtupytouM LUT, Bocnonb3yemMcsi MyJIbTHIIEKCOPOM, KaK 3TO MPEISIOKEHO
B paborax [3, 4].

Puc. 5. Macxuposanue 08yx 1uHUil ¢ ROMOWBIO MYTbIMUNIIEKCOPA
Fig. 5. Two line masking with using MUX

IIponomkaem mpoueaypy, IO TeX TOp, TOKa 3TO BO3MOXHO. Jlajee mbITaeMmcs
MaCKUpPOBATh OCTABIIHECS JIMHUH, CIEAys KOHCTPYKIWH, IPEACTABICHHON Ha pHC.
3, hopMuUpys NOMOTHUTEIBHEIC THHAW. B pe3ynpTaTte NOIyYnM CXeMy U3 BEHTHIICH,
LUTs u MUXs, B koTopoil [neicTBHS BPEOOHOCHBIX IOACXEM MOTYT OBITh
3aMacKUpOBaHbl. MMeercs BO3MOXXHOCTH NHOO 3aMackupoBarh jaelicteue 1C B
ciydae ee OOHapyXeHHs, NepenporpaMMupys cootBerctByrommii LUT, mm6o
MOJYYHWTh CXeMy, B KOTOpo#i d3ddekruBHoe BBeaeHue 1CS CTaHOBUTCS
HEBO3MOXKHBIM 32 CUET NepenporpaMMHPOBaHus cooTBeTcTBYromuX LUTS.

Jist MHOTOBBIXOTHOU cXeMbl C TpeiaraeTcsi BRIYHCIIATh YACTHIHBIC (DYHKIIUU JIIIS
JIMHUXA KaXXJI0M U3 MOJCXEM, KOTOPbIM OHa HpPUHAJJIEKUT. {1 ka0l U3 JTuHUN
MOJy4aeM CHCTEMY YacTHYHbIX (YHKIUA. B pesynprare HaXOAWM MHOXKECTBO
JIMHWHN, HEUCTIPABHOCTH KOTOPBIX TPYAHO OOHApPYKUMBI. BO MHOKECTBO BKJIFOYAEM
JIMHUIO, TS KOTOPOH HEHCIPAaBHOCThH TPYIHO OOHAPY)KMMa Ha KaXKIOM U3 BBIXOIOB
CXEMBI, CBA3aHHOM C 3TOH JHHUEH. AHAJIOIMIHBIM 00Pa30M BBIYHCIIIEM YaCTHYHBIC
(GyHKIMK JUIT BHYTPEHHUX IIOJMFOCOB CXEM, €CIH OHH SIBISTIOTCS TOYKAMH
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BCTBJICHMUA. I[H}I OCTAJIbHBIX IIOJJIOCOB HX YaCTHYHBIC (byHKI_[I/II/I COBIIAmarT C
HYaCTUYHBIMHU beHKI_[I/I}IMI/I HUCXOOAIINX U3 HUX JIMHUH.

B kauecTBe monoca o Ui o9epenHoi auHuK | BRIOMpaeM IMOJoC, Takoi 9To ero
MOJTHOCTBIO OMpeseneHHass (QYHKIUS peanu3yeT KakKAy0 M3 YaCTHYHBIX (DyHKIIUH
CHCTEMBI, COTIOCTaBJISIEMbIX ITOJIFOCY V.

[IpenBapurenbHBle  HKCIIEPUMEHTHI  Ha  KOHTPOJNBHBIX  IpUMepax I
MHOTOBBIXOZHBIX CXEM IIOKa3ajH, YTO CYIIECTBYIOT Maphl IMOJIIOCOB, TaKHe, YTO
YacTHYHbIC (QYHKLIUH OJHOTO IIOJIFOCA PEANN3YeTCs IIOJMHOCTHIO ONpeelIeHHOH
(hyHKIHEH IpyToro Mmooca.

6. 3aknroyeHue

[IpennoxeHn METON cHHTE3a YAaCTUYHO MPOTPAMMHPYEMBIX KOMOMHAIIMOHHBIX CXEM
(KOMOMHAIIMOHHBIX COCTABILIONINX MOCIIEAOBATEIILHOCTHBIX CXEM) M3 BEHTWIICH,
nporpammupyembix  OmokoB  mamsatu  (LUTS) wu  mporpammupyembix
MynbTUImIeKcopoB (MUXS), OpHEHTHPOBaHHEIH Ha MAacCKHPOBAaHHE BPEIOHOCHBIX
nozacxeM (TCS) B ycloBHSAX Haluuus CBOOOIHOTO BXOJA Y MPOIPaMMHPYEMBIX
6nokoB mamsatu. Hapsiny ¢ mackupoBanuem TC 3a cyer mepenporpaMMUpPOBaHUS
cootBercTBytomero LUT B cinydyae oOHapyeHHS BpEJIOHOCHOW IOJCXEMBI
mpeJyiaraeTcsi mepenporpaMmupoBanne Heckoiabkux LUT Takum o0Opa3oM, uTo
BKJIFOYEHHE BPEIOHOCHBIX MOJCXEM OKa3bIBAETCS HELEIeco00pa3HbIM: BKIIOYCHHUE
UX B JIMHAM CXEMbl MOXXET C OOJBIIONH BEPOSTHOCTBIO OOHAPYXKEHO JIMOO B
npouecce Bepupukanuu, auO60 B mpouecce TectupoBaHus. ChopmynupoBaHO
TpeboBaHMEe K 3ameniaronield (yHKIUM, MOCTyHaomed Ha CBOOOTHBIM BXOJ
nporpaMMupyeMoro 0joka, OCHOBAaHHOE Ha AaHajdW3€ YaCTHYHBIX (YHKIHUH
BHYTPEHHHUX IIOJIFOCOB KOMOWHAIIMOHHO cxeMbl. [TocTpoeHne yacTHIHBIX (HYHKIHH
BEITIOJTHSACTCS C MCTONIb30BaHueM oreparuii Hagx ROBDD-rpagamu, crposimMucs
Jutst pparMeHTOB KOMOWHAIMOHHOM CXEMBI.
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Abstract. Modern automatic devices are more and more equipped with microcontroller units.
The logic of work of the automatic equipment is supported by a number of various embedded
software applications, which run under an embedded real-time operating system (OS). The
OS reliability is extremely important for correct functionality of the whole automatic system.
Therefore, the embedded OS should be tested thoroughly with an appropriate automated test
suite. Such test suite for testing of an embedded OS is usually organized as a set of multi-task
test applications to be executed in a data-driven manner. The paper features a special
language to define the respective testing task logic and the concept of flat charts to efficiently
perform an embedded OS execution-based testing. To avoid heavy interpreting of text strings
during the test run, the respective test presentation is pre-processed in order to convert the
initial string form into a regular array form and thus to increase its efficiency.
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1. Introduction

Software applications, which control various automatic devices, are usually built as
a set of two kinds of sequential executing threads: tasks and interrupt service
routines (ISRs). Coordination of execution of these threads is realized by the kernel
of the embedded real-time operating system (OS). OS reliability is extremely
important for correct functioning of the automatic technical device under software

! This paper is an extended version of a presentation at the Industrial track poster session of
the 29th IFIP International Conference on Testing Software and Systems (ICTSS-2017), St.
Petersburg, Russia, October 9-11, 2017.

75



Nikiforov V.V., Baranov S.N. A Flat Chart Technique. Trudy ISP RAN/Proc. ISP RAS, vol. 29, issue 5, 2017, pp. 75-92

control.

The variety of requirements for such an OS grows along with the variety of
technical devices, for which embedded systems are designed, especially for devices
built on the basis of microcontroller units (MCUs). Each OS for an MCU should be
tested thoroughly to avoid a crash of an embedded application. Verification of
embedded real-time software is a well-known problem [1], [2]. Thorough
execution-based testing [3] of an embedded OS requires significant effort along two
axes: full-bodied test suite design and test suite execution.

Effort reduction for test execution may be achieved by designing a highly
automated test suite. Effort reduction for design of such a test suite may be achieved
through efficient testing techniques, languages, and tools.

The paper describes a special language to define the testing task logic based on the
concept of flat charts to efficiently run embedded OS execution-based testing.

2. Approach to Testing an Embedded OS
Usually, an embedded OS provides static and dynamic services for applications to
run on top of this OS. Static services are used to specify static configuration features
of the application: the set of its tasks and ISRs, the subset of the used OS functions,
basic task properties (e.g., task priorities), static resource distribution among the
application tasks (allocation of memory, stacks and other special structures).
Dynamic services may be further split into basic and additional ones.
Basic dynamic services ensure:
e run-time distribution of resources among the threads (memory, special
structures, processor time);
e exchange of data and signals among tasks;
e passing data and signals from ISRs to tasks;
e error (fault, exception) handling which provides data on an abnormal
situation in the application.
Additional dynamic services support specific functions:
run-time generation of threads, tasks, and ISRs;
e run-time updating of the basic task properties (e.g., the task priority);
e run-time stack reallocation;
e mathematical calculations, string processing, etc.
The problem of basic dynamic services testing will be considered in this paper from
two points of view:
o functional testing — checking the correctness of the basic OS directives
execution logic; and

e timing testing — measurement of time intervals required for execution of
basic OS directives.

Functional testing is aimed at checking the correctness of the OS behavior through
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finding defects in:
e execution of basic OS directives invoked from application tasks and ISRs;
e processor switching among threads;
e data and signal transactions;
e error handling routines.
Timing testing is aimed at obtaining the following timing data on OS execution:
e execution time of a particular OS directive (local time measurement);
o total execution time of the whole application (global time measurement);
e time interval between the moments when the interrupt occurred and when a
respective ISR started this interrupt processing (latency measurement).
The described flat chart technique is aimed at both kinds of testing of embedded OS
basic dynamic services, functional and timing, through a unified approach.

2.1 Testing Rules

The following generally established testing rules [4], [5] are usually observed for
embedded OS testing:

o focus — each test should check only one OS feature under particular
conditions with only two possible outcomes: pass or fail;

e repeatability — the test behavior should be the same at each execution;

e non-interference — the test should not intrude into OS functioning (no
direct access to OS variables, command lines, or structures), the test uses
the OS services as a regular application;

e black-box approach — each test should be developed with no knowledge or
assumptions about the OS inner structures, with information at the user’s
level only.

The above rules for focus and repeatability impose structural constraints for tests
because with these rules each single test should be a multi-task application which
starts from a known inital state. The most reliable way to bring the system under test
into this state is system restart with re-initialization. Therefore, the size of each test
for an embedded OS is that of a multi-task application, and the test execution time
includes the time required for system initialization.

The repeatability rule requires special solutions to ensure it. Regular real-time
applications running under an embedded OS usually lack repeatability: their tasks
and ISRs work asynchronously without any pre-defined order. Test applications
should be built in such a way as to avoid such indetermination.

2.2 Repeatability of Testing

The test scheme in Fig. 1 shows how variations of the test behavior may occur. The
test DelayCoEnd below is related to the most basic service of an embedded OS — the
delay service. The operator Delay(N) holds up the task execution for N ticks where
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‘tick” is an atomic time interval, usually part of a millisecond. The test DelayCoEnd
checks the correctness of OS behavior when delay intervals of two tasks come to a
completion simultaneously. The scheme uses a C-like notation. A digit in the name
of the task starting point corresponds to the task priority. The task that starts at the
point Task_1 has higher priority than the task labeled Task_2.

ﬁ ----- “DelayCoEnd” test application ------ \

Task_1: Task_2:
/* Step_01*/ Delay(50); /* Step_02 */ for(i = 0; i == WAIT_CONST; i++);
/* Step_05 */ GlobFlag=1;| /* Step_03 */ Delay(30);
/* Step_06 */ TaskEnd( ); /* Step_07 */ GlobFlag = 1;
/* Step_08 */  TaskEnd();

Task_3:
/* Step_04 */ for(GlobFlag = 0; GlobFlag==10;);
QStep_O9 */  End_of Test(); /

Fig. 1. Variations of the test behavior
Step numbers shown in comments indicate the expected order of execution. At
Step_01 execution of Task 1 is held up for 50 tics, the processor switches to
Task 2, and the ‘for’-operator of Task 2 (Step 02) starts. The value of
WAIT_CONST should ensure a simultaneous completion of the two delay intervals.
While both intervals have not been completed, the ‘for’-operator of Task 3
(Step_04) is executed. The idea of the whole scheme is in selection of a
WAIT_CONST value which ensures simultaneous completion of both delay
intervals, so that if OS correctly handles this, then the actual sequence of steps
follows that of the step numbers (additional steps may appear between them).
For automatic registration of the sequence of executed steps, the Trace(i) operator
should be substituted for each comment Step i. The procedure Trace(i) checks
whether its parameter i corresponds to the current step in the expected step sequence
and signals an error otherwise. This trace operator should be inserted at each point
where the execution sequence should be checked.
At looking at these three tasks, one may decide that the only issue for checking the
correctness of the OS delay function is an appropriate selection of the
WAIT_CONST value which ensures simultaneous completion of the two delay
intervals and therefore, DelayCoEnd repeatability. However, this is not true at a
closer consideration.
Non-repeatability of such test execution is caused by the fact, that Step_01 may start
either at the beginning of an atomic tic interval or closer to its end and the required
value of WAIT_CONST is different for these two situations. To make the test
consistently correct, the operator Step_01 should be shifted to the end of an atomic
tic by inserting an additional delay operator before Step_01.
The requirement for repeatability is specific for a test application, which differs
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from the real one with asynchronous execution of application tasks where the order
of operators from parallel tasks may vary from one execution to another.

Test applications require special efforts for strict task synchronization. As a result,
the sequence of operations from parallel tasks in test execution becomes strictly
determined as if it were from a sequential process.

In the listing in Fig. 2 the flag synchronization method with WaitFlag( ) and
SetFlag() procedures ensures test repeatability:

void WaitFlag () {
inti; void SetFlag () {
for(GlobFlag = 0; GlobFlag==0) GlobFlag=1; }

if (i++ > LONG_WAIT) break; }

Fig. 2. Flag synchronization method ensures test repeatability

Here GlobFlag is a global variable and LONG_WAIT is a constant, which limits the
time of waiting to avoid an infinite execution of the loop. A simple procedure in
Fig. 3 prevents any task to gain access to the processor during the time interval
specified with the CycleNum value.

void HoldTime (int CycleNum)  {
inti;
for(i=0; i++ i< CycleNum); }

Fig 3. A simple procedure to prevent gaining access to the processor

3. Flat Charts
The straightforward multi-task test description presented above has a weak point.
When a test designer follows the test logic step by step, his attention jumps from
one task to another across the text description. In spite of a clear execution order, it
is too difficult to recognize the test logic even for very short and simple tests. And
this is much more difficult for tests of the length of dozens of operators and more. A
more suitable form for test description, the flat chart form, was developed by the
authors and later was improved with creation of a number of real test suites for
various embedded OSs.
The simplest flat chart form is based on the following assumptions:

e repeatability of the test execution order is maintained;

o test utilities in the test application are simple and small in number;

e tests contain invocations of only OS services and test utilities;

o all tasks are generated statically;

e task priorities are static;

e no two tasks have the same priority.
A sequence of actions performed by the test application consists of two kinds of
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operations: OS service operations (for DelayCoEnd these are Delay() and
TaskEnd() operators) and special testing utility operations (like HoldTime(),
SetFlag(), WaitFlag(), and End_of Test() operators). This structure is typical for
any embedded OS test suite. Each OS service and testing utility has a limited
number of parameters. With such assumptions, information about each test step may
be described with the data structure shown in Fig 4.

typedef struct Test_Step { union StepArg {
int Taskld; int IntArg;
void (* UtilServ) ( ); char* StringArg;
StepArg Arg_1; void (* FunArg) ( );
StepArg Arg_2; } TestStep; L

Fig. 4. Information about each test step

where Taskld identifies the task that performs the operation. The field UtilServ
stores a pointer to a procedure which either performs some actions with the test
application variables (a procedure from the test utility library), or performs an OS
service call. The fields Arg_1 and Arg 2 are used to represent the procedural
parameters of the test utility or the OS service. As the type of arguments may vary
from one operator to another, a union type StepArg in this C-like notation is defined,
where ... denotes other types of parameters used in service or utility calls.

Now the operator sequence of the test DelayCoEnd steps from subsection 2.2 may
be described as an array of the TestStep type (Fig. 5; steps 01, 05, and 07 were
added to ensure repeatability of the test as explained above):

ﬁestStep DelayCoEnd [ ] = { \
1,&CallDelay, 5, 0, // Step_01

2,&WaitFlag, 0, O, // Step_02
1,&SetFlag, 0, O, // Step_03
1, &CallDelay, 50, 0, // Step_04
2,&HoldTime, 0, O, // Step_05
2,&CallDelay, 30, 0O, // Step_06
3,&WaitFlag, 0, O, // Step_07

1,&SetFlag, 0, O, // Step_08
1, &CallTaskEnd, O, O, // Step_09
2,&SetFlag, 0, O, // Step_10

2, &CallTaskEnd, 0O, O, // Step_11

3,&End_of Test, 0, 0, // Step_12
\O,&End_of_scheme, 0,0 L /

Fig. 5. Operator sequence of the test DelayCoEnd steps
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where the item <0,&End_of scheme,0,0 > terminates the test description. There is
no task with the number O; therefore, a zero in the Task_Id field means that this item
does not describe an application step, but is an auxiliary one.

Representing a test scheme in form of a single entity (flat chart) is convenient for
visual analysis of the test logic as well as for realization of the flat chart interpreter
because this simplifies control over the correctness of the order, which steps of the
application tasks are executed in.

This DelayCoEnd array provides a complete specification of the test application
logic. Two important features in this form of test presentation are worth mentioning.
First, the order of the TestStep structure items is that, which they should be executed
in. There's no need to specify step humbers as they are determined by ordering of
the DelayCoEnd array elements.

The second feature relates to the starting position of each line in the DelayCoEnd
array description. The test description may be regarded as a table of 12 rows and 3
columns. Columns correspond to tasks. If the line describes an operation to be
performed by Task_i, then its description shall start in the i-th column. Thus, the
column order reflects the task priorities and the order of rows reflects the execution
sequence.

The authors’ experience with test suites design proves the efficiency of this table
form called a flat chart for describing multi-task test applications. It turned out to be
an effective tool for test logic design, understanding, and updating. Moreover, it
allows for automation of test suite development for testing embedded real-time
operating systems.

4. Data-Driven Test Applications

Automatic processing of flat charts is performed through a corresponding
interpreter. An instance of the interpreter is initialized for each task and all such
instances run concurrently. Each interpreter instance scans the flat chart
specification line by line. Suppose, that each instance has its own variable

[TestStep* CurrentStep;]

which points to the flat chart element being analyzed or interpreted.

The i-th instance of the interpreter executes only those lines of the flat chart which
correspond to the i-th task. All others lines are skipped as they are executed by other
interpreter instances. When the next line for execution is found, its number is
checked — it should be the first line number in the whole flat chart not yet executed
by any interpreter instance.

The number of interpreter instances equals to the total number of tasks, which use
the same interpreter body parameterized with the task number at the respective
interpreter instance initialization.

Such data-driven organization of the test suite has an important advantage: the test
application calls the OS under test at only one point, where the test interpreter
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invokes a service procedure or a utility pointed to by the flat chart line being
interpreted. This simplifies realization of local time measurements (subsection 6.1).
A flat chart description for the DelayCoEnd test application in section 4 is
represented as an array of TestStep structures. Such a form may be used directly for
developing a test suite in C. OS services like CallDelay() may look as Fig 6 shows.

void CallDelay () {
/* Global test variables */
Delay ( (CurrentStep->Arg_1).IntArg); }

Fig. 6. OS services CallDelay()

To avoid heavy line interpreting during test runs in real-time, a Forth-like method
based on threaded code [6] may be used: the test representation shall be pre-
processed in order to convert the initial form into a regular array which elements
store the task number, a pointer to the procedure to be called, and the procedure
parameters.

5. Developing Scenario Tests with Flat Charts

In accordance with the focus rule (subsection 2.1) each functional test such as
DelayCoEnd checks a particular OS feature under specific conditions. In this
respect, functional tests are not like regular applications. A complete test suite
should include also a set of scenario tests, which are much closer to regular
applications. Each scenario test realizes a sequence of actions, which is based on
some underlying idea and uses the OS in a way close enough to real functioning. The
flat chart technique is suitable to describe them. The following aay (Fig. 7) describes a scenario test for
message passing between four threads —three tasks and an ISR.

ﬁ ----- Flat chart for message passing test application ------ \
T

estStep MsgTravel [ 1= {

1,&CallGetMsg, &mesl_ptr, O, // No msg, TASK_1 is waiting
2,&Resumelsr, 0, O, // Interruptis simulated

-1,&CallPutMsg, TASK_3, TEST_MSG, // Send msg to TASK_3
2,&CallGetMsg, &mes2_ptr, O, // No msg, TASK_2 is waiting

3,&CallGetMsg, &mes3_ptr, 0, // TASK_3 received Msg
3,&CallPutMsg, TASK_ 1, &mes3_ptr, // Activate TASK 1
1,&CallPutMsg, TASK_2, &mes1_ptr, // TASK_2 becomes ready
1,&CallTaskEnd, O, O, // Activate TASK_2
2,&Check_Equal, &mes2_ptr, TEST_MSG, // Is msg the same

2,&End_of Test, 0, O, // as TEST_MSG?
\O,&End_of_scheme, ,01} /

Fig. 7. A scenario test for message passing between four threads
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A negative number in the Taskld field corresponds to an operator to be executed by
an ISR. Its absolute value specifies the nesting level of the interrupt, which this
particular line of the flat chart is interpreted at, rather than a particular ISR.

The scheme MsgTravel was designed to check the message exchange mechanism,
which provides message pointer passing from an ISR to a task or from one task to
another. Variables mesl _ptr, mes2_ptr, and mes3_ptr are message pointers. The
value of the constant TEST_MSG is a pointer to some initialized message instance.
The scenario of message passing between tasks consists of the following events:

e Task 1 tries to receive a message and becomes suspended because there's
no message for it yet (Step_01);
e the ISR passes the message TEST _MSG to Task 3 which is not ready yet to
receive it (Step_02, Step_03);
e Task 2 tries to receive a message which is absent and therefore becomes
suspended (Step_04);
e Task 3 receives the message TEST _MSG sent previously by the ISR and
resends it to suspended Task 1 waiting for it (Step_05, Step_06);
e Task 1 resends the message to Task 2 and frees the processor through
invoking the service procedure TaskEnd() (Step_07, Step_08);
e upon termination of Task_1 the message received by Task 2 is compared
to TEST_MSG - the two message pointers should coincide (Step_09).
The utility procedure Resumelsr() initializes ISR invocation. The simplest way to do
this is to throw a software interrupt. Each ISR scans the flat chart line after line,
similar to a task. Therefore, an instance of the same common flow chart interpreter
is generated for this ISR. Its configuring is performed by just a few operators
executed by ISR before entering the common interpreter body. Hence, the same
unified flat chart interpreter is used by tasks and by ISRs.

5.1. Loops in Flat Charts

Auxiliary items, such as the terminator End_of scheme mentioned in previous
sections are used to build flat charts. Two other kinds of auxiliary items are
described below: a flat chart loop delimiter (this subsection) and an error checking
operator (subsection 5.2).

The flat chart loop mechanism allows to prevent construction of a long scheme with
repeated fragments. The test MessQueue checks the message queue mechanism: a
queue of 10 messages is formed for Task_2, which then consumes these messages
from the queue one after another.
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ﬂ ----- Flat chart with single loop ------ \

TestStep MessQueue [ ] ={
// ---- The message queue with 10 messages is formed for Task_2
0, &LoopStart, &cycle_var, 10,

1,&CallPutMessage, Task_2, &mesl_ptr, // Repeat msg send
0, &LoopEnd, &cycle_var, 0,

1, &CallTaskEnd, 0O, O, // Task_1 terminates
// ---- The message queue of 10 messages is consumed by Task_2
0, &LoopStart, &cycle_var, 10,

2,&CallGetMessage, &mes2_ptr, 0, //Repeat msg receive

0, &LoopEnd, &cycle_var, 0,

Q&End_of_scheme, ,0 } j

Fig. 8. Flat chart with single loop
The variable cycle var is used as the loop control variable. Nested loops may by
designed, each with its own control variable; e.g., cyclel var for an outward loop
and cycle2_var for an inner loop.
For each loop a boundary condition shall be satisfied: the task state at the LoopEnd
delimiter shall be the same as its state when the corresponding LoopStart was
encountered.

5.2. Testing the Error Handling Service

Test applications DelayCoEnd and MessTravel demonstrate the suitability of the flat
chart technique for testing most of the OS basic services. Each one checks the order
of processor switching among threads of actions. MessTravel checks correctness of
data passing between tasks and from an ISR to a task. Allocation of memory and of
special data structures may be checked in a similar way.

Flat chart forms may be further extended to cover testing of the error handling
service as well. The following flat chart sample illustrates this possibility (Fig. 9).

K// ----- Flat chart for error service testing ------ \
TestStep MemReqErr [ ] = {
I . Steps from Step_01 to Step_i exhaust all memory resource
1,&GetMemory, 30, &mem_ptr, // Step_i+1
0, &CheckErrData, NO_MEMORY, 0,
I/ e, Remaining elements of the MemReqErr array

K 0,&End_of scheme, ,0} /

Fig. 9. Flat chart for error service testing
Task_1 requires 30 memory blocks, which causes an error because the memory
resource becomes exhausted. The proposed technique of testing the error handling

84



Huxudopos B.B., bapanos C.H. Metox nnockux cxem. Tpyost UCIT PAH, Tom 29, BbimL 5, 2017 1., ctp. 75-92

service is based on the same interrupt simulation technique as in the Resetlsr()
utility. An error invokes a special thread of actions, which the flat scheme
interpreter body enters. The interpreter finds the respective auxiliary line in the flat
chart and performs the CheckErrData() utility assuming that the OS reports the
NO_MEMORY error code into the error handling block.

Thus, auxiliary items extend the flat chart technique and allow to build tests for
checking the OS error handling service.

6. Automated Test-Run Sessions

A test suite for an embedded OS shall include automated means for building a test
application, for loading it into the target device, for test run, and for producing test-
run reports with analysis of the test-run session. Automation tools are intended to
organize a specified test session. The test session specification describes an action
list for building, loading, running test applications, and analyzing the results.
Scalability is one of the most important requirements for an embedded OS testing
application. The user may configure its options to achieve the needed level of
efficiency in terms of speed, memory usage, and the needed inventory of services to
be used. The number of such OS clones grows exponentially with the number of
options. A dozen of binary options correspond to a thousand and more of different
OS clones to be tested. A wide set of tests should be built, loaded, run, and analyzed
for each such clone, their total number may be a million and more. This results in
the need for automation of test sessions with tools to specify them.

Beyond OS scalability there are at least two more reasons for test session
automation: OS projected enhancements and OS porting to other MCUs.

When an OS is ported to a different MCU, the test suite should be ported as well
and such porting should take much less effort than initial development. The flat
chart technique and automated test sessions allow to save porting efforts .

6.1. Local Time Measurement
There are three basic points in the flat chart interpreter body executed by every
thread in the test application. They are:

e the main interpreter loop start point;

e the main interpreter loop end point;

e points of invocation of an OS service or utility.

These points split the body of the interpreter FlatChartinterpreter() into the
following three sections:

e Section 1 — thread configuring to prepare the thread to enter the main
interpreter loop: initialize local variables, determine the Taskld or the ISR
nested level, set CurrentStep to point at the top of the TestStep array, and
specify the start point of the main interpreter loop;
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e Section 2 — organize interpretation of the flat chart through a search of the
appropriate item in the TestStep array: set CurrentStep at the appropriate
value, check correctness of the operation sequence, and perform actions
prior to invocation of a respective service or utility;

e Section 3 — perform a call of the UtilServ utility: (A) for local time
measurement read the timer register, (B) call the UtilServ utility, (C) for
local time measurement read the timer register again, (D) perform log
operations.

The flat chart technique simplifies realization of local time measurements. Calling
an OS service or a utility in the point B is performed through indirect addressing of
the called procedure. All time measurement actions are around the point B (in points
A and C). Storing the result of time measurement is performed in point D.
In case of a context switch resulting from performing operator D, operator A may be
performed in a thread other than that, which operator C was performed in.

6.2. Global Time Measurement

The OS time service directives are not appropriate for local time measurements.
Their precision is not adequate and a direct access to the hardware time register is
needed. In contrast, global time measurements are less precise; therefore, the OS
time service may be used for them. The structure of a flat chart for global
measurements may look as Fig. 10 shows.

ﬂestStep HighPriorTaskSwitching [ 1= { \

1,&CallSysTime, &start_time, O, // Store the start time
0, &LoopStart, &cycle_var, 1000, // Initialize the loop
/] - The set of operations for measurements ------

1,&CallGetMessage, &mesl_ptr, O, // Suspend Task_1
2,&CallPutMessage, &mes1_ptr, 0, //Send msgto Task_1

0, &LoopEnd, &cycle_var, 0, // Terminate loop operations

1,&CallSysTime, &finish_time, 0, // Store the end time

0,&LogGlobalTime, 0, O, // Store the result

0,&End_of scheme, ,0 } // End of scheme j

Fig. 10. Structure of a flat chart for global measurements

The number N of cycles required for measurement depends on the relation between
the precision ATy of the SysTime() mechanism and the duration T. of one
application cycle. Another factor is the duration T, of the LoopStart() and
LoopEnd() operations (assuming they are equal). The larger the value of
NX(Te/(ATm+Tp)), the more precise measurement results will be obtained.

Global measurements provide an answer the question: “Does the time of context
switching depend on the task priority?” To answer this question, compare the result

86



Huxudopos B.B., bapanos C.H. Metox nnockux cxem. Tpyost UCIT PAH, Tom 29, BbimL 5, 2017 1., ctp. 75-92

of the HighPriorTaskSwitching test with the result of the test shown in Fig. 11.

TestStep LowPriorTaskSwitching [ ] = {

] e, Suspend the set of 100 tasks with high priorities
101,&CallSysTime, &start_time, 0O, // Store the start time
0, &LoopStart, &cycle_var, 1000, // Initialize the loop
/] - The set of operations for measurements ------

101,&CallGetMessage, &mesl_ptr, 0, //Suspend Task_101
102,&CallPutMessage, &mesl_ptr, 0, // Msgto Task_101

0, &LoopEnd, &cycle_var, 0, // Terminate the loop

101,&CallSysTime, &finish_time, O, // Store the end time

0,&LogGlobalTime, 0 O, // Store the result
K 0,&End_of _scheme, , 0 } // End of scheme

Fig. 11. The test, in which a set of high priority tasks is suspended prior to entering
the flat chart loop
The only difference between flat chart loops in the tests HighPriorTaskSwitching
and LowPriorTaskSwitching is in the task priority. In the second test, a set of high
priority tasks was suspended prior to entering the flat chart loop. If the OS context
switching is performed at the same time for tasks with different priorities, then the
measurement results will be the same for both tests.
The considered two tests are a particular case of a round-robin processor switching
among tasks. Such a scheme may include an arbitrary number of tasks with different
priorities. Changing the number of operating tasks allows to establish the
dependency between OS performance and its load while changing the task priorities
may impact the speed of task scheduling.

6.3. Latency Testing

For a multi-threaded application executed on a single processor, the tasks and ISRs
operations are executed in a quasi-parallel mode. Flat charts are convenient for
specifying such quasi-asynchronous processes. From the OS point of view, all
threads are asynchronous, but the test logical structure guarantees strong
synchronization of all operations in different threads.

However, a true asynchronous mode of operation is needed for measuring the
application latency w.r.t. external interrupts. The simplest statistical way of latency
measurement assumes simultaneous execution of two logically isolated
components:

e abhenchmark application with a set of interacting tasks;

e a special measurement ISR to calculate time difference between the
moment of the measurement interrupt and the moment when its processing
started.

The benchmark application determines conditions for measuring the latency value.
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It is built in form of a flat chart within a loop with a large number of iterations,
which ensures the repeatability of the conditions of latency measurement.

With this approach, a single result L, of measuring the latency value will be less
than or equal to the maximal possible latency value L;: Lr < Ln. The difference
d=L—L represents the inaccuracy a single latency measurement. Let the acceptable
inaccuracy At of the final result of measurement and the time interval T of time
measurement interrupts be greater than the duration of one iteration of the
benchmark application. Then the probability P that the required accuracy of
measurement is achieved (d<At) is greater than or equal to At/T: P >At/T. To
achieve higher accuracy of the latency measurements, single measurements are
performed n times and the maximum of the values Ly is considered as the final
result. The required accuracy of the final result is achieved with the probability P
not less than 1-(1-At/T)" P >1—(1-AtT)".

6.4. Measuring Code Coverage

A straightforward technique to measure code coverage of the OS under test by a
given test suite is based on direct tracing of the OS code control flow supported with
designated software-hardware means. It’s hardware component should have a
mechanism of trace interrupts with a designated vector (TRAP-interrupts). This
software component is composed by a handler of step-wise interrupts which
performs the role of the tracing program. Execution of each OS instruction is
preceded by an interrupt on the TRAP-vector, which results in the next activation of
the tracing program.
This technique of direct tracing matches the rule for non-interference (subsection
2.1). However, it may be inapplicable for embedded systems because an embedded
application under test may work much slower when running in parallel with the
tracing program. Some operators covered in a real run may be unreachable in the
mode of coverage measuring.
A more appropriate technique of measuring code coverage is based on using codes
of prohibited TRAP instructions. This mechanism is realized with another
designated vector of TRAP-interrupts. In this case, the respective interrupt handler
plays the role of the tracing program and the coverage measurement process
consists of the following steps:
e the contents of the memory area with the OS body (its code) is saved in a
special array and then is filled with the codes of TRAP instructions;
e execution of the test application is started and a software TRAP-interrupt
occurs when any OS service is invoked;
e the tracing program is invoked as the interrupt handler, it restores the
original OS instruction from the special array and passes control to it;

o the restored original OS instruction is executed;
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e if the next instruction to be executed is from the OS body, then it may be
either restored through previous executions or still replaced with a TRAP
instruction and then another TRAP-interrupt occurs which restores the
original OS instruction so that more and more OS instructions are restored.

Upon termination of the test application all OS instructions needed for this
application will be restored and their number equals to the number of invocations of
the tracing program.

This technique of code coverage measurement with TRAP instructions decreases
the time of the test application execution if compared to technique with direct
tracing. Each OS instruction corresponds to at most one invocation of the tracing
program and therefore the overall execution pace becomes close to that of a regular
execution without tracing. A complete match of these two paces is achieved when
only one OS instruction, which we'd like to find whether it's covered or not is
replaced:

e this one OS instruction is saved and replaced with a TRAP instruction;

o the test application runs to termination and if the instruction is not restored
then it was not covered.

This technique with single instruction replacing requires much more processor time
because complete measurement of code coverage assumes iterative runs of the test
application as many times as there are instructions in the OS body.

6.5. Enhancements of the Flat Chart Technique

As noted in subsection 6.3, the flat chart technique allows to describe a quasi-
asynchronous order of test application runs only. To represent true asynchronous
threads of actions (as required for latency measurements), methods beyond the flat
chart scheme should be used.

The quasi-asynchronous order fits well for testing OS kernel services. However, for
testing services related to peripheral devices an extension of the flat chart technique
is needed which allows to specify real asynchronous action flows. This may be done
through introducing new forms, which specify alternatives in the action flow similar
to loop forms in subsection 5.1.

The flat chart technique may be further extended to distributed OS testing. In this
case, a test application is a program with true parallelism and if quasi-asynchronous
execution turns out to be suitable for particular testing, then the only extension
needed is refinement of action flows naming. Otherwise, a separate flat chart should
be developed for each physical processor with additional means for cross-
referencing among elements of these flow charts.

Flat charts form representations considered above are suitable for usage in C-
programs. Similar syntax forms, which require no any special pre-processing, may
be developed for other programming languages. However, when moving from one
language to another flat charts should be completely reworked which is effort
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consuming as the total size of flat charts in a test suite may reach hundreds of
thousands lines. Thus, it is reasonable to develop a language independent unified
syntax for flat chart forms. Then porting a test suite to another platform requires
only to develop a pre-processor of several hundred lines of code. Development of a
universal syntax forms for test representation opens the opportunity to build
standardized test suites for embedded OS testing. A universal language for OS test
applications could be a step forward in development of an automatic test generator

[7], [8].

7. Results of Experiments

Experimental data provided below come from authors' experience in developing and
testing a particular software product — a compact embedded OS for real-time
applications with specific features requested by the customer. The overall approach
to developing this OS follows the classical one [9] initially designed for 16-bit
single board controllers manufactured by DEC since early 1980-ies. To emphasize
the compactness and specifics of such OSs they are usually named "kernals™ or
"executives". The usual size of such an OS developed within this approach is about
several thousand lines of code in C plus several hundred lines in assembler.

The MCUexec (MicroController Unit EXECutive) product, which development the
authors participated in, supported execution of software applications on
microcontrollers HC-11 and HC-12 originally manufactured by Motorola, Inc. and
since 2015 by NXP Semiconductors. To test the MCUexec functional features, 9
groups of flat charts were developed with the described technique.

For integration testing of MCUexec additional 234 flat charts split in 17 groups
were developed, the total number of the developed flat charts being 378. Running
all these test suites resulted in 8 detected defects in different versions of MCUexec,
each of about 5 KLOCs in assembler. The overall effort for developing these flat
charts, running the test suites, and analyzing test run results was 6 staff-months.

Table 1. Nine groups of flat charts for testing the MCUexec functional features

Test grou . o Number of flat
iden%.ifierp Brief description charts
Basic Task delay, system configuration and 10
reconfiguration
Taskld Getting the task Id 3
Task Task suspending/resuming 12
EventU Updating and checking of events 21
EventW Waiting for an event to be set or cleared 30
Slice Time-slicing features 6
Buf Buffer manipulating 23
MesS Message sending and receiving 20
MesR Reply features 19
TOTAL: 144
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8. Conclusion

The flat chart technique gives an efficient way to develop test suites for embedded
OS execution-based testing. Flat chart forms allow to build well-structured and
understandable descriptions of test applications with specifications of tasks and
ISRs for parallel execution. The flat chat technique is suitable for checking the
correctness of implementation of basic OS mechanisms — data and signal exchange
among action threads, run-time allocations of memory, special structures, and
processor’s time. Flat charts are efficient not only for developing functional tests but
for local and global time measurements, for measuring the OS latency and code
coverage. Standardized test suites for embedded OS testing may be built with the
described flat chart technique.
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AnHoTranmusi. CoBpeMEHHBIC AaBTOMATHYECKHE YCTPOWCTBA BCE dUAlle OCHAIIAIOTCS
MHKPOKOHTpoJuiepaMu. Jloruka paboTbl aBTOMaTHYeCKOro 00OpYIOBAaHHS MOIUICPIKHBACTCS
PSIOM PA3IMYHBIX BCTPOCHHBIX MPOrPaMMHBIX HPUIOKEHUH, KOTOpBIC BBIMONHIIOTCS MOJ
YIpaBJIEHHEM BCTPOSHHON orepannoHHON cucTeMsl peansHoro Bpemenu (OC). HagexnocTs
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OC upe3BBIYaiiHO BaykHA TS IPaBUIIBHON pabOTHI Beei aBToMaTndeckoil cucteMsl. Iloatomy
BcTpoeHHyo OC ciefyeT TIIAaTeNbHO TECTHPOBATH C IIOMOIIBIO COOTBETCTBYIOIIETO Habopa
aBTOMATHYECKUX TecToB. Takoii Habop TecToB I TecTHpoBaHUs BCTpoeHHOH OC 00BI9HO
OpraHm3yeTcsi Kak Ha0Op MHOTO3aJayHbIX TECTOBBIX IPHIOKEHUI, KOTOPBIC JIOJKHBI
BBITIONHATHCS IO YIIPABJICHUEM JIAHHBIX. B cTaTbe NMpeacTaBiIeHbl CHENHATbHBIN S3BIK IS
OIIPE/IEIIEHNs] COOTBETCTBYIOIIEH JIOTHKH 3a/1a4d TECTUPOBAHMS U KOHIETIIHS TUIOCKUX CheM
st 3((GEKTUBHOrO BBINONHEHHUS TecTHpoBaHus BcrpoeHHOH OC. UroObl u30exath
WHTEHCUBHON WHTEPIPETAllMM TEKCTOBBIX CTPOK BO BpeMs TECTOBOI'O IIPOrOHA,
IPEJIBAPUTENIBHO 00pa3yeTcs ClEeLUalbHOe NPEJCTAaBIEHHE TECTa, B KOTOPOM HCXOAHAs
crpokoBast ¢opma IpeoOpasyercst B (OpMy pETyISIpHOIO MaccuBa M, TakUM o00pa3oM,
TIOBBIIACTCS (PP EKTHBHOCTH TECTUPOBAHUSL.
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nporpaMMHOro O6CCHe‘-ICHI/IH; CHUCTEMEI p€aJIbHOI'O BpEMEHU
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1. Introduction

In the recent years, new modeling methods of the program systems (PS) and
families (FPS) appeared in software engineering. The methods are aiming to ensure
the variability of software systems, both legacy and newly produced ones. One of
the first Feature Models (FM) called Product Line/Product Family was developed at
the Software Engineering Institute (sei.cmu.edu) for manufacturing software
products and their families basing on the assets by customers requests. Product line
is group of products or services sharing a common managed set of features that
satisfy specific needs of a selected market or mission. K.Czarnecki proposed a
concept of generation of PS and FPS based on FM from reuses and artifacts. Object-
Component Method (OCM) enables modeling of functional elements with support
for variability [1-15].

In the paper, we introduce new models with functional and interface elements and
FM from these elements for generation of variants of PS and their families.

2. The Basic Foundation of the Variability of Systems and
Families

The FM for software products was first proposed by K.Pohl [1, 2] as a basis for
creating variants of software and OS [3-9]:

1) requirements for software are specified by means of the languages —
FODA, RSEB, Forfamel, RequiLine, CBFM , Use Case precedents UML
etc.;

2) tools — ConIPF, CONSUL/Pure::Variants, GEARS are used for integrating
the variability of artifacts with special languages, like Koala, xADL, OVM,
VSL etc.;

3) OS mechanisms and functions (e.g. Unix, Linux, etc.), which can be
generated in LEADS, OCM[16-27] with the languages (VSL, ConIPF,
CBFM, Koalish, Pure::Variant, COVAMOF and others) establishing
relationships between characteristics of FM and the variants of PS.

This paper sets out the basic principles of simulation of variability of PS and FPS in
existing approaches of K.Pohl, K.Czarnecki, etc. and proposes the Object
Component Method of presenting FM on four-level design using a functional and
interface objects. We also define configuration management process in accordance
with the Deming cycle [22] to obtain variants of the PS and FPS.

2.1.Variability of Products and Systems

K.Pohl introduced the concept of variability in FM out of existing artifacts, reuses,
etc. Variability is a property of a product (system) for expanding, changing,
adaptation, or configuration for use in a particular context and to ensure its
subsequent evolution [1, 2]. The FM model includes common functional and non-
functional characteristics of items that can be used by members of the family of FPS
for creating different variants of the PS configured at variation points [1-29].The
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variation point is a place in the Legacy-system, which are used for production
variant of the big systems.
FM defines the process of creating a product from existing software elements,
which are called Ready to Use Component (RUC) [11], which includes — reuses,
assets, applications, etc. The FM in Software Product Line Engineering (SPLE) is
based on two processes: engineering of domain and application engineering.
The main aspects of variability of products and systems are:

e model characteristics of the FM with variation points for functional

elements;
e variability of the system architecture with variation points;

® managing variability of RUC.

2.2. Variability in the Space of Problems and Solutions

K.Czarnecki [3, 6] provides a modeling of the architecture of the PS and FPS in the
problem space and problem solution similar to SPLE approach. The basis of the
approach is the characteristics of RUC that appear in FM implementing
requirements to PS or FPS. Between characteristics (n) and requirements (m) there
may be nX'm relations. Each PS is defined by selecting a group of characteristics.
FM consists of the functions that are available to the user of the system and can be
in the spaces of problems and solutions, and describes the domain model by means
of DSL (Domain Specific Language) with a means for increasing the level of
abstraction of FPS.

2.3. Variability of the Functional and Interface Elements in OCM

The Object-component method OCM proposes a four-level design of object model
(OM) of PS and FPS [21]. After design of the OM, we obtain the graph G, which
has the form:

G = (Gy, Gy, Gy3, Gyg), Where

G, — Objects at the synthesis level (t = 1);

G, — FM at the characteristics level (t = 2);

G3— functions at the structural level (t = 3);

G,— interfaces relationships at the behavioral level (t = 4).

Fig. 1 shows the elements of processing on the levels of design and structure of
OCM objects, their structure, characteristic functions F, =(fo; ,...,fon) and interface
elements of them I,= (ioy, ...,0om ) [4, 13, 21].

These features of functional and interface object of OM are located in the PS and
FPS.

A functional object f, specifies a formal description of application functions PS,
which ensure the solution of problems of a particular domain. This object is given
by a triple: the name, data types and their values.
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Interface object i, specifies a formal description of the operations and data of
functional objects. The i, object is a mediator of interacting functional objects and
1,(f,) equals to In(f,) or Out(f,) or Inout(f,), where

In(fy) is a set of input interfaces for transferring data from the f, to the other
objects;

Out(f,) is a set of output interfaces for transferring output data back to the object

fo,
Inout(f,) is an intermediate interface that converts data from/to f,.
I. Resumptive level 1o, | S52) =
Definition of functional (fo) and interface (io) - —_—
objects

Il. Structural level
Definition of genus-species relationships of objects fo and io

g} ig} :} {} {}

Ill. The characteristic level

Defining predicates for the interaction of objects in the various
environments

fInterfaces N e R

g} {2}‘ ] {2}_{; {g}

IV. Behavioral level

Modeling the behavior of

functional objects using interface
objects g

Fig. 1. OM of graph G with functional and interface objects

Axiom. For each functional object, the FPS has at least one characteristic (internal
or external) that defines semantics and a unique identification it in the set of F, and
interfaces .

Features allow to establish the truth of the matching types with Con; = (Piy, ..., Pi)
where Py, is a condition predicate on F;.

Four-level mathematical design FPS of functional and interface objects is defined
by the graph: G = (F,, lo, R), where F— the set of functional objects, I, — the set of
interface objects, R — the set of relations between these objects [13].

Graph G includes a front-end objects I, (Fig. 2), which call the other object and pass
appropriate data with the required type and size.
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Fig. 2. The graph G on the set of functional and interface objects

Nodes of G represent functional elements — fo1, fo2, fos, fosr Tos. foss for, fog a@nd
interface elements — iy, ios io7, Iog, @nd edges correspond to relations R between all
types of objects.

Elements f,; — fog are described in any programming language, and front-end objects
io5 —log are described in IDL. The parameters of the external characteristics of the
interface objects are passed between objects through interfaces, and are marked as
In (input), Out (output) and Inout (input and output).

The relationship between the functional objects f, f, is provided by interface
objects, i.e. fo is In(fox) or Out(foy); for is In(fy) or Out(fy):

fo - for = (OUt( fa )- In( fox ))v

Theorem. The functional interaction between two functional objects is correct, if
the first object fully matches functions and data that are required by another object:

In(fox) OUt(for).
With graph G it is possible to construct individual programs Pg - P53 using

mathematical operation U and corresponding link operation:

l) PO = (Pl UP2UP3),

2) Pl = foz Uf05, link P]_:In io5 (foz Uf05);

3) P2 :f02 Ufoe, link P2=|n iO6 (f02 Ufog);

4) P3=fos Ufor, link Ps=In o7 (fos Ufor);

Below we consider the design of models of systems and their variability models.

2.4. The definition of models of the PS, OS and their variability
This section discusses models of PS, FPS, OS and their variability.

2.4.1 The models of PS, FPS and their variability
Model of PS — M- (Cr, My, Mg, M, M), where
C_—are languages L = Ly, Ly, ..., Ly,
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M; = (for, o2, ..., for) — functional objects;

Ms= (MSin, MSgut, MSinouc} IS the set of services — input Ms;,, output MSy
and server MSinout,

M;— is a set of interfaces in IDL;

Mgy — data of the PS [9, 13-22].

Model of variability PS — M, = (SV, AV) [14, 15], where

SV — submodel of variable architecture PS;

AV — submodel of variability of artifacts FPS or RUC.

M. enables variability of products and reduces development costs with the
help of RUC.
The submodel AV determines the structure of the PS from RUC, which are
stored in the repository. This submodel displays the characteristics of FPS,
as well as aspects of the relationship (through the interfaces) between
different levels of the OM. Variation points are handled by the configurator
and replaced by some other RUC (correct ones or new).
The submodel SV = ((G;, try), Con, Dep), where

G, = (F, LFy) —is a graph of artifacts on level t;

tr, — connection between artifacts on level t;

Con, Dep — the predicates of the sets of artifacts that define the
constraints and dependencies among the functional elements and their
indicators of quality.

The concept of a family of programs introduced Dijkstra (1970), which
is based on "family" which can be derived from different versions of
programs, and can be adjusted and replaced according to requirements [11-
24]. Family of program systems — FPS is a set of systems with a common set
of concepts, specific data, and functional and interface characteristics that
are inherent to every member of the family.

Model of FPS family has the form:
Mees = {Mom, Mgy, Myar, MC}, where
Mom — OM;
Mew— FM;
M,ar — variability model of FPS;
MC — model of configuration assemblies;

Model of variability of the FPS has the form [18]:
SVeps = ((CF; (DR, TC); (CM, FR, TS, TA); (ER, TF)); Con, Dep), where
CF — characteristics of the system,
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DR — detailed characteristics related to requirements of PS;

TC — relations between the requirements of PS and consumer properties;

CM — the set of formally described software elements of the set of
functions FR;

TS — the set of formally described tests;

TA — interfaces between elements of FPS;

ER and TF — database for processing elements of CM,;

Con — are domain constraints;

Dep — are dependencies between artifacts of FPS.

To assess the variability of the FPS an orthogonal variability model (OVM)
is created [15, 16]. It coordinates the composition and interrelation of the
family elements and artifacts of the assembly processes of the PS and FPS.
The evaluation model is included in the integrated model of variability of
the OVM. It is used to assess the level of variability, taking into account the
requirements for artifacts.

The model OVM has the form:

OVM = (EVM, VP), where

EVM = (VL, VR),

VL — model for estimating the level of variability, taking into account the
requirements to the components of the architecture, artifacts and data;

VR — model for estimating the level of variability in the FPS, taking into
account the requirements, the architecture, artifacts, and data.

VP — the sets of variation points in the FPS structure that specify

individual characteristics of the PS, including the constraints Con and Dep
dependencies;
The OVM model defines two types of assessments of the FPS variability —
level and relevance to the consumer needs. The assessment of the level of
variability and the degree to which it meets the needs is carried out using the
value tree and the parameters VL and VR, which take into account the costs
and the frequency of producing new variants for the customer.

2.4.2. Model of operating system kernel and its variability
Model of OS kernel is a collection of individual program fragments
implementing the functions of the OS, e.g. Linux [3, 23, 25, 26].
Model of OS kernel is a set of artifacts and interfaces between them:

Mos = (Sk, My, Mg, M), where

Sk— a set of fragments of OS code;

M; — a set of features;

M, — a set of dependencies between features,
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M; — a set of interface features (subset of My).

The variability model of the OS is identical to the PS model [25].

The OS defines a set of functions and their features. To generate some
variant of OS we define the required set of functions and specify the set of
interface features.

3. Managing variability of systems
Variability of systems depends on requirements, FM, architecture,
documentation, tests, etc. In general, the variability can be implemented in
both PS and FPS. In the case of PS variability includes documentation,
functions and elements of any type. In FPS, the variability includes the sets
of individual products.
The variability of the FPS is managed with:

- variation points;

- versions of the artifacts;

- predicate constraints for variation points.
The variability is managed by method of E.Deming, determined by the
functions F1 - F4 (Fig.3) of the development of FPS [22-27]:

—

\
Plan »
—how to improve - how to do
the next time - what to do \
—at which stage |
of the plan
Check Do
- productively - doing what
- effectively is planned ’//

Fig. 3. Functions in the Deming cycle
F1 — operations and actions for preparation of artifacts (Act) [23];
F2 — planning of system construction from the artifacts (Plan at the
levels of domain engineering and application engineering);
F3 — testing and verification of changes (Check);
F4 — update system FPS (Do).
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Managing variability of FPS in accordance with the requirements R is
performed by:

1) justification of the solution F1 (requirement R1);

2) agreement on the implementation approach (requirement R2);

3) validating the correctness implementation (requirement R3);

4) tracking relationships between system characteristics at all
development stages (requirement R4).

4, Verification of the model variability

The object of verification is a model of the characteristics of the FM and
requirements for the development of a new system. Properties of objects,
subject to verification of FM are described by means of Linear Temporal
Logic (LTL) or a Computational Tree Logic (CTL). Main approaches to
formal verification of object are based on deductive verification and model
checking [22-29].

Model checking is only applicable to models with a finite number of states
and consists in checking that the model conforms to its formal
specifications. The specifications are described using the language of
temporal logic and assertions. If there is a mismatch between the model and
specifications then the counterexample is produced.
The model checking involves execution of the following actions:

1) Build a model of the functional and interface objects, which must
have a small number of states.

2) The specification of the requirements in terms of temporal logic.

3) Verification of the model.

5. Assembling artifacts and RUC in FPS

The assembly of artifacts includes steps F1-F4 using the RUC, and storing
them in the repository according to requirements and predicates for RUC
[13-15]. The configuration management of the PS in the FPS includes:

e identification of configuration items and data;
e managing the process of changes of artifacts and products;
e changing the models of variability under the new requirements;

e assessment of the variability of the PS and the FPS.
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For managing artifacts and their variability in the PS and FPS, so-called
model configuration environment is created, which includes:

— Dbuilding process of RUC and artifacts of the system;

schema description of artifacts and database of requirements;

architecture, a set of basic RUC and PS in repository.
—  Configurator, combining the artifacts in PS and FPS

Managing of configuration environment includes collecting data for such
standard operations like reporting and audit.

Reporting configuration — collecting and reporting all necessary information
about the state of the development process of the PS.

Audit configuration — guarantee that the PS contains the functionality
planned in accordance with the specifications including requirements,
architecture and user documentation.

In the development of PS the term "assembly" refers to the process of source
code transformation from artifacts or RUC, which can be done on a
computer and converted into code to run. One of the steps of Configurator is
compilation of the source code into intermediate code or into the machine
code. Then the linking process replaces the addresses of functions by real
addresses used in the program at run time.

Configuration build is based on (Fig.4):

- the engineering model for the development of elements,
components, assemblies, reuses, assets, services, product, FPS,
and development management to plan and coordinate this
activity [25];

- the process model under development "to ensure re-use™ (for
reuse) and develop "the use of RUC" (with reuse); the model
for controlling variability in the process of configuring the
product from RUC.
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AppFabric
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j@

“.cs/* xoml*.dIl/* exe/* jre

Developer

Fig. 4. General model of configurator in .Net

Organization of the development of the PS and FPS is based on the
following axioms.

Axiom 1. The technology defines a cyclic sequence of software
development processes and updating FPS.

Axiom 2. Each terminal characterization of OM is implemented by one and
only one RUC.

6. Testing of FPS products

The structure of FPS includes RUC and test products (plans, test suite, test
data, etc.) [25-28]. Test code is generated for testing individual PS and form
a set of tests for the FPS. Testing method of FPS is based on requirements-
based testing. It specifies the actions to manage testing on the basis of
"requirements” with the help of tests to verify functional and interface
objects. It determines the control degree of test objects and interfaces, and
also the evaluation criterion for the quality of the FPS for the variants of the
PS family of FPS. The scheme of testing of the FPS is given in Table 1.
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Table 1. Basic schema of testing PS families

Types of testing test

Testing objects

as a set of FM to a specific product

Testing of software system architecture | All products, individual
products, and functional
elements

A set of tests of the family, adaptation | All products are individual

products of the family

Testing requirements (ScrenTED)

Products of the FPS self-test

beans" (improving productivity)

Self-testing Functional objects and interface
The application of metadata Functional objects and interface
"Test print components" "testable | Functional objects and interface

Orientation to the service security and
reliability (e.g. for Web applications)

Separate objects and interfaces

Automatic  test  generation  for | All products of the family
specifications in Boolean form

FCTA (Fault Contribution Tree | Family products
Analysis)

Thus, this technique of testing of FPS [28] consists of three steps:
1) Testing artifacts, applications, PS, RUC and reducing the defects in the

FPS.
2) Testing of FPS by means of tests.

3) Checking the degree of testing functional and interface objects of the

FPS.

The test used offline and is common to test individual elements of the FPS.
In the last step the degree is defined by the quality of testing metric KT:
KT =1, if tested operations are independent from each another;

KT = 0, if tested operations depend on the execution path and

interoperability.

KT belongs to the segment [0; 1] and is calculated according to the

following formula: gz _ —ZKT:

=1

The final value KT of the FPS specifies the level of examination: KT =1 if
all objects are controlled and KT = 0 if not all objects are controlled and
0<KT < 1 means that the objects of FPS partially controlled.
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The metrics of the control interface ClI; is calculated according to the
formula:

CI=1/n¥ CI,

Where CI; — the degree of correctness of data type conversion in the i-th
interface object.
If Cl; = 1, the interface is fully controlled, Cl; =0, the interface is not
completely controlled;
Cli= (0, 1) —the interface is partially controlled.
The metric value of Cl means: 1 — control of CI; interface is complete; O -
otherwise.
The test used offline and is common to test elements of the FPS.

testing for compliance with specified requirements to individual family
members PS and the entire family FPS checks the degree of product testing.
If this degree is high, then the manufactured product is delivered to the
customer.

7. Conclusion

The basic fundamental concepts of modeling variability of PS and FPS are
given in the original methods of K.Pohl according to FM in Product Family,
K.Czarnecki in the space of problems and solutions with ready resources
(reuses, assets, artifacts, RUC, etc.) and logic-algebraic approach OCM for
modeling the FPS from functional and interface elements. We developed the
theory of model definition of FPS from the ready resources for software for
FM. The proposed variability model of FPS is based on the specified
requirements of the FPS for solving optimization problems of planning of
development processes and for evaluation of variability model. Methods for
verification, testing, and executing of variants of PS and FPS were proposed.
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lNMpoekTupoBaHne mopenen BapmabenbHOCTU Ans
NpPoOrpamMMHbIX, ONepauuoOHHbIX CUCTEM U UX CEMENCTB

L2E M. Jlaspuwesa <lavr@ispras.ru>
'B.C. Mymunun <mutilin@ispras.ru>
YA.I". Poiorcos <ryzhov@ispras.ru=>
1Hl-tcmumym cucmemnozo npoepammupoganus um. B.I11. Heannuxosa PAH,
2. Mockea, 109004, yn. A. Concenuyvina, 25
2Mockosckuti husuKo-mexuuueckusi uHcmumym,
Mocxosckas o6x., e. [loneonpyonwiii, 141701, yn. Uncmumymckas, 9

AnHotammsi. CIIOXKHOCTh CYIIECTBYIOIIMX CHCTEM M HX CONPOBOXICHHUS IpUBETa K
CO3/IaHUIO HOBOW KOHIIETIIINH BapHaOeIbHOCTH CHCTEM, ONpeesieMoil ¢ MOMOIIBI0 MO
xapaktepuctuk (MX). B cratbe MBI paccMarpuBaeM MOAXOABl K  (opMaribHOMY
onpeaeneHnio MX W CO3aHMIO Ha WX OCHOBE BapuaHTOB mporpammubix cuctem (I1C),
onepanoHHbIx cucteM (OC) u ux cemeiictB. Mbl paccmMoTpuM Merons! co3nanus [IC B
nuueiike npoaykros (ProductFamily/ProductLines), konseiiepe K.Yapheiku misi cOopku
apTe(akToB B IPOCTPAHCTBE MPOOJIEM U PEIICHNUH, JIOTHKO-MaTeMaTHIECKOe MOJIETTHPOBAHIE
TIC u3 GyHKINOHATBEHBIX ¥ UHTEPEHCHBIX 3JEMEHTOB B 0OBEKTHO-KOMIIOHEHTHOM METOJIE
(OKM), BeigeneHne (yHKOIMOHAIBHBIX »1eMeHTOB B OC B MX mid reHepanuy HOBBIX
BapMaHTOB 3ToH cucrteMbl. OO6cyxnaloTcs MOAXOAbl (hopmanu3anuu BapHaOeIbHOCTH
cymectBytomux, HoBeIX 1IC u ux cemelict. OmpeseneHa HOBas KOHLEMLUS YIPaBICHUS
BapuabensHocThIO ¢ momolnkio OKM. IIpemnoxxenst moaxoas! k Bepudukanuu MX ms [1C,
OC, ux ceMelcTB 1 KOHGHUTYpHUpoBaHUs QYHKIMOHATIBHBIX U HHTEP(EHCHBIX 00BEKTOB IS
MOJTyYeHHs HOBBIX BAPUAHTOB CHCTEMBI. M3ydeHbI XapaKTEpHCTHKHU IIPOLiecca TECTUPOBAHUS
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MoaxoA K onpeAeneHnio AOCTUKUMOCTH
NPOrpaMMHbIX AedeKTOB, 0GHaPYKeHHbIX
MeTOA4O0M CTaTUYecKOro aHanusa, npu
MOMOLLM AUHAMUYECKOrO CUMBOSILHOIO
ncnonHeHus’

A.JO. I'epacumos <agerasimov@ispras.ru>
JI.B. Kpyenoe <kruglov@ispras.ru>
M.K. Epmaxos <mermakov@ispras.ru>
C.I1. Bapmanog <svartanov@ispras.ru>
HUnemumym cucmemnozo npoecpammupoganus um. B.11. Heannuxosa PAH,
109004, Poccus, . Mockea, ya. A. Coaxcenuysvina, 0. 25

AnnoTtamus. Cpean METOJIOB aHAJIM3a MPOTPaMM Ha HaTMUYUe J1e()EKTOB BBIICISIOT METOBI
CTaTUYECKOTO W JWHAMHYECKOTO aHaium3a. B  JaHHOHW cTaThe MBI Mpeaiaraem
KOMOMHHPOBaHHBINA MOJIXOI, 3AKITIOYAIONIMNACS B IPUMEHECHUH AUHAMUYIECKOTO CHMBOJIBHOTO
UCTIOJTHEHUS Ui ONpPEACTCHUS JOCTIKHUMOCTH Ne(eKTOB, HaWJACHHBIX NPH HNOMOIIH
CTaTUYECKOTo aHanm3a. [IpemiaraemMelii TOAXO SABISETCS Pa3BUTHEM paHee MPEIOKEHHOTO
MOJIX0/a OTpeAeNeHUs JOCTHKUMOCTH OIPENIeNIEHHOW UHCTPYKIIMK B MPOrpaMMe METO/IaMHu
JIMHAMMYECKOTO ~ CHMBOJIBHOTO  HCIIOJIHEHMsS, TPUMEHEHHOM MOCIEA0BATEeNILHO ISt
HECKOJIbKAX TOYEK B MPOTpaMMe, BKIIOYAIONINX TOYKH WHHUIHATH3ANU Je(eKTa, yCIOBHbIC
nepexoasl B Tpacce aedekTa M TOYKy peanmusanuu nedekra. C Hayama MPOM3BOIAMTCS
CTaTUYECKHH aHaJM3 HWCIOJHAEMOTO KOoJa TMpOTpaMMBl C MENbI0 BBHIACICHUS IIyTeH
WCTIOJTHEHHUS, KOTOPbIe MPUBOAAT K TOYKE WHHUNUAIM3AIMU nedekra. [lamee mpou3BoanuTCS
BBIUNCIICHHE BXOIHBIX JAHHBIX, MPHUBOIAMIMX K TOYKE WHUIUAIU3AIHNU AEPEKTa METOIOM
TUHAMHYECKOTO CHMBOJBHOTO WCIIOJNHEHUS M MPOXOKACHHUS 0a30BBIX OJIOKOB, JISKAIIUX Ha
Tpacce aedeKTa, BKIOYAs TOYKY peanu3anuu aedekrta. Beibop Hanbonee mepcreKTUBHOTO
MyTH JUIS UCTIOJHEHUS MPOrpaMMBbl MPOU3BOIUTCS MPHU MOMOILIM METPUKH MHHHUMAJIbHOTO
paccTosiHUSL OT IMYTH MWCIOJHEHHUs Ha MpeNbIIylledl UTepaluu 10 CIeayrolleld TOYKH Ha
Tpacce nedexra. MeTprka BbIUUCISIETCS Ha OCHOBE MyTel B rpade BHI30BOB B IpOrpamme,
pacumpeHHOro TpadoM MOTOKa yIpaBieHus (YHKIUH Ha IMTyTSX UCTIONHEHHUS, IPHUBOISAIIAX K
peammzanun nedekros. [Ipemnaraemslii moaxox ObLUT MPOBEPEH HA HECKOIBKHUX MPOrpaMMaXx C
OTKPBITHIM HCXOJIHBIM KOJOM H3 KOMIUIEKTa YTHIIUT KOMaHIHOHM CTPOKH OIEpallHOHHOM
cuctemsl Debian Linux. B pe3ynbrare sKcriepuMeHTaIbHON MIPOBEPKU OBLIO ITOATBEPXKICHA
BO3MOJKHOCTh TIPUMEHEHHUS JTAHHOTO MOAX0/a K Kiaccuukanuu 1e(eKkToB, HallICHHBIX PU

HccnenoBanue NpOBOAUTCA B paMKaxX HayyHO-HCCIEAOBAaTENbCKUX padoT MHcTuTyTa
cucreMHOT0 niporpammupoBanus uM. B.I1. ViBanaukoBa PAH B 2014-2017 romax
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MOMOIIM CTAaTUYECKOTO aHaim3a mporpamM. Takxke, ObBUIM OOHAPYXEHBI HEKOTOPHIC
OTpaHMYEHMSI, NPEISTCTBYIOUIME BHEJPEHUIO JAaHHOTO I[0JAXO0Ja B IPOMBIIUICHHbIE
MHCTPYMEHTH! aHanu3a. OJHUM U3 HAIpaBlICHUH DadbHEHIINX HCCICIOBAHUI MOXKET OBITH
BBIOPAHO MCCIICOBAHUE TTOIX0/I0B K CHITHIO 3TUX OTPAaHHICHUIH.

KnioueBble cj10Ba: CTaTHYECKUIA aHANIN3 IPOrpaMM; TUHAMHYECKUN aHaJIN3 IPOTPaMM.
DOI: 10.15514/ISPRAS-2017-29(5)-7

Jna uutupoBanus: I'epacumor A.1O., Kpyrnos JI.B., Epmakos M.K., Bapranos C.IL
Tlonxox ompexmeneHUs] NOCTHKMMOCTH TPOIPAMMHBIX e(pEKTOB, 0OHAPYKEHHBIX METOIOM
CTaTUYECKOTO aHalM3a MNpOorpaMM, IpU MOMOIIM AWHAMH4YecKoro aHammza. Tpyast WMCII
PAH, tom 29, Beim. 5, 2017 ., ctp. 111-134. DOI: 10.15514/ISPRAS-2017-29(5)-7

1. BeedeHue

CeromHs TOCTOSHHO pacTéT CIOXKHOCTh pa3padaThlBa€MOT0 IIPOrPaMMHOTO
obecrieueHnsi, B CBSI3M C 4YeM 3a/Jadya aBTOMATHYECKOrO OOHapyKeHUs H
BOCIIPOM3BEICHHS MPOTPAMMHBIX Je(EKTOB CTAaHOBUTCS BeCbMa akTyalbHOH. [lo
OJTHOI M3 BO3MOXKHBIX KJIacCH(UKAUl METOJOB aHAJM3a MPOrpaMM BCE ITOJIXOJIbI
MOXKHO pa3[eNuTh Ha JiBe€ OOJbIIME TPYHIbI: METOJBl CTAaTHYECKOTo aHaiu3a U
METOBI TMHAMHUYIECKOT0 aHaJIM3a.

CraTuyeckuii aHaIn3 MPOU3BOAUTCS Oe3 3aIycKa IMporpaMMbl Ha UCIIOJHEHHE U KaK
MPaBUJIO N0 HEKOTOPOW CEMAHTHYECKOHM MOJENU IpOorpamMMbl, MOCTPOEHHOH IO
HUCXOIHOMY WM HcHoiHsAeMoMy Koxy. CyliecTByeT HECKOJBKO TPHIOKCHUH
CTaTUYECKOTO aHalli3a MpoTrpaMM, TaKuX Kak cOop merpuk [1l] m moctpoeHme
BEIBOZIOB O KAaueCTBE IPOTPAMMHOTO OOCCIIEYeHHs Ha WX OCHOBE, TeHepaIus
TECTOBBIX cuieHapueB [2]. Tak wiu MHaYe METOBl CTATHIECKOTO aHAIN3a MIPOTPaMM
TpeIHa3HaYeHBI I 00eCIIeYeHNsT KauyecTBa MPOTPAMMHBIX MPOAYKTOB, B CBS3HU C
4YeM METOJBI OOHAPYKEHHUS Je(PEKTOB U ySI3BUMOCTEH 0€301MacHOCTH B MPOTpaMMax
MONYYHIIM HamOoliee IIMPOKOE pACIPOCTPaHCHHE B WHAYCTPUH MPOTPAMMHOM
umkenepun [3, 4, 5]. CTouT OTMETHTH, YTO METOIBI CTATHYECCKOIO aHAIHM3a
HEJI0CTAaTOYHO TOYHBI B OOHapykeHuu ommbok [6, 7], u cBA3aHO 3TO B MEPBYIO
ouepens ¢ obecrieueHHeM TpeOOBaHUHI MaCIITAONPYEeMOCTH M IPOU3BOAUTEIEHOCTH
ananusa [8, 9].

JuHaMudeckuil aHaTU3 MIPOU3BOAUTCS JINOO B MPOIECCE MCHOTHEHUS MPOTPAMMEI
(online-anamuz) [10, 11, 12], mu6o mocne 3aBepiuenust paboter mporpammsr (0ffline
wii post-mortem ananus) [13]. Cpeaur METOI0B AMHAMHUYECKOTO aHAIU3a IPOrPaMM
CTOMT BBIIEIUTh JUHAMHYECKOE CHMBOJIbHOE HCIONHEHUE [14], TakKe M3BECTHOE
Kak KOHKpeTHO-cuMmBosibHOe (concolic — concrete and symbolic) [15], xoropoe
COBMEILIAET PeaibHOE HUCIOJIHEHUE TIPOrPaMMBbl ¢ CUMBOJIBHBIM HCIIONHEHHEM [16].
JluHaMuueckoe CUMBOJBHOE MCHOJHEHHE TII03BOJIAET MPHUMEHATh TEXHUKH
UCCIIeIOBaHUs myTed mporpammsl [17] W, 100aBisis npeaukaThl 6E30MacHOCTH K
orpaHuyeHusM mnytu (path constraint), mnpoBepsTs NOTEHUMATBHO OMACHBIC
orepalMu Ha HaIMYMe peIbHBIX OMMOOK B TporpaMmax. JlnHammuueckoe
CHMBOJILHOE MCIIOJHEHUS TIPUMEHSETCS /ISl TAKUX 33/1a4 KaK TeHepaIysi TeCTOBBIX
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NOKPBITHH, aHAIN3 YTEUeK KPUTHYCCKHX TAHHBIX B MPOTrpaMMe, aBTOMATHYECKas
reHepaiss (QUIBTPOB A8 BXOAHBIX JAHHBIX C LEJIbI0 MPEIOTBPAIICHHS
JKCIUTyaTallK YSI3BUMOCTEH B IpOrpaMMax, oOHapyKeHHe OIIUOOK U YSI3BUMOCTEH
B mporpammax [18]. Hamboiee cepbe3HbIM OrpaHHYCHHEM Uil MPUMEHEHHS
METOZOB YHCTOTO IMHAMUYECKOTO CHMBOJBHOTO HCIIOJHEHHS MU aHalu3a
IPOTrpaMM SBISIETCS MpobiieMa SKCIOHEHINAIBHOTO B3phIBA KOJIMYECTBA MyTeH s
ananmsa (path explosion). Kaxmelii yCrloBHBINM Tepexo B MPOTpamMMe, 3aBHCSIIINIA
OT BXOJHBIX JIAaHHBIX, HOTCHINAJIGHO YBEINYMBACT KOJIMYECTBO MyTeH M aHAIH3a
B [IBa pa3a, YTO B KOHEYHOM HMTOTE NMPUBOAUT K PE3KOMY POCTY KOJIMYECTBA ITyTEeH
IUISL aHAIM3a W HEBO3MOXKHOCTH HcueprbiBatomero (exhaustive) ananmsa peanbHbIX
OpPOrPaMM.

B cBs3M ¢ yKa3aHHBIMH BBIIIE U3BECTHBIMH OTPAaHHYCHUSAMH CTATHYECKOI'O aHAIM3a
Y IUHAMHYECKOTO CHMBOJILHOTO HCIIONHEHUS, IPUMEHEHHBIMHU B MOCIIETHES BpeMs
pa3BHBAIOTCS KOMOWHHMPOBAHHBIC IIOJIXOJbI, IO3BOJISIONINE KOMIICHCUPOBATH
HEJIOCTaTKH KaXXIOr0 M3 MOAXOMO0B B OTAeIbHOCTH. B pabore [19], mocesmieHHOM
omucannio uHctpymenta Check’n’Crash, paccMarpuBaetcs MOAXOA COBMEIICHHS
CTaTHYECKOT0 aHajM3a KoJia MporpaMM Ha s3bIke Java ¢ 1enbio OOHapyKeHHs
KPUTHYECKHX OLIMOOK BPEMEHM HCIOJHEHMs M IleJICHANPaBICHHOW TeHepaluu
TECTOBBIX CLIEHAPUEB IS TIOTBEP)KACHUS HAJCHHBIX OLIMOOK B ITPOIIECCE 3aIycKa
CTeHEpHPOBAaHHBIX TecToB. B pabote [20] onmchiBaeTCs MOAXOA K YIYYIICHHIO
NPOU3BOAUTEIILHOCTH T'eHEPaLld TECTOB Ul OIIMOOK, HAICHHBIX B IMpOrpaMmax
IpH TIOMOLIM CTATHYECKOrO aHanu3a, IyTéM BbIIeNeHUs cpe3oB  (slice),
OTHOCSIIUXCS TONBKO K MOTOKY IAHHBIX, BIMSIOIMIMX HA HaiIeHHYI OmuUOKy. B
padote [21] ommceBaercs mHCTpyMeHT CONBOL, xKoTOpOM METOA CTaTHYECKOTO
aHaJM3a UCIMOJb3yeTCs ISl OOHApyKeHUsl OMIMOOK B (YHKIMSAX MPOTPaMMbl M
reHepalyy TECTOBBIX CLEHAPHEB Ui JEMOHCTpAalMM HalWJeHHbIX omunbok. B
pabore [22] paccmarpuBaercs wuHCTpymeHT HVDS, kortopsiii coBmeriaer
oOHapy)XeHHE TIO/IO3PUTEIBHBIX MECT B IIpOrpaMMe METOAOM CTaTHYECKOTO
aHAIIN3a M TEHEePAIMIO BXOMHBIX JAHHBIX ISl TIPOXOXKICHHS MO MYTH, TPUBOISIIEM
K HalJeHHBIM TIOJ03PUTENBHEIM MecTaM. B pabore [23], mOCBSIIEHHOM
unctpymenty DSD-Crasher, xotopsiii  passuBaer wumeun  Check’n’Crash,
OIKCBHIBACTCA TONXOJ K OOHapyKEHHI0 KPUTHYECKUX OIIMOOK BpEMEHH
UCIIOJIHEHUsI, NPUBOAAIINX K aBapUHHOMY 3aBEpIICHUIO MPOrPaMMbI ITyTeM
COBMEILICHHUS CTAaTHYECKOr0 aHaju3a MPorpaMM Ha si3bIKe Java, KOTOPBIH IMojydaeTt
OrpaHUYCHUS HA 3HAYCHUs BXOJHBIX JAHHBIX HA OCHOBE M3BJICUYCHHS MHBAPUAHTOB
NOBEJCHHUS NPOrPaMMbl M3 MMEIOLIUXCS TECTOB MPOrPaMMbI M aBTOMATHYECKON
reHepalMd TECTOBBIX CIEHApWUEB Ui NPOBEPKM HWCTUHHOCTH HAMJICHHBIX
MPOTPaMMHBIX OomnOoK. B pabote [24] mpemmaraeTcsi COBMEIICHUS CTaTHYECKOTO
aHaJM3a TMPOrpaMMbl Uil TeHEPalMH PEryJSPHBIX BBIPAKEHHH, OMUCHIBAIOIINX
OTpaHHYCHUs] HA BXOJHbIE JAaHHBIE MPOTrPaMMbI, T'€HETHYECKOIO alropuT™Ma JUis
reHepaIiy BXOAHBIX JaHHBIX MPOTPAMMBI TS OOHAPYKEHHUSI KDUTHIECKHX OITHOOK
BPEMEHHM HCIIOJHEHMsI mporpammbel. B pabGore [25] mnpemmaraetcs wmeTon
COBMEILIAIONIMI CTATHYECKUH aHATM3 HAa OCHOBE aOCTPAKTHOH HHTEPIpeTaluu
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MPOTPaMMBI W TEHEpaIMi0 TECTOBBIX HAOOPOB IS TOATBEPKACHUS NEPEKTOB B
nporpamMe. B pabore [26] mpemnaraetcs mMoaXoa K COBMEIIECHHIO CTATHYCCKOIO
aHaJIM3a MMPOrpaMM JUIs OreparionHoi cucrembl Android ¢ 1enpio oGHApYKeHUs
MOCJIEIOBATEIEHOCTH  COOBITHH  ONEPAallMOHHOW CHCTEMBI, TPUBOIAIMICH K
WCIIOJIHCHHUIO OTPE/ICICHHBIX YacTed KoJa MporpaMM, ¥ JHHAMHYECKOTO aHaln3a
MpOTpaMMBI ~ HANpPaBJIAEMOr0  3Toi  WHMOpMAIMed ¢ IeIbl0  TIeHepaluu
MOCJICIOBATEIILHOCTH COOBITHI, MPUBOMANIMX K HCIOJHEHUIO TMPOrPaMMBbl O
KPUTHYCCKUM C TOUKH 3pCHHS 0C30MaCHOCTH MyTsAM B IporpaMMe (¢ JHHAMHYECKOM
3arpy3Koil Kojia I BBI30BAMHU K METO/IaM OTEPAIlHOHHOM cucTeMbl). B pabote [27]
paccMaTpuBaeTCs HMHCTPYMEHT, COBMCHIAIOIINN JUHAMHYECKOE CHMBOJBHOE
WCIIOJIHEHHE MporpaMM Ha si3eike C#, KOTOpoe B IpoIecce MOCTPOSHHSI TECTOBOTO
MOKPBITUSL TPOTPAMMBI  OJHOBPEMEHHO IMPOBEPSACT 3allpeUICHHBIE COCTOSHH,
3apaHee HaiileHHble B IpOIecce CTAaTHYECKOTO0 aHalIW3a  IPOTrPaMMEL,
00HapyKUBAIOIIETO HAPYIICHNE KOHTPAKTOB BEI30Ba () YHKITHIA.

B nmanHO# cTaThe MBI paccMaTpUBacM MOIXOJ COBMEIICHHS CTATUYECKOTO aHAIN3a
HCXOHOTO KOJa TPOTpaMM C IEIb0 OOHApY)KEHHS MOTCHIHANBHBIX IE(PEKTOB,
CTaTUYECKOTO aHajm3a OWMHAPHOTO KOIAa TPOTrpaMM C IIEeTbI0 IOCTPOCHUS
BO3MOXKHBIX MyTEH 0 MECTa MOTEHIMAJIbHOTO NMe(peKTa W BBIYUCICHHUS BXOTHBIX
JAaHHBIX JIsI OOCTHUXCHHUA IIOTCHIIMAJIbHBIX I[e(l)eKTOB C y’-IéTOM MMPOXOKACHUA
TpaccChbl ,ue(beKTa npyu noMomu JUHaAMHUYCCKOI0 CMMBOJIBHOT'O UCIIOJTHCHUS . CTaTI))I
OpraHM30BaHHA CIEYIOIUM 00pa3oM: B pasele 2 naéTcs KpaTkuil 0030p MOHSTHIA
W MOJIXO0B K aHAIU3Y MMPOrpamm, B paszeic 3 ONMUCHIBACTCS MpeiaracMblii HAMU
MoAXoa K IOCTPOCHHIO BXOJAHBIX AAHHBIX IJIA MOATBEPKIACHUA HNOCTUKHUMOCTHU
nedekToB, B paznene 4 IPUBOAUTCS OMUCAHHE U Pe3yJIbTaThl SKCIEPHUMEHTAIBLHON
MPOBEPKH TMPEIJIOKEHHOT'O TOAXOIa, B pasfele S5 [elaroTcs BBIBOOB H
MpeJUlaraloTcsl JajbHEHIIAe HampaBIICHUsT WCCICJOBaHUH B O0NAcTH aHamW3a
MpoTpaMM Ha HaIU4He 1e(heKTOB.

2. 0630p 6a3oebix NoHIMULU

2.1 NedreKTbl ¢ TPAacCON NCNOJNHEHUA
Cpemu nedexToB, OOHApyKMBAEMBIX CTATHUECKMMH aHalIW3a TOPAaMH CTOUT
BBIJICTUTh Tpyniy Ae(eKToB, KOTOpble HasbIBaloTCs nedexkraMu ¢ Tpaccoii
UCTIOJIHEHHUSI WM JedeKTaMH THIA «MHUIHaIu3anug-peannsanus». Ha Puc. 1
MIPUBECH MpUMEP IPOTPaMMEI ¢ 1e(eKTOM TaKOTo THIIA.
void * alloc buffer(size t size) {
return malloc (sizeof (int) * size);
}
void mlk(size t number, int * input) {
int *buffer = alloc buffer (number);
memcpy (buffer, input, number);
if (number < 2) {
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return; // Memory leak

}

// Processing of data

free (buffer);

Puc. 1. [Ipumep ¢ppacmenma npozpammel ¢ depekmom muna
CUHUYUATUZAYUA-DEATUSAYUALY
Fig. 1. Example of a program fragment with an initialization-implementation type
defect

OmmubouHas cUTyallusi MHHLHAnu3upyercs B QyHKuMH alloc buffer mytém
BBIIENICHUS MaMATH. Jlanee B 3aBUCUMOCTH OT BBIYUCIEHUS ycloBHsa if (number
< 2), KOTOpoe B JaHHOM Cilydyae MOMNaJaeT Kak cOOBITHE B Tpaccy aedexra,
MPOUCXOJNUT MEPEX0]] Ha OIepaTop Bo3BparTa u3 (PyHKINH, Ha KOTOPOM IIPOHCXOIUT
peanm3anysa nedekra yTedka MaMsITH B CBA3HM C IOTEPEH 3HAYCHHS JIOKAJIBHOTO
ykaszarensa buffer.

Takum oOpazom jaedeKThl THNA «MHULIUAIH3ALUI-PEATN3AM» ONpPEACIIOTCS
CIEIYIOIMMH XapaKTepUCTUKAMU!

®  mouka unuyuaruzayuu 1ePexTa, rue NPOUCXOAUT HHHLIHATH3AINH
OIIMOOYHOW CUTYAIIHH,;

® moYKa peaiusayuu ;[e(beKTa, TAC MMPOUCXOAUT omurboYHas CUTYyalusl;

® mpacca OT TOYKH WHUIHATH3ALINH 10 TOYKU peasTN3aIiy OMIHO0UYHON
CUTYAIINH, €CIIN KaKue-1100 crennpudeckue CoObITHS 3apeTUCTPUPOBAHBI
CTaTHYECKUM aHAJIN3aTOPOM MEX]y TOUKaMHU WHULIHATH3alUuN 1
peanmzanuu fedexra.
Pa3sIMeHOBaHME HYNEBOTO yKa3aTens, Pa3bIMEHOBaHME HEWHUIIMAIM3HPOBAHHOTO
yKazarelysi, MCIIOJIb30BaHWE HENMPOBEPEHHBIX BXOJHBIX IAaHHBIX B YSI3BUMOM
(yHKIIMH, yTeuKa MMaMsITH, yTedka pecypca, BBIXOJ 3a TpaHuilbl Oydepa B maMsaTH
ABJISIIOTCSL Ie)eKTaMU THIIA «MHHUIMATH3alUsI-pealn3anyis» U OOHapyKUBAarOTCS
IIPY ITOMOIIY aHAIN3a, YyBCTBUTEIBHOTO K IIYTH MCIIOJIHEHHS B IPOTPAMME.

2.2 NMyTb ncnonHeHus

[lyts wucnonHeHMss B TIpOrpaMMe TIPEJCTaBISET COOOH IOCIeN0BaTEIbHOCTD
UHCTPYKLIUH OT TOYKM BXOAAa IO TOYKM OCTAHOBAa IPOTrpaMMBbI, UCIOJHEHHBIX
nponeccopoM. Ecnu  moBeneHune NporpaMMel  I€TEPMHHHUPOBAHO, TO IYTh
WCIIOJIHEHHUSI MOXKET OBITh OIMCAH IOCIIE0BATEIbHOCTBIO YCIOBHBIX IIEPEXOJIOB,
OpY 3TOM JJs KaXIOrO0 IIyTH HCIOJHEHMsSI MOXKET CYIIECTBOBaTb OT HYJS A0
HECKOJBKUX Pa3IMYHBIX HAaOOpOB BXOAHBIX MAaHHBIX. [Ipm 4éM Kakaelii W3 HUX
YHHUKAIbHO HWACHTUQHUIMPYET E€IUHCTBEHHBIN NyTh HMCHONHEHUsS. s reHepanuun
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BXOJHBIX [JaHHBIX B IIPOLIECCE HTEPATHBHOIO JIMHAMUYECKOIO CHMBOJIBHOIO
UCIIONIHEHHUSI TPOrpaMMBbl TpebyeTcst coOpaTh Tpaccy HCIOIHEHHA, B BHIC
MHCTPYKIOWH, HCIOJHEHHBIX IPOIECCOPOM, HYTOOBI MOJYYUTh JOCTATOYHO
nH(pOpMaLUH AJIs OTIPEAEIICHNS HOBOTO ITyTH NCIIOJIHEHUS IPOTPAMMBI.

Ha puc. 2 npencraBieH npuMep NporpaMmsl, B KOTOPOH AE(EKT pa3bIMEHOBAHUS
HYJIEBOTO yKa3aTeNs pealu3yeTcsi, €CIH B Ka4eCTBE TIEPBOrO apryMeHTa KOMaHIHOI
CTpOKH OyJeT mepemana crpouka 'bad’.

int main(int argc, char* argv([]) {
char* buffer = NULL;
if(argv[1][0] == 'b'")
if(argv([1l][ == 'a')

1[2] == 'd")
f(”%$s\n”, buffer);

o

1
if (argv]|
prin
return 0;
}
Puc. 2. [Ipumep nymu ucnoanenus, npuoosaue2o K degpexmy 8 npozpamme
Fig. 2. An example of the execution path leading to a defect in the program
I[J'Iﬂ MOATBCPIKACHUA JOCTHXKMMOCTH z[e(beKTa B nporpamMmme METOJOM
HUTCPATUBHOTO JUHAMH4YCCKOI'O CHMBOJIBHOT'O HUCIIOJIHCHUA H606X0,I[I/IMO
CICHCPUPOBATH TaKoH Ha60p BXOJIHBIX NAHHBbIX, KOTOpBIf/i IpUBEACT K UCIIOJHCHHUIO
nporpamMmbl 10 IIYTH, COACpPKALIEMY TOYKY WHHUIHUAIN3ALUN z[e(beKTa, TOYKHN
coOBITHIT Tpacchl AeekTa i TOUKY pean3anuu aedexra.

2.3 UtepaTnBHOE ANHAMMNYECKOE CUMBOJSILHOE UCMOJTHEHME

B mporecce UTepaTHBHOrO AWHAMUYECKOTO CHMBOJIBHOTO HCIIONHEHHS IIPOrpaMMa
3aIlyCKAaeTCsl MHOMECTBO Pa3 M Ha KaKAOM WTEpalldH 3allyCKa aHalHu3HpyeTCsI
HOBBIH MyTh B MPOTpaMMe. JTO JOCTHTaeTCsl PUMEHCHHEM METO/a YepelTOBaHHS
nyteit (path alternation), ocHoBaHHOM Ha WHBEPTHPOBAHWH HANPABICHHS MEPEXo/ia
B OJIHOM M3 YCJOBHBIX IEPEXOJOB, 3aBHUCSIIEM OT BXOJAHBIX JaHHBIX. [lyTh B
MporpaMMe OTMpeAeNseTcs] CUCTeMON (GOopMyJl, ONMUCHIBAIONICH OTpaHWUYEHUS Hal
00IacTIMH MaMsATH W PETHCTPaMH, cojepXKaliuMu momeuennbie (tainted) manmbie,
TO €CTh JaHHBIC TMOJyYCHHBIC W3 BHEIIHUX HMCTOYHHUKOB, TAKAX KaK apryMEHTHI
KOMaH/JHO! CTPOKH, CTaHAApTHBIE [IOTOKK BBOJA BBIBOJA, (aiiiiel U apyrux. Bymem
Ha3bIBaTh TaKylo cucTeMy (hopMys HabopoM orpannueHuit mytu (path constraint).

Jnst mocTpoeHust cucteMbl GOpPMYJT OTpaHHYEHHH IMyTH TPeOyeTcs OTCIICKHBATh
NOTOK OMepanuii HaJ MOMEYECHHBIMH JAaHHBIMH B IporpaMme B Tpolecce eé
ucnonHenus. s 3Toro Tpedyercs OTCIEKUBATH BCE ONCPAlMM YTCHHUS U3
MCTOYHMKOB BHELIHWX JaHHBIX OPOrpaMMbl M OMNEpald Iepe3anucu paHee
NPOYUTAHHBIX [OMEYCHHBIX 3HAYCHHH 1O TeX IMOop, IOoKa OHHU He OyayT
nepe3anucalbl  HEIOMEYCHHBIMH  (BHYTPEHHHMH)  JAHHBIMH  HPOrPAMMBL
TTOCKOJIBKY KaXIBIH IMyTh B TPOTPaMME OTPEAEIACTCS MHOKECTBOM YCIIOBHBIX
MIePEXO0/I0B, YCIOBHS KOTOPHIX 3aBUCAT OT BHEIIHHWX JIAHHBIX MPOTPAMMBI, TO OHH
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TaKKe JOJDKHBI OBITH 3amucaHbl B (opMysly orpaHuyeHuil mytu. HoBbl myTh B
porpaMMe MOXET OBITh IIOJIydeH WHBEPTHPOBAHUEM YCIOBHUH B HCXOJHOM
¢dopmyne orpanmuenuii mytu. Ilpeamonoxum B Tpacce ectb N yCIOBHBIX
MEepeX0J0B, 3aBHCAIIMX OT BHEUIHUX JMaHHBIX nporpamMel. CoorBercTBeHHO N
HOBEIX HAOOpOB BXOAHBIX MaHHBIX 1t N myTedl B mporpamMme MOXET OBITh
CTCHEPUPOBAHO II0 PE3YJIbTATaM HCIIOJHCHHS [0 JaHHOMY IyTH. Tpacca HOMep i
OyIeT COOTBETCTBOBATH i-MOMY YCIOBHOMY IEPEXOAY, BCE YCIOBHS IO YCIOBHSA |
JOJDKHBI OCTaThCSl HEM3MCHHBIMH, @ YCJIOBHS ITOCIC | TOJDKHBI OBITH HCKIIFOYCHBI U3
tdopmynel orpanmdeHnil myTd. [IpoBepka cHCTeMBI (QOpPMYyN OTrpaHWYCHHH Ha
BBIIIOJTHUMOCTB TO3BOJIUT, B CIy4ac BBHINOJHUMOCTH, ITOA00PaTh 3HAYEHHUS HOBOTO
HabOpa BXOJAHBIX JaHHBIX, COOTBETCTBYIOIETO HOBOMY IIyTH WCIOJIHEHHS B
nporpamme.

Ha mepBoM 1mmare UTEpaTHBHOTO CHMBOJBHOTO HCIIOJHEHHUS IporpaMma
3aIlyCKacTCd C HCKOTOPLIM Ha4YaJbHBIM 3HA4YCHUCM Ha6opa BXOOHBIX JOaHHBIX
(3epHOM) M CTPOMTCA HayajJbHasg Tpacca UCIOJHEHMS mporpaMmsl. [locie Toro, kak
yCioBUA YCIOBHBIX TIIEPEXOJ0B, 3aBUCAINIUX OT BXOJHBIX JaHHBIX, 6y}1yT
WHBEPTUPOBAaHBl M OyIyT CreHEpUPOBAaHBbI HOBHIE HAOOPHI BXOJHBIX JIaHHBIX,
KaXIplii M3 KOTOPHIX OyAeT OLEHEH IpH IOMOIIM HEKOTOPOH 3BPUCTUKH,
HOKaSLIBaIOHIeﬁ NEPCHOCKTUBHOCTL aHa/iu3a MpOrpaMMbl IO COOTBCTCTBYIOUIEMY
Habopy mytu ucnonHeHus. Kaknomy HaOopy BXOIHBIX NaHHBIX IPHCBAaUBAETCS
OLICHKa Ha OCHOBE 3BpHUCTHKU. Habop BXOIHBIX NAaHHBIX C Jy4mleld OICHKOH
BBIOMpaeTCs I 3allycKa IporpaMMBl Ha clenyromei urepamun. Bee ocranbHble
HaOOPBI COXPAHSIOTCS AJIS MCHOJNB30BaHMS Ha TMOCIEAYIOIUX Hurepanuix. Korma
YCIOBHE B OIpEIEICHHOM YCIOBHOM IIEPEXOA€ HHBEPTUPOBAHO, BCE YCIOBHSA
YCIOBHBIX IEPEXOJOB 10 HEro JOJDKHBI OBITh NPOUTHOPHUPOBAHBI B IIpoOIecce
WHBEPTUPOBAaHHMsS Ha CIEAYIOLIEH WTepaluMd aHanuuM3a IpUd  3alycke Ha
COOTBETCTBYIOLIEM Ha6ope BXOOHBIX JaHHBIX. JIJ'IS[ 9TOro MHCTPYMCHTY aHajin3a
BMeCTe ¢ HAOOPOM BXOJHBIX JIAHHBIX JIJISl aHATTU3UPYEMOU MPOrpaMMBbI MepeaaeTcs
HOMEp YCJIOBHOTO II€pexXOAa, HAauMHAS C KOTOPOTO HEOOXOIMMO HPOBOJUTH
WHBEPTUPOBAHHE YCIOBHOTO BBIPAXKEHUS U TOJYYEHHs CJIEQYIOIIMX HabopoB
BXOJHBIX JaHHBIX. Cpean 3BPUCTHK MOKHO BBIJICIUTH CIEIYIOIIUE: CITy4aiHbIH
BBIOOp, MHTEpeceH HaunOoiee MIyOOKWH ITyTh, MHTEPECEH IIyTh C MaKCHMAJIbHBIM
MPUPOCTOM NPOAHATN3UPOBAHHBIX 0A30BEIX OJIOKOB U APYTHE.

3. OnucaHue nodxoda

3.1 0630p

B kauecTBe BXOAHBIX JaHHBIX JUI TPEANAraéMoro HOAX0Ja MpeiIaraeTcs
UCIIONIb30BaTh IPEAYNPEXICHHE O IOTCHIMAIbHOM JedeKTe B IporpaMme,
CTeHEpHUPOBAHHOE HHCTPYMEHTOM CTATHYECKOTO aHAIN3a WIIM aHAJIUTHKOM, a TaKkXkKe
WCTIOJHAEMBIN KOJ MPOrpaMMBbl, COOpPaHHBIN U3 TOTO K€ MCXOIHOTO KOZa, KOTOPHIH
0BT 00paboTaH CTaTHYECKUM aHAIM3aTOpPOM. [IpemynpexxaeHne MOKeT coaepkKaTh
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JeTaIbHYI0 HHpOpMAIHIo 0 nedekTe, TaKy0 KaKk TOYKY MHUIMAIU3AINH, TPACCy U
TOYKYy peanu3auui aedexta. B BBIPOKICHHOM Clydae OHO JOJDKHO COJEpIKaTh
TOUKy peanu3anyu gedexra. Cama 3a1ava MOATBEPKICHIS TOCTIHKAIMOCTH TeexTa
MOXeT OBITh pa3/ielicHa Ha HECKOJIbKO 1M0/13a/1a4.

Bo-repBbIX, MPOMCXOAUT Mpeodpa3oBaHUe Tpacchl AeeKTa B MCXOTHOM KOJIC B
Tpaccy nedexTa B HCHOIHIeMOM Koze. Takoe mpeoOpazoBaHue TpeOyeTCs B CBS3H C
TEM, YTO B MPOIECCEe JAUHAMUYECKOTO CHMBOJBHOTO HCIIOJHEHHS MPOU3BOIMTCS
aHalM3 WCIOJHAEMOrO KoJla TPOTpaMMbI M HCIOJb30BaHUE HHGOpMaImu 00
HCXOJTHOM KOJIC Ha JAHHOM YPOBHE HE MPEICTABISACTCS IIelieco00pa3HbiM. B To ke
BpeMsl HAIMYMAC ONTHMH3ALUH KOJa MOXKET CEPbEe3HO H3MCHUTH CTPYKTYPY
UCIIOJIHAEMOTI'0 KOJia TI0 CPAaBHECHUIO C HCXOJHBIM KOJOM, B CBSI3H C 4Ye€M B
OIMHUCBHIBACMOM TIOAXOJIC MPEIIOIaracTCs OTCYTCTBHE ONTUMH3AINN HCIOTHICMOTO
KOJIa.

BO'BTOPLIX, AJig onpeacJieHuss NOCTUKHUMOCTHU I[e(beKTa TUIla «MHUIHUAJIU3a1usa-
peanusanus» TpeOyeTcs MpoaHATU3UPOBATh BCE MyTU HCIOJHCHHS B MPOrpamme,
KOTOPBIE MPOXOAT Yepe3 TOUKY WHHIUATH3ALUK Je(eKTa MpU 4eM MaKCHMAaIbHO
ObIcTpbIM crocoboM. [Insi pelieHust 3TOil 3afadu MpeiaraeTcs HCIOJIb30BaTh
UTEPATUBHOE AMHAMUYECKOE CHUMBOJIBHOE HCIOJHEHHE IS TeHepaluu HabopoB
BXOJHBIX [JAHHBIX U BBECTH HOBYIO OJBPUCTHUKY OIpEJCICHUS Hambolee
MEePCIEKTUBHOTO MyTH ISl aHAIKU3a, KoTopast OyJIeT pacCUYUThIBATh MUHUMAIbHOE
paccTosiHie OT IyTH WCIIOJHEHHUSI MPOrpaMMBbl HA TEKyLIeW WUTEpalH 0 TOYKH
MHHAIMaIM3anuu  Jedekra ¢ ucrmoiib3oBaHMeM Tpada MOTOKa  yNpaBJiCHUs
aHanu3upyeMoii mporpammbel [28]. JlaHHbIA Trpad CTPOWTCA MEpea HAYaIoM
JUHAMUYECKOTO CHMBOJIBHOTO WCIOJHEHHS METOJOM CTAaTHYCCKOrO aHaIu3a
HCIIOJTHAEMOT0 KOJIa.

[Tocne Toro, kak TOYKa WHHUNMAIU3ALMU JedeKkra JOCTHIHYyTa HWTEPAaTHBHO
HCTIONIB3YETCS  HAMpaBJIICHHOE IUHAMUYECKOS CHUMBOJBHOC HCIOJIHEHUE IS
IMMPOXOXKACHUS T10 Tpacce z[e(beKTa OT TOYKHW MHHUIIMAJIN3alITUN ,E[e(beKTa, 4e€pe3 TOYKHU
coObITHII B Tpacce AedeKkTa J0 TOYKH HHHNMAIM3anuu jedekra. Ecim ymaaoch
TMOCTPOUTH Ha6op BXOOHBIX JaHHBIX TaKOﬁ, YTO UCHOJHECHUE NIPOrpaMMbl IPOXOJUT
yepe3 BCIO Tpaccy jedekra, BKIOYAS TOYKM HHHUIMAIW3ANAU M pPeaU3aiuu
OLIMOOYHON CUTYAlUH, TO CYUTACTCS, YTO JOCTHXKHUMOCTD Je(eKTa MOATBEPIKIACHA.
B 0o0OpaTHOM Clly4ae UTepaTHBHOE TUHAMHUYECKOE CUMBOJILHOE UCIIONHEHHUE JOJKHO
OBITh TPOJOIDKEHO IO TeX IOp, MOKa JJIs BCEX W3BECTHBIX MYTEH, MPHUBOASIINX
UCIIOJIHEHHE B TOYKY HWHHIUaIM3aluu jaedekra, He OyneT NpOBeleH aHaiu3
JIOCTHKUMOCTH Ae(eKTa.

3.2 OBpuUCTUKa BblIOOpa KpaTyanlluero nyTu

Jns ObIcTpOro JOCTMIKEHHMS TOYKM HMHUIHMAIM3AIMK Ae(eKTa Mpeaaraercs
UCIIOJIb30BaTh CIEAYIOIIYI0 3BPUCTHKY: U3 BCEX BO3MOXHBIX IyTell HCHOIHEHUS
IIPOrpaMMBbl, IPOXOAIIMX YEPE3 3alaHHbIe TOUKHM, Ha Ka)/OM ILlIare UTepaTUBHOTO
JTUHAMUYECKOTO CHMBOJIBHOTO WCIIOJHEHHS BBIOMPAETCsl TaKOW MyTh, B KOTOPOM
KOJIMYECTBO YCJIOBHBIX IEPEXON0B HauMeHbluee. Kparualmmii myTe 0 TOYKH
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VMHHLMAJIM3aK JieeKTa BEIYUCIETCs Ha rpade MoToKa yIpaBieHUs! IPOrpaMMBl,
MOJIYy4YEHHOTO METO/IOM CTaTHYECKOTO aHAJIN3a UCIIOIHAEMOro KoJia IPOrpaMMBbl J10
Hayalia UTepaTUBHOIO AMHAMUYECKOTO CUMBOJIEHOTO HCIIOJIHEHHUS IPOTPAMMBI.
Yt0061 cOOpaTh BCIO TpeOyouIytocs HHPOPMAIHIO, KOTOpas OyAeT UCHOIb30BaThCs
NPU pacyeTe 3BPUCTHKH KpaTyaulliero IyTH, J0OCTaTOYHO IIOCTPOUTh COKPAIIEHHBIH
rpag BBI30BOB MPOTPaMMBbI, BKIIOYAIOIIUI TOJBKO Te (YHKLHUH, Yepe3 KOTOpHIC
NPOXOANUT IyTh HWCIOJIHEHHsS 10 TOYKH HHUIMANuU3aluu aedeKTa, yepe3 TOUKU
COOBITHIT Tpacchl AedeKTa W TOUKY peanm3alud nedeKTa. ITOT Tpad MBI CTPOUM
METOAOM OOpaTHON TPacCHPOBKHA OT TOYKH HHHIMANM3AIH nedexrta. CHadamda
OIIPENIeISIFOTCS BCE TOYKH BBI30Ba (DYHKIHMH, colepiKalleil TOUKy MHUIHATH3ALHU
nedexTa. 3aTeM ONpeNeISIFOTCS TOYKH BBI30Ba (DYHKITHIHA, BBI3BIBAIONINX (YHKIIHIO,
COZIEePIKAILYI0 TOYKY MHUIMATM3aMU AedeKkTa, ¥ Tak IO TeX Iop, IoKa He Oyner
HaiiieHa (YHKOMA, HE BBI3BIBAIOINAACS M3 JAPYrHX (YHKIHMH [porpaMmbl
(Hanpumep, ryaBHas (YHKLOUS I[IPOrPaMMBbl, SIBISIOIIASCS TOYKOW BXoAa B
nporpammy). Eciu B nporiecce nocrpoenus rpada BEI30BOB BCTpedaeTcss peKypeHus,
TO COOTBETCTBYIOIIME (YHKIMH TPOIMYCKAIOTCS, KaK YK€ BKIIIOYEHHbIE B Tpad
BBI30BOB.

[Tocnie mocTpoeHus HEMOIHOTO rpada BbI30BOB MPOrPaMMBbI JUIsl KaXA0H (QyHKIUH
CTPOUTCSl HEMOJHBIA Tpad) MOTOKA ynpaBlieHHs: (YHKIHMH, COJEPKAIIUIl TOJIBKO Te
0a3oBble OJIOKH M YCJIOBHBIC MEPEXObI, KOTOPBIE JeXKAT Ha MyTSAX, NPUBOASIINX K
TOYKe MHHUIManu3anuu Aedekra. Ilocne mocTpoeHUs Takoro cokpaméHHoro rpada
NOTOKA yIPaBICHHUS HPOrPaMMBI IS KaXKIOTO HANPABJICHHs YCIOBHOTO IIEpexoa B
9TOM rpade MPOCTAaBIACTCS PACCTOSHUE (KOJIMYECTBO YCIOBHBIX HEPEXOIOB) IO
TOYKH WHHMLManu3anuu nedexra. Jlanee OyaeM HasblBaTh TAKOH COKpPAILCHHBIA H
B3BEIICHHBIA Tpad MOTOKA YIPABICHUS MPOrpaMMBbl TpadoM IOCTIDKEHHS TOYKH
WHULHATH3aHN JeeKTa.

Ha puc. 3 wn3obpaxeH rpad AOCTIKEHHS TOYKM WHULMANM3alMu Jedexta B
¢byHkumn target. PaccrosHMe OT TOYKM BbI30Ba (GyHKUMM target u3 QyHKuun
transit 10 Touku wHMIMATK3AIMK aedekTa paBHO 0, MOCKONBKY MBI HCKIIFOUAeM
pebpa Oe3yCIIOBHBIX NEpeXOA0B Ha rpade MOTOKa YIPaBICHUS, PACCTOSHUE OT
TOYKH BXOJa B (YHKLHIO transit 1o TOYKM MHULMAJIM3AUWK AepeKkTa paBHO 2,
paccTosHUEe OT TOYKH BXOJa B (DYHKLHIO MAIN 1O TOYKHM MHULHATU3ALUH JedeKTa
PaBHO 5 U 6 COOTBETCTBEHHO JIBYM IIYTAM B (GYHKIUH Main.

B mpouecce BBIYMCICHUS 3BPUCTUKH MUHUMAIBHOTO PACCTOSHHS MBI NPHHHUMaeM
BO BHHUMAaHHE TOJbKO Te 0a3oBble OJIOKM, KOTOpBHIE JieKAaT Ha ITyTH, BEIyIIEeM K
TOYKE WHULMAIM3ALUKN Ae(eKTa, IIOTOMY YTO BCE OCTAIbHBIE 0a30Bble OJIOKH He
JOMHHUPYIOT HajJ TOYKOM MWHMIManu3anuu Jgedekra ©  MOryT  OBITh
MPOUTHOPHPOBAHBI.
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transit

WHuynanusaums

Peanuzauus

Puc. 3. I'pagh docmuoicenus mouxu unuyuaruzayuu degexma
Fig. 3. The graph of reaching a point of defect initialization

[Ipennonoxum, 4yTO Ha MYTH MCIHOJIHEHHs] MPOTPaMMbl B IPOIECCE HEKOTOPOM
UTEepalMd eCTh TPU YyCIOBHBIX mepexoma A, B u C, W3 KOTOPBIX BO3MOKHO
JIOCTIDKEHUE TOYKH MHHUIMANU3anuu nedekra. Torga Oyaer BEIOpaH TOT YCIOBHBIN
nepexoJi, ajlbTepHATUBHAS BETBb KOTOPOro OyaeT MMeTh HAaWUMEHBIIYI0 OIICHKY
cpenu apyrux:

E = min(distance(C, T), distance (B,T), distance(A, T))
riae, T — TOYKa MHUIHAIA3ALUNA z[e(beKTa, a distance (X, T) (l)yHKLu/m pacuéra
paccTosiHUs OT y3j7a X 0 TOYKH MHHIMATH3anuu nedexta B rpade TOCTIKCHHS
TOYKM WHHUIMATU3aluu Jedekra. Pe3ynbTaroM BBIYMCICHHS OSBPUCTUKU IS
HEKOTOPOTO MYTH UCTIOJIHEHUS TPOTPAMMBI SIBJIIETCS PACCTOSTHUE OT OJMKANMIIETO K
TOYKE WHUIMAIN3AUKA Je(eKTa YCIOBHOTO TMepexoja Ha MYyTH HCTOIHCHHS
nporpaMMsbl. PaccTosiHue CTAaHOBUTCSI paBHBIM HYJIIO, KOTJa TOYKA MHULMATIU3AIUU
JnedeKTa JOCTUTHYTA.

3.3 TpaHcdopmauusa nytu aedekra

Ilocnme Toro kak TOYKa WHHIHATW3AINH jAedeKTa TOCTUTHYTA, INPOU3BOAUTCS
HaHpaBJ’leHHBIﬁ aHalins3, KOTOpBIﬁ IMPOBOAUT HCIOJHCHHUEC IIPpOrpaMMBbI IO Tpacce
nedexra. s storo Tpebyercs mpeobpa3oBarh Tpaccy nedekTa, BEIPAKEHHYIO B
TepMUHAX HCXOAHOTO KOJA B Tpaccy Ae(eKTa B HCIOIHAEMOM Kone, 4TOObI eé
MOXKHO OBUIO HCIOJB30BaTh B MPOLECCE HTEPATHBHOTO IMHAMHYECKOTO
CHUMBOJILHOTO HCIOJHEeHWs. B pamkax Hamed peanu3auuu TpaHcdopmarims
NPOU3BOAMIIACK JUTS UCXOIHOM Tpacchl B mporpamMme Ha si3bike CH M UCIIONHIEMOro
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Koja, creHepupoBanHoro kommwiitopamu GCC  [29]. Peamuszanus Obuia
nportectupoBana aist Bepcuid GCC 4.6.3 u 4.9.2 nns mnardopmel X86-64. TIpouecc
TpaHcopManuK Il YCIIOBHOTO oOIlepaTropa OmucaH Hibke. L[UKibl, TepHapHBII
orepaTop, Omeparop-liepeKylovaTeNl W Jpyrue B JaHHOM paboTe He
paccMaTpHMBAalOTCI M BKIIOYEHBl B  CIHCOK HAIpaBlICHHH JajbHEHIIero
HCCIICIOBAHUSL.

Hcxons w3 TOro, YTO MCHONHSEMBIH KOJ MpPOrpaMMbl HE MOABEPTralics
OINITHMHM3AIINY, MOCIEIOBATEIBHOCTE YCIOBHBIX IIEPEXOJ0B B HCIIOIHAEMOM KOze
OyZeT COOTBETCTBOBATH  IIOCNIENOBATEIILHOCTH KOHBIOHKTOB B  YCIOBHBIX
BBIPQ)KCHUSX YCIOBHBIX OIIEPATOPOB B HCXOIHOM KOJIE.

YCIOBHBIN Mepexo]] B MCHOJIHAEMOM KOZIE 3TO OO Iepexo] Ha 0a30BBIA OJIOK,
COOTBETCTBYIOITNHA then-BeTke wWim 0a30BBI OJIOK, COOTBETCTBYIOIIMHA else-
BETKE B MCXOJHOM KOJie POorpaMMbl. Bo3MOKHBIE BapHaHTHI B HCIIOJIHSIEMOM KOJIE
JUISL YCIIOBHOT'O OIlepaTopa MoKa3aHbl Ha puc. 4.

if (A)
{

// then-BeTka

}

else

{

// else-BeTka

}

; BapmanT 1l: nepexon ; BapmaHT 2: mnepexon
; Ha then-BeTky ; Ha else-BeTKy

4004fc: cmp $0x0,
0x3 (%rbp)
400500: jne 400515

400515: ; then-BeTka

4004fc: cmp $0x0,
0x3 (%rbp)
400500: je 400515

400515: ; else-BeTka

Puc 4. Ilpumep sapuanmos ecenepayuu Koda O YCIOBHO2O ONEPAMOpd
Fig. 4. Example of code generation options for a conditional statement

HpaBHna reHepanu Koaa JIIA CJIOKHBIX yCJ'lOBI/Iﬁ C KOHBIOHKIUSIMU,
JU3BIOHKIUAMUA U OTPUILIAHUAMU IIPUBEACHBI HA PUC. 5.

A&&B e mepexon Ha then-setky: Bapuant 2 st A v BapuanTt 1 st
B;

e mepexon Ha else-BeTky: BapuanT 2 juis A ¥ BapHaHT 2 Ui
B

Al B e mnepexon Ha then-etky: Bapuant 1 qis A u BapuasT 1 s
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B;
e mepexon Ha else-BeTky: Bapuant 1 mis A u BapuaHt 2 ist
B
A e mepexon Ha then-etky: Bapuant 2 st A;
e mepexon Ha else-BeTky: Bapuant 1 mns A.

Puc 5. Bapuaumul 2cenepayuu HeONMUMUUPOSBAHHO20 KOOA OJsi  YCILOBHOO
onepamopa 6 komnuasmope GCC sepcuu 4.6.3 u 4.9.2

Iepexon Ha then-BeTKy Wi else-BETKY 3aBHCHUT OT OMepaluii BHyTpH then-
um else- OMOKOB W (OPMBI YCIOBHOTO BBIpaxeHHs. Hampumep, ObL1O
00HApPYKEHO, UTO:

e 1epexon Ha then-610k reHepupyeTcst eCii B COOTBETCTBYIOIIEM OJIOKE
WCXOIHBIH KOJ| COAEPXKUT ONEPaIfio 0€3ycI0BHOTO Mepexoaa: goto,
break mmm continue;

® B TO XE BpPeMsl, IEPEXOA Ha € 1 Se-BeTKy TeHEPHPYETCs €CIIH B YCIOBHOM
oreparope HeT e 1se-BeTKH U COAEPIKUTCA BHYTpH then-BeTKU
BBIIIECTOSIIETO YCIOBHOTO orepaTopa (Ipy 3TOM HE 0053aTEIbHO
HETIOCPEICTBEHHOTO BBILIECTOSIIETO);

® [Iepexoda Ha el Se-BCTKY NPOUCXOAUT BO BCCX OCTAJIbHBIX CIIydasX.

[Tocne Toro xak TpaHcdopmanus IMyTH W3 MCXOAHOTO KOAA B HCIIOJNHSIEMBIH KOJ
MPOM3BENCHA MOXET OKas3aTbCA, 4TO B HCIOJHSAEMOM KOJAE HECKOIBKO ITyTed
COOTBETCTBYIOT OJHOMY IIyTH B MCXOAHOM Koze. Hampumep, Ha puc. 6 npuBeaeHa
JU3BIOHKIMSA A || B KoTopas JOKHA OBITh BBIYMCIEHa B true, KOTOpoH B
UCTIONIHAEMOM Koie Oy/IeT COOTBETCTBYET ABA ITYTH HUCTIOIHEHHS:

® IIyTb, COOTBETCTBYIOLIUI YCIOBUIO A — UCTUHHO;

® IIyTb, COOTBETCTBYIOLIUI YCIOBHIO A — JIO)KHO, B — UCTUHHO.

if(a || B) { ... } else { ... }

4004f6: cmp $0x0, -0x4 (%rbp)

4004fa: jne 400502 ;A
4004fc: cmp $0x0, -0x3(%rbp)

400500: je 400515 ; B

400502: ; then-BeTka

400515: ; else-BeTka

Puc. 5. [Ipumep cumyayuu, 20e 00uH nyms 8 UCXOOHOM KOOe COOMBENCMEYen 08yM
nymsm 6 UCNOJIHAEMOM Kooe
Fig. 5. A case where one path in the source code corresponds to two paths in
executable code

122



T'epacumos A.1O., Kpyrios JI.B., Epmakos M K., Bapranos C.I1. [Toaxo/ k onpeaeneHuto 10CTHKUMOCTH
IpOorpaMMHBIX I[CqJCKTOB, O6Hapy)KCHHBIX METOJAOM CTAaTHYICCKOTO aHalln3a, MPU IMIOMOIIN TUHAMUYECKOTO
CHMBOJIBHOTO Hcnonuenus. Tpyowr UCIT PAH, tom 29, Bein. 5, 2017 ., ctp. 111-134

IosTomy, TpaHchOpMAIMs OJHOTO MYTH B TEPMHHAX HCXOJHOTO KOJAa MOMKET
NPUBECTH K HECKOJBKAM MYyTSAM HCIIOJHEHUS B HCIOJHSIEMOM KOJIE M MOTYT
CYIIIECTBOBATh HECKOJBKO HAOOPOB BXOJAHBIX JaHHBIX, YIOBIETBOPSIONIMX OJHOMY
coobmieHuto 0 aedekre.

34 BocnpousBeneHMe nyTn nHUUnanmnsauus-peanumsauyums

Korza Touka MHUIMAIN3alUH TOTSHINAIBHOTO Ne(eKTa JOCTUTHYTA, POUCXOIUT
NPUMCHCHHE HAIPABICHHOI'O JAWHAMHYECKOTO CHMBOJBHOTO HCIIOMHEHHS I
UCIIOJIHEHUS ITyTH, Ha KOTOPOM JIeKAT COOBITHS TPACChl IIOTSHLIHAIBEHOTO IedeKTa.
3TO MO3BOJISIET COKPATUTH BPeMs JOCTHIKEHHS TOUKH Peau3alliy MOTEeHIUaIbHOTO
nedekra. B mporecce HanpaBIeHHOTO0 JTUHAMHYECKOTO CHMBOJIBHOTO HCIIOJIHEHUS
no Tpacce Jedekra coOMparOTCs YCJIOBHS MPOXOXKACHUS IYyTH IS HPOBEPKH
BBINIOJJTHUMOCTH  PE3YJBTHPYIOIIEr0 MYTH W TEHEepalMd BXOAHBIX JaHHBIX H
BOCIPOM3BEACHUS TeHEPAllMd BXOIHBIX JaHHBIX, KOTOPbIE MO3BOJST IPOBECTH
UCIIOJTHEHHE 110 Tpacce Ae(eKTa U MOKa3aTh ero JOCTHKHMOCTb.

CTOUT OTMETHTbh, YTO MOJIENIb OTCJICIKUBAHUS IIOTOKA BXOAHBIX JIAHHBIX, OTMCAHHAS
B nyHkTe 2.3, 3((eKxTHBHA, HO HE IIOJIHA: CYIIECTBYIOT HESBHO IOMEYCHHBIC
JaHHBIC, KOTOPbIE MOJENb UTHOPUPYET, YYUTHIBAsI TOJBKO SBHBIC 3aBUCHMOCTH IO
BXOJHBIM JaHHBIM. I TeHepaluuu BXOIHBIX NAaHHBIX HEOOXOIVMO YYHTHIBATH
NOTOK SIBHO MOMEYCHHBIX JAHHBIX, HO YCJIIOBHE Ha IIyTH, KOTOpOE HEOOXOIHMO
MHBEPTHPOBAaTh MOXKET 3aBHCETh KaK OT NMOMEYEHHBIX, TaK M OT HEMOMEYCHHBIX
JaHHBIX. B CBSI3UM ¢ 9THM HMHBEPTUPOBAHUE YCIOBHIA, 3aBUCAIINX OT IIOMEYCHHBIX U
OT  HCNOMEYEHHBIX  JAaHHBIX  HEOOXOAMMO  MNPOU3BOAUTH  Pa3leibHO.
HuBepTUpOBaHHE TOMEYEHHBIX YCJIOBHBIX MNEPEXOJOB MPUBOJUT K TeHEpaLUH
HOBOrO Habopa BXOJIHBIX JIaHHBIX M HCHOJIHEHHI0 HOBoro mnyTH. OjHako,
MHBEPTUPOBAaHHE HEMOMEYEHHBIX YCIOBMH OECMOjie3HO, TaK Kak B MOJEIH HeET
CBSI3M MEXJly HETIOMEUEHHBIMHU YCIIOBHBIMHU NEPEX0JIaMU U BXOJHBIMHU JaHHBIMH, B
CBSI3U C YeM MHBEPTHPOBaHHE HEMOMEUYCHHOI'O YCJIOBHUSI HE MPUBEJIET K TeHepaluu
HOBOTO Habopa BXOAHBIX NaHHBIX. Ecin Tpacca nedekra COIEpKHUT COOBITHE,
CBSI3aHHOE C YCJIIOBHBIM IIEPEXOAOM, HE 3aBUCAIIMM OT IIOMCUYCHHBIX JAHHBIX,
pe3ynbTaT HalpapJICHHOIO aHallM3a MOXKET OKa3aThCs HEKOPPEKTHHIM. [Ipu sTOM
BO3MOYKHO TPH CUTYaLlHH:

® YCIIOBHBIW MIEPEXO/1 HE 3aBUCUT OT BXOJIHBIX JIaHHBIX, HO JIOJDKEH OBITh
HMHBEPTUPOBAH,

® YCJIOBHBIH Mepexo] HEABHO 3aBUCUT OT BXOJHBIX JIaHHBIX, HO YCJIOBUE HE
JIOJDKHO OBITH MHBEPTHUPOBAHO;

° YCHOBHLIﬁ Mepexo HEABHO 3aBUCUT OT BXOAHBIX JAHHBIX, HO YCJIOBUEC HE
JOJI2KHO OBITH HWHBEPTUPOBAHO.

B mepBom ciydae MOXKHO 3aKJIIOYHTH, YTO JAHHBIM MyTh OT WHUIMAIM3ALUHU JI0
peanmzanuu edeKTa HEeCOBMECTEH. BTopoil ciy4yall COOTBETCTBYET CHTYAlMH,
KOI'/1a yCJIOBHE YJIOBHOTO IEpexoja B Tpacce Jedekra COOTBETCTBYET aKTyaIbHOMY
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3HAYCHHUIO W MYTh OKA3BIBACTCSI COBMECTHBIM U, TaKHM 00pa3oM, AOCTHXHMOCTBH
nedexTa moaTBepKIaeTCA. B TpeTbeM cirydae BO3MOKHBI CIIEAYIOIINE BAPHAHTHI:

® MHBCPTUPOBAHHOE YCIOBUE HE COBMECTHO C MPEAYCIOBUEM IIYTH U
pe3ynabTaT HanpaBIeHHOIO THHAMHYECKOIO CHMBOJIBHOTO HCIIOTHCHHUSI
HEKOPPEKTEH;

e pecanu3anus JeeKTa Ha CaMOM JIeJIe HE 3aBHCUT OT HHBEPTUPOBAHHOTO
YCIIOBHS, KOTOPOE JOOABICHO B TPACCy HHCTPYMEHTOM CTATHUYCCKOTO
aHaJM3a Mo OIMMOKE, U Pe3yabTaT JMHAMHUYECKOTO CHMBOJILHOTO
HCTIOIHEHUSI KOPPEKTEH.

IToatomy TpeOyeTcs pydHas HpOBepka AePeKTa M CreHEPUPOBAHHBIX BXOJHBIX
JTAHHBIX, €CJTM HETIOMCUCHHBII YCIIOBHBIA MepeXxo ObUT MHBEPTHPOBAH B MPOIECCE
JUHAMHAYECKOTO CUMBOJIBHOT'O UCIIOJTHEHHUS.

Pe3ynbraroM BBHINIOJIHEHHOTO HAMNPAaBICHHOIO JUHAMHYECKOTO CUMBOJIBHOTO
UCTIOJIHEHHUST OyneT cucreMa (QOpMyJ, OIMKMCHIBAIOIAS OrPAHHUYCHHS IYyTH B
TEpMHUHAX JaHHBIX, KOTOPBIMH OIEpPUPYET MporpaMma. Eciiu ycioBHE YCIOBHOTO
mepexoa WHBEPTHPYETCS, TOTAa HOBas (opMyia NOKHA OBIT J00aBlIcHA B
CUCTEMY

tainted condition var != old condition

rie tainted condition var — CHMBOJbHAas IEPEMEHHAs, COJAEpKaIlas
yCIOBHE YCIOBHOIO mepexona, a old condition — 3Ha4eHHe YCIOBHA 10O
uHBepTUpoBanus. Ecmu HoBas cuctema ¢QopMmyn HepaspemMma, TO IyTh
UCIIOJIHEHUS, COOTBETCTBYIOLUMI HHBEPTUPOBAHHOMY YCIOBHOMY IIEPEXOAY
HEBBIIIOTHUM U TpeOyeTcs aHaiM3 CIeAyIoLero IyTH M3 CIUCKa IyTew,
JIOCTHUTAIOIINX TOUYKH MHUIMAIN3AIMHY JIeeKTa.

4. OueHKa npegnoXeHHOro nogxoaa

[TpeIoKEHHBIN TTOAX0 K ONPENEIEHHIO JOCTHKMMOCTH TPOrPAMMHBIX 1€(PEKTOB,
HallIEHHBIX METOJAMU CTATHYECKOIO AHAIIM3A UCXOIHOTO KO/, ObUI peali30BaH Ha
OCHOBE HHCTPYMEHTA JMHAMHYECKOTO CHUMBOJBLHOIO WCIOJHEHHS MPOrpaMm
Avalanche [30], paspa6orannoro B UCIT PAH. B unctpymenr Avalanche Gouin
BHECEHBI CIIEYIONINE U3MEHEHUS:

o I[O6aBJ'ICH AJIrOpUTM pacqéTa OBPUCTUKHU OLCHKH ITYTH Ha OCHOBE
MHUHHUMAJIIBHOT'O PACCTOAHUA 10 HHTepeconmeﬁ TOYKH B IIpOTrpaMMe;

® H3MCHCH MOAYJIb paCIpOCTPaHCHHNA NOMEYCHHBIX JAHHBIX C LICJIbIO
peaim3aly aJiropuT™Ma HalIpaBJICHHOT'O JUHAMHUYECKOI'0 CUMBOJIBHOTO
HCIIOJIHCHUS,

® peaJn30BaH MOIYJb U3BJICUECHHS COKPAIIEHHOTO rpada BHI30BOB U
COKpaIIeHHOT 0 rpada NOTOKa yHpaBiIeHHs! QYHKIHUN, KOTOPBIH
IIpe/CTaBIsIET COO0H pa30OPIIMK AN3acceMOINPOBAHHOTO MTPECTaBICHHS
HOpOrpaMMBl, TIOIYYSHHOTO IPH TIOMOLIM HHCTpyMeHTa objdump [31];
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® peaNn30BaH aIropuUTM TpaHchopManuu Tpacchl aeeKTa Ha OCHOBE
006paboTurKa JepeBa abCTPaKTHOTO CHHTAKCHCA, KOTOPOe
MPEA0CTABIIAETCS HHCTPYMEHTOM CTATUYECKOTO aHAIN3a UCXOJHOTO KOJIa
MPOTPaMMBI.
Peanuszanus Oblia MpOTECTHPOBaHA Ha HAOOPE MPOrPaMM C OTKPBITHIM HCXOHBIM
KOJIOM M3 KOMIUIEKTa nmoctasku Debian Linux:

az2ps —  yTHiuTa KOHBepTauuu (ailioB B pasnuIHBIX Gopmarax B
PostScript nokymeHt

bbe —  yTWINTA U1 PeIAKTHPOBaHMS IBOMYHBIX (ailiioB

bc — HHTEpPIpeTaTtop  aireOpamyecKWX  BBIPAXEHHH  C
HEOTPAaHUYCHHOM TOYHOCTHIO

byacc — reneparop LALR(1) mapcepos

bzip2 —  yruiuTa Juisi ckartus Qaiios

cabextract — HHCTPYMEHT pacmakoBku Microsoft cabinet daiinos
(.cab)

ccrypt — yTWIHTa KOAUPOBAHHS M pacKogupoBaHus (aiioB u
TIOTOKOB

chrpath —  yTWINTa pelaKTUPOBaHMS IMyTei Kk Oubmuorexkam B ELF-
(hatimax

cpio — YTWINTA CXKATHA W HM3BICYCHHS APXUBOB B Pa3IMYHBIX
(hopmarax

discount — mporpaMma TpaHchOpPMAaLMK TEKCTOBBIX (ailyioB B

tdopmar Markdown

Tabn. 1 conepXuT AaHHBIE O TNPEIYNPEXKACHUSIM O AeeKTax Ha NpPOEKTax,
HaWJIeHHBIX pe(epeHCHBIM HHCTPYMEHTOM CTaTHYECKOTO aHai3a UCXOIHOTO KOZa
nporpamm Ha s3eike Cu. Ilpenynpexnenus ObuiM pasmedeHbl Ha uctuHHBIE (T),
noxuele (F) u noarsepxnenHble (C) METOIOM HampaBiICHHOTO JUHAMUYECKOTO
CHMBOJILHOTO HCIIONHEHUs. Pa3MeTka npenynpexeHnii o aedekrax B mporpamme
Ha NCTHUHHBIE W JIOXKHBIE NPOW3BE/IeHa BpyuHYI0. Beero Obl10 KitaccnpuunpoBaHo
348 mpemynpexneHwit o medekrax, 113 W3 HUX NpU3HAHBI JOXHBIMH, 235 —
UCTUHHBIMU. PedepeHCHBIIl MHCTPYMEHT CTaTHUECKOro aHaliu3a MCXOJIHOIo Koja
IporpaMM ObUT HACTPOEH Ha MOWCK Ae()EeKTOB THUMA «MHUIMATH3AIINSA-PEaTH3aIis»
CJICIYFOIINX TUIIOB:

e pasbiMeHoBaHHe HyJeBoro ykaszatens (NPD);
e BBIXOJ 3a rpaHumisl Oydepa B mamsru (BOF);
e yreuka pecypca (LEAK);

® HCIIOJIb30BAHNUE BXOJHBIX JAaHHBIX B YA3BUMbIX (1)yHKIII/I$IX 663 MPOBEPKU
(TAINT);
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®  UCIOJIB30BaHHME HEUHUIMAIN3UPOBaHHbIX 3HaueHuit (UNINIT).

Tabn. 1 Pe3ynemamul 5KChepumMeHmMaibHoU nposepku nooxooa. F — noosicnoie
npedynpesicoenus, T — ucmunusie npedynpescoenuss, C — noomeepaicoenuvie
npeoynpeicoenus

Table. 1 Results of experimental verification of the approach. F - false warnings, T -
true warnings, C - confirmed warnings

Broiect NPD BOF LEAK | TAINT |UNINIT] TOTAL
rojec

) FIT|C|F|TI|C|F|T|C|F|T|C|F|IT|C]JF|T|C
azps 65(33|2*| 5| 2 212211 712 72164 |15
bbe 2 10 1 13 |0
bc 1(6]4 11 11715
byacc 10 1 2 10| 3 |0
bzip 1 14 9 1 2510
cabextract 2 3 111 6 |1
cerypt 7 115( 2 1 7 1162
cgrpath 9 10]3 19 [ 3
cpio 19)22 2 |18( 2 4 1(1 221452
discount 37 1 1 1(38]0
Total 84194)|2*|15(15[0]13[89(19]|0|34|7|1]4]| 0 |113|235|28

[IpennoxeHHbI TOAXOA OBUI NMPUMEHEH K KaKAOMY M3 MPEAYNPEXICHHH O
nedexre OT MHCTpyMEHTa CTaTHYECKOTO aHaJM3a MCXOJHOTO KOJAa IPOTrpaMM.
WHCTpyMEHT  HampaBIEHHOTO  JHHAMHYECKOTO  CHMBOJIBHOTO  HCIIOJHEHUS
3amyckayicsi ¢ 30-TH MHHYTHBIM OIpaHMYE€HHEM 10 BpemeHH. Bcero mus 28
npeaynpexaeHuii o nedekrax Oblia MoATBEPkKAEHA JOCTHXUMOCTb. Hu 11 ostHOTO
u3 71e()eKTOB THIIA UCIIOJIb30BAHNE HEUHUIMATIN3UPOBAHHOTO 3HAYCHHUS U BBIXOJ 32
rpanuipl Oydepa He OblIa MOATBEPXKIEHA JAOCTHIKUMOCTh. CTOMT OTMETHTB, 4TO
JIBa TIOATBEPXKICHHBIX JedeKTa TUMa pa3bIMEHOBaHHE HYJIEBOTO yKazaTels
OKa3aJIMCh MOATBEPKICHBI JI0KHO. CBA3aHO 3TO C MMEIOIIMMHUCS OTPAHUYCHUSIMH B
peanu3aly NPEeIIOKEHHOTO IOJX0Ja: OTCYTCTBHEM JI00aBICHUS B CHCTEMY
(hopMyn orpaHHUYEHHI MyTH IpenuKaTa 0e30nacHOCTH. B 000uX citydasx JI0KHOTO
MOATBEPXKICHUS JleeKTa TpeOdyeTcs 100aBIeHne OrpaHMICHHUS BUAA:

variable == NULL
KOTOpPOE COOTBETCTBOBAJIO OBI CTPOUYKE MCXOJHOTO KOJA:
variable = someFunction (arguments) ;

rae ¢yHKUsA someFunction HM Ha OJHOM W3 BBINOJHUMBIX TyTeH He
Bo3Bpamiaer NULL. DTO O3Ha4yaer, 4TO IOCTHKUMOCTh TOYKH WHHUIMATN3ALNN
nedeKTa, MPOXOKACHUE Mo Tpacce AedeKkra M JOCTIKUMOCTh TOYKH peaTu3alliu
JIedeKTa ené He 0O3HAYaeT IMOATBEPKACHUE Haau4dus nedexTta B mporpamme. [loka
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He peann3oBaHa (DYHKIMOHAJIBHOCTb JOOABJIEHHs NpeAnKaTa 0e30MacHOCTH IS
NPOBEPKH peaym3anuu Jedekra, JaHHOE OTpaHUYCHHE MOJXoJa OyAeT JIOKHO
MOATBEPKIATh JOCTHKUMOCTh HEPEATU3yEMBIX 1e(EKTOB.

Jnst ocTanbHBIX MpEeayNpeXAeHUd 0 nedeKTax, KOTopble KIacCH(pUINPOBAHBI KaK
WCTUHHBIC, JIOCTHXXMMOCTh ObLIa TOATBEpXkIcHA. Takum oOpazom 26 nedexros
ObuTH TIOATBEpIKIEHBI BepHo. [ 9 npenynpexnenuit o nedekrax norpedoBasiach
pydHas TpOBepKa B CBS3M C HAJIMYUEM B Tpacce COOBITHS, CBS3aHHOTO C
HETIOMEYEHHBIM  YCIOBHEM B  YCJIOBHOM  Iiepexome. Bce onHm  Obim
KIacCH()UIMPOBAHBI KaK JIOXKHBIE.

5. 3aknoyeHune

B nanHOlt cTatbe omHMcaH MOAXOA AN MOATBEPXKJICHHS IMpU  MOMOIIU
JMHAMHYECKOTO CHUMBOJILHOTO HCIIOJHEHHS JOCTHXXMMOCTH Je(eKTOB THIa
MHHULHANA3alUA-peann3aisi, HalJAeHHBIX IpU IOMOIIM CTaTHYECKOro aHalu3a
UCXOJHOTO KOJa. DKCIEpUMEHTalbHasl MpOBEpKa pealn3allud MoAXoja MoKas3aja
MPUMEHUMOCTh JTAHHOTO IOJXO0Ja UIS MOATBEPKACHHUSA JOCTIKUMOCTH Ne(EeKTOB
Ha HabOpe peasbHbIX IPOrPaMM C OTKPBITBIM HCXOIHBIM KOJIOM.

Ilo pesynmpTaTaM peanu3alié MOJAXOJA U IKCHEPUMEHTAIBHOW NPOBEPKH MOXKHO
BBIJICTIUTh HECKOJIBKO HANpaBICHUH AN AAdbHEHIINX HCCIECNOBAaHWN C IENbIO
YIYYIIeHUS] TPUMEHUMOCTH MPEUIOKEHHOTO MTOX0/1a Ha MTPAKTHKE:

® HCCJEeJOBaHUE AITOPUTMOB MUHUMAJIBHO J10CTaTOYHONW MOMEYEHHOCTH
MOTOKA JAHHBIX IPOTrPaMMBbl, C YYETOM HESIBHBIX 3aBUCUMOCTEN 10O
JAaHHBIM M 110 YIPABJICHUIO,

® HCCIIE[IOBAaHUE U peau3alysl HOJX0/a ONpeAeIeHHs IpeAnKaTa
0€301acHOCTH ISl Pa3IMYHBIX JIe()EKTOB C LEIbIO OTBEPIKACHHS
nedexTa, a He TOJIBKO €ro JOCTHKUMOCTH, METOIaMU UTEPaTHBHOTO
JUHAMHUYECKOTO0 CUMBOJIBHOTO HCIIOJTHEHNUS;

® TOAJEP)KKA IPYTUX THIOB A€(EKTOB B MPOTpaMMax.

Cnucok nutepaTtypbl

[1]. Vogelsang A., Fehnker A., Huuck R., Reif W. Software Metrics in Static Program
Analysis. ICFEM'10 Proceedings of the 12th International Conference on Formal
Engineering Methods and Software Engineering, Shanghai, Shina, November 17-19,
2010, pp. 485-500

[2]. Kim Y., Kim Y., Kim T., Lee G., Jang Y., Kim M. Automated unit testing of large
industrial embedded software using concolic testing. ACE'13 Proceedings of the 28yh
IEEE/ACM International Conference on Automated Software Engineering, Silicaon
Valley, CA, USA, November 11-15, 2013, pp. 519-528

[3]. Xie Y., Chou A., Engler D. ARCHER: Using Symbolic, Path-Sensitive Analysis to
Detect Memory Access Errors. ESEC/FSE-11 Proceedings of the 9th European Software
Engineering Conference held jointly with 11th ACM SIGSOFT International

127



Gerasimov A.Y., Kruglov L.V., Ermakov M.K., Vartanov S.P. An approach of reachability determination for static
analysis defects with help of dynamic symbolic execution. Trudy ISP RAN/Proc. ISP RAS, vol. 29, issue 5, pp. 111-134

[4].

[5].

[6].

[7].

(8].

[9].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

128

Symposium on Foundations of Software Engineering, Helsinki, Finland, September 01-
05, 2003, pp. 327-336

Bessey A., Block K., Chelf B, Chow A., Fulton B., Hallem S., Henri-Gros C., Kamsky
A., McPeak S., Engler D. A few billion lines of code later: using static analysis to find
bugs in the real world. Communications od ACM, vol. 53, issue 2, February 2010, pp.
66-75

NBannukoB B.II., benesanues A.A., boponun A.E., Urnarees B.H., Xypuxun J[.M.,
AgetrcsH A.U., JleonoB M.U. Cratudeckuii ananu3aTop Svace mis moucka aedexros B
ucxoqHoM koxe mporpamm. Tpymst UCIT PAH, Ttom 26, Bem. 1, 2014, ctp. 231-250.
DOI: 10.15514/ISPRAS-2014-26(1)-7

Engler D., Chelf B., Chou A., Hallen S. Checking system rules using system-specific,
programmer-written compiler extensions. OSDI’00 Proceedings of the 4th conference
on Symposium on Operating System Design and Implementation, vol. 4, article No.1,
San-Diego, CA, USA, October 22-25, 2000

Johnson B., Song Y., Murphy-Hill E., Bowdidge R., Why don’t software developers use
static analysis tools to find bugs? ICSE’13 Proceedings of the 2013 International
conference on Software Engineering. San Francisco, CA, USA, May 18-26, 2013
Christakis M., Miiller P., Wiistholz An Experimental Evaluation of Deliberate
Unsoundness in a Static Program Analyzers. VMCAI’15 International Workshop on
Verification, Model Checking and Abstract Interpretation, Springer, 2015, pp. 336-354
Livshits B., Sridharan M., Smaragdakis Y., Lhotdk O., Amaral J.N., Chang B.-Y. E,,
Guyer S.Z., Khedker U.P., Mghler A., Vardoulakis D. In defence of soundness: a
manifesto. Communications of ACM, vol. 58, no. 2, February 2015

Cadar C., Dunbar D., Endger D. KLEE: unassisted and automatic generation of high-
coverage tests for complex systems. OSDI’08 Proceedings of the 8th USENIX
conference on Operating Systems Design and Implementation, San Diego, CA, USA,
December 08-10, 2008, pp. 209-224

Averginos T., Cha S.K., Revert A., Schwartz E.J., Woo M., Brumley D. Automatic
Exploit Generation. Communications of the ACM, volume 57, issue 2, February 2014,
pp. 74-84

Chipunov V., Kuznetsov V., Candea G. The S2E Platform: Design, Implementation, and
Applications. ACM Transactions on Computer Systems (TOCS) — Special Issue APLOS
2011, article no. 2, volume 30, issue 1, February 2012

Manevich R., Sridharan M., Adams S., Das M., Yang Z. PSE: explaining program
failures via post-mortem static analysis. SIGSOFT’04/FSE-12 Proceedings of the 12th
ACM SIGSOFT 12th International Symposium on Foundations of Software
Engineering, Newport Beach, NY, USA, 2004, pp. 63-72

Song D., Brumley D., Yin H., Caballero J., Jager 1., Kang M.G., Liang Z., Newsome J.,
Poosankam P., Saxena P. BitBlaze: a New Approach to Computer Security via Binary
Analysis. ICISS’08 Proceedings of the 4th international Conference on Information
Systems Security, Hydarabad, India, December 16-20, 2008, pp. 1-25

Sen K., Marinov D., Agha G. CUTE: a concolic unit testing engine for C. ESEC/FSE-13
Proceedings of the 10th European Software Engineering Conference held jointly with
13th  ACM SIGSOFT International Symposium on Foundations of Software
Engineering, Lisbon, Portugal, September 05-09, 2005, pp. 263-272

King J.C. Symbolic Execution and Program Testing. Communications of the ACM,
volume 19, issue 7, 1976, pp. 385-394



T'epacumos A.1O., Kpyrios JI.B., Epmakos M K., Bapranos C.I1. [Toaxo/ k onpeaeneHuto 10CTHKUMOCTH
IpOorpaMMHBIX I[Cq)CKTOB, OGHaPy)KCHHBIX METOJAOM CTAaTHYICCKOTO aHalln3a, MPU IMIOMOIIN TUHAMUYECKOTO
CHMBOJIBHOTO Hcnonuenus. Tpyowr UCIT PAH, tom 29, Bein. 5, 2017 ., ctp. 111-134

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

Cadar C., Ganesh V., Pawlowski P., Dill D.L., Engler D.R. EXE: automatically
generating inputs of death. CCS’06 Proceedings of the 13th ACM Conference on
Computer and Communications Security, Alexandria, Virginia, USA, October 30 -
November 03, 2006, pp. 322-335
Schwartz E.J., Averginos T., Brumley D. All You Ever Wanted to Know About
Dynamic Tait Analysis and Forward Symbolic Execution (but Might Have Been Afraid
to Ask). SP’10 Proceedings of the 2010 IEEE Symposium on Security and Privacy,
Oakland, CA, USA, May 16-19, 2010, pp. 317-331
Csallner C., Smaragdakis Y. Check’N’Crash: combining static checking and testing.
ICSE’05 Proceedings of the 27th international conference on software engineering, St.
Louis, MO, USA, May 15-21, 2005, pp. 422-431
Chebaro O., Kosmatov N., Giorgetti A., Julliand J. Programs slicing enhances a
verification technique combining static and dynamic analysis. SAC’12 Proceedings of
the 27th Annual ACM Symposium of Applied Computing, Trento, Italy, March 26-30,
2012, pp. 1284-1291
Kim T., Park J., Kulinda 1., Jang Y. Concolic Testing Framework for Industrial
Embedded Software. APSEC’14 Proceedings of the 2014 21st Asia-Pacific Software
Engineering Conference, volume 2, Jeju, South Korea, December 01-04, 2014, pp. 7-10
Hanna A., Ling H.Z., Yang X., Debbabi M. A synergy between static and dynamic
analysis or the detection of software security vulnerabilities. OTM’09 Proceedings of the
Confederated International Congress, CooplS, DOA, IS and ADBASE 2009 on the
Move to Meaningful Internet Systems: part Il. Vilamoura, Portugal, November 01-06,
2009, pp. 815-832
Csallner C, Smaragdakis Y. DSD-Crasher: a hybrid analysis tool for bug finding.
IISTA’06 Proceedings of the 2006 International Symposium on Software Testing and
Analysis. Portland, Maine, USA, July 17-20, 2006, pp. 245-254
Artho C, Blere A. Combined Static and Dynamic Analysis. Electronic Notes in
Theoretical Computer Science (ENTCS), volume 131, May, 2005, pp. 3-14
Chebaro o., Kostomarov N., Giorgetti A., Julliand J. Combining static analysis and test
generation for C program debugging. TAP’10 Proceedings of the 4th International
Conference on Tests and Proofs. Malaga, Spain, July 01-02, 2010, pp. 94-100
Schiitte J., Fedler R., Tetze D. ConDroid: targeted dynamic analysis of Android
Applications. AINA’15 Proceedings of IEEE 26th international Conference on
Advanced Information Networking and Applications, Gwangui, South Korea, March 24-
27,2015
Ge X., Taneja K., Xie T., Tillmann N. DyTa: dynamic symbolic execution guided with
static verification results. ICSE’11 Proceedings of the 33rd International Conference on
Software Engineering, Waikiki, Honolulu, HI, USA, Mau 21-28, 2011, pp. 992-994
I'epacumo A.}O., Kpyrnos JI.B. Belumcienue BXOOHBIX AAaHHBIX JIS JOCTHOXKEHHS
onpeneneHHoﬁ q)yHKIII/II/I B IporpaMmMe€ METOAOM HUTCPATHUBHOTO AUHAMHYECKOI'O
agamm3a. Tpymsrt MCIT PAH, tom 28, Bemyck 5, 2016, crtp. 159-174. DOI:
10.15514/ISPRAS-2016-28(5)-10
Stallman R. M. Using the GNU Compiler Collection: a GNU Manual for GCC Version
4.3.3. Free Software Foundation Inc., May, 2004
Hcaes U.K., Cunopor I.B. IIpumeHeHue AMHAMHUYECKOrO aHaIM3a JUIS TEeHEpaluu
BXOOHBIX JAaHHBIX, )ICMOHCTpI/Ipy}OLLII/IX KPUTUYECKUE OLLII/I6KI/I 51 yﬂ3Bl/lMOCTI/I B
nporpammax. [IporpammupoBanue, 2010, Ned, ctp. 1-16
GNU binutils [HTML] http://www.gnu.org/software/binutils, accessed 01.11.2017

129


http://www.gnu.org/software/binutils

Gerasimov A.Y., Kruglov L.V., Ermakov M.K., Vartanov S.P. An approach of reachability determination for static
analysis defects with help of dynamic symbolic execution. Trudy ISP RAN/Proc. ISP RAS, vol. 29, issue 5, pp. 111-134

An approach of reachability determination for static
analysis defects with help of dynamic symbolic execution

A.Y. Gerasimov <agerasimov@ispras.ru>
L.V. Kruglov <kruglov@ispras.ru>
M.K. Ermakov <mermakov@ispras.ru>
S.P. Vartanov <svartanov@ispras.ru>
Ivannikov Institute for System Programming of the Russian Academy of Sciences,
25, Alexander Solzhenitsyn st., Moscow, 109004, Russia

Abstract. Historically program analysis methods are divided into two groups — static
program analysis methods and dynamic program analysis methods. In this paper, we present a
combined approach which allows to determine reachability for defects found by static
program analysis techniques through applying dynamic symbolic execution for a program.
This approach is an extension of our previously proposed approach for determining the
reachability of specific program instructions using dynamic symbolic execution. We focus on
several points in the program which include a defect initialisation point, a defect realisation
point, and additional intermediate conditional jumps related to the defect in question. Our
approach can be described as follows. First of all, we perform static analysis of program
executable code to gather information on execution paths which guide dynamic symbolic
execution to the point of defect initialisation. Next, we perform concolic execution in order to
obtain an input data set to reach the defect initialisation point as well as the defect realisation
point through intermediate conditional jumps. Concolic execution is guided by minimizing
the distance from a previous path to the next defect trace point when selecting execution
paths. The distance metric is calculated using an extended graph of the program combining its
call graph and portions of its control flow graph that include all the paths through which the
defect realisation point can be reached. We have evaluated our approach using several open
source command line programs from Linux Debian. The evaluation confirms that the
proposed approach can be used for classification of defects found by static program analysis.
However, we have found some limitations, which prevent deploying this approach to
industrial program analysis tools. Mitigation of these limitations serves as one of the possible
directions for future research.

Keywords: static program analysis; dynamic program analysis.
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AnHoTamms. B HacTosimee Bpems BONpoCy 3aIlIUTHl MH(GOPMAIMK IPH NMPOCKTHPOBAHUH U
9KCIUTyaTallid OOBEKTOB KPUTHYECKOW HH(OPMAIMOHHOW HHQPACTPYKTyphl yaemsercs
ocoboe BHUMaHKHE. OTHUM U3 PACTIPOCTPAHEHHBIX MOIXOA0B K 00CCIICUEHHIO Oe30MaCHOCTH
uHpopMaImu, oopadaTeiBacMOl Ha 00BEKTaX, IIPH ITOM SBILIETCS CO3JAaHUE M30JIHPOBAHHOM
HPOrpaMMHOM cpenbl. Be30macHOCTh cpenbl 00ycnaBauBaeTcsl €¢ HeM3MEHHOCThI0. OHaKo
SBOJIIOIMOHHOE PAa3BUTHE CHCTEM OOpabOTKM HMH(OpMAalMK IOpOXKIaeT HEeoOXOIUMOCTh
3aIlycKa B JaHHOW cpejie HOBBIX KOMIIOHEHTOB U IIPOrPaMMHOTO 00ecHeYeHHs NIPH YCIOBHU
BBINIOJIHEHYsI TpeOoBaHUH 1o OGezomacHocTH. Hanbosee BayKHBIM ITPU 3TOM SIBISIETCS] BOIIPOC
JIOBepHs K HOBOMY IIporpamMmHoMy Koxy. JlaHHas paborta mocBsimieHa pa3paboTke
(hopManbHOTO ~ JIOTHYECKOTO  sS3bIKA  ONMHCAaHWsA  (QYHKIHOHATBHBIX TpeOOBaHMH K
HPOrPaMMHOMY KOJLY, KOTODBIil IO3BOJIUT B AAJIbHEHIIEM IIPEAbSBIATh TPEOOBaHMS Ha dTaIe
CTaTMYECKOI'0 aHaln3a U KOHTPOJIMPOBATh UX BHINOJIHEHNE B TUHAMHUKE.

KnwueBble cioBa: (GoOpMaJbHBIA JOTMYECKUN  S3bIK; MOJCIHPOBAHHE, MPOIIECC;
BPEIOHOCHAS MPOrpaMma; poBepKa MOJIeIICi; aBTOMAT 0€30MacHOCTH
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Oe3onmacHoMy mporpamMmmuomy kony. Tpyaet UCIT PAH, tom 29, Bemm. 5, 2017 t., ctp. 135-
148. DOI: 10.15514/ISPRAS-2017-29(5)-8

1. BeedeHue

B mocnennne HeCKOJBbKO JE€T 0co00e BHUMaHHE B HCCIIEIOBAHUSX, HOCBSIICHHBIX
3amuTe WHQOpMAIMH, YAENsAeTCsS BONPOCY, Kacarolemycs oOecredeHHs
MHPOPMAIIMOHHOKW 0E30MacHOCTH OOBEKTOB KPUTHYECKOW WHMOPMAIMOHHON
uadppactpykryper  (KWMU). IloatBepkaeHmeM — maHHOrO  ¢akTa  sSBISAETCS
pa3paboTaHHBII W BHECEHHBI Ha paccMoTpeHHe ¢exepansHblii 3akoH "O
0e30macHOCTH KPUTHYECKOW WHpOpMauoHHONW HH(MpacTpykTypsl Poccuiickoit
Denepanun” 6 gexabps 2016 roma. Ocoboe BHUMAaHHUE TIPU 3TOM yJIEISIETCS 3aIIUTe
00pexToB  KMM 0T KOMIBIOTEPHBIX aTak W AECTPYKTHBHBIX IPOrPaMMHBIX
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BosneiicTBuit [1]. IIpemMeToM paccMOTPEHHs NAaHHOW CTAaThbH SBISICTCS 3allUTa
00bexkToB KU 0T necTpyKTUBHBIX IPOTPaMMHBIX BO3JICHCTBHIA.

3a9acTyl0 BO3MOXHOCTh peajH3allii AaHHBIX YIpo3 OOYCIIaBIMBAETCS HAIMIHEM
nmoctyma B riiobanpHyo ceth MHaTepHEeT 00BekToB KWU. IIpH 3TOM cymecTBytomme
CHCTEMBI M CPEZCTBAa 3aIINUTHl MHPOPMAIMH HE 00ECHEYMBAIOT rapaHTHPOBAHHOU
3amuTel. Tak, Hampumep, HCCIEAOBaHUE, MPOBEACHHOE KoMmaHued AV-
Comparatives, TOKa3ago, 9YTO NPHUMEHSIEMBIE B COBPEMEHHBIX AHTHUBHPYCHBIX
Cpe/CTBaX MEXaHU3MbI OOHAPYKEHUS ITO3BOJISIIOT JOCTUYb YPOBHS 3BPUCTHYECKOTO
obnapyxenuss 0,974 ("Avast Internet Security"), HO mHpuM 3TOM oOcCTarOTCA
HEOOHapy)eHHBIMU 468 00pa3lOB BPEIOHOCHOTO MPOrPaMMHOT0 obecreueHus [2].
OfHUM U3 BO3MOXHBIX TOAXOJOB K 3alllUT€ OT JECTPYKTUBHBIX NPOTPaMMHBIX
BO3ACUCTBUM SBISETCA HCIONB30BaHUE W30JUPOBAHHOM IpOrpaMMHOI cpensl,
KOTOpasl SIBJISCTCS JIOBEPEHHOH W 0€30IacHOM IIpU YCJIOBUM COXpaHEHHs ce
Hen3MeHHOCTH. OJJHaKO DBOJIIOIMOHHOE pa3BUTHE CHCTEM cOopa M 00paboTKH
nHdopmanum, a Takke Hanpuume agocryna oovekToB KHUM B riobanbHyro ceTh
WHTepHeT mOpOXKAaeT HEOOXOAMMOCTh 3allycka B JaHHOH cpele HOBBIX
KOMITOHEHTOB M MPOTPaMMHOTO O0ECIHEdYeHHUs, KOTOpble MOTYT HapyIIUTh ee
[EJIOCTHOCTh M Oe3omacHOCTh. Hambosiee BaKHBIM TIPH 3TOM SIBIISICTCS BOIPOC
JIOBEpHsl K HOBOMY KOHTEHTY U IIPOTPaMMHOMY KOJ.

OmHUM ¥3 BO3MOXHBIX BapHaHTOB IIOCTPOEHHMA OE30MacHOW Cpempl C
BO3MOXXHOCTBIO JIOBEpHsI K NPHUXOASNIEMY KOHTEHTY SBISIETCS IPHMEHEHHE
cucTeMbl 0€30I1aCHOTO HCIONHEHUs nporpaMMHoro koma [3]. Ilpemmaraemas
cHCTeMa SIBJISCTCS PACIIMPEHHONW KOMMO3WIMEH ABYX aKTHBHO DPa3BHBAIOIIMXCS
MOAXOAOB K OOHAPY)KEHHIO NECTPYKTHBHBIX IPOTPAMMHBIX BO3ICHCTBHH, a
MMEHHO: TIPUMEHEHUs] METO0B (OpMalIbHOI Bepu(HUKAIMU MOJIENIN HCCIIEAyeMOn
nporpaMMbl [4—7] M HCHOJB30BaHME aBTOMAaTa OE30IACHOCTH ISl KOHTPOJS 3a
(YHKIIHOHHPOBAHHEM HCCIIETyEeMO POrpaMMBbI B peansHOM BpeMeru [8—12].

B ocHoBe cucTeMBl 0€30IIaCHOTO WCIOMHEHHS IPOrPAaMMHOTO KOJa JICKUT
MPEINON0oKEHHE O TOM, YTO eClIH Oe30MacHOCTh MPOrpaMMHOTO KoAa TIpH
aTnpHoOPHO M3BECTHBIX ()YHKIUOHAJBbHBIX TPEOOBAHUSIX HE IOJTBEPIK/AEHA, TO €e
HCIIONIb30BaHNe 3ampeniaercsa. Hacrodinee mccienoBaHue MOCBAIICHO pa3paboTke
(hopMabHOTO SI3bIKA ONMCAHUS (YHKIMOHAIBHBIX TPeOOBaHHH K HPOrpaMMHOMY
KOJly JUIsl IIPUMEHEHHS €ro B pa3pabaTbiBaeMoil cuCcTeMe 0E30I1acHOTO MCIIOIHEHHS
MPOTPAaMMHOT0 KOJIa.

2. Kpamkuli o630p uccnedoeaHuli e obnacmu c¢hopmanbHOLU
eepucpukayuu modesiel  npoz2paMM  Onsi  OBHapyXeHusi
epedOHOCHO20 Koda

Wnes npumenenuss metoma ¢opmansHOi Bepupukammu "Model checking" mpu
pemieHnH 3amgadnl  OOHApY)KEHHS NECTPYKTHBHBIX IPOTPAaMMHBIX BO3ACHCTBHA
COCTOUT B TOM, YTOOBI TMOCTPOUTH (OpManbHYI0 (MaTEeMaTHYECKYI0) MOJENb
BPEIOHOCHON TPOTPaMMBI, KOTOpas OTpakaeT (MOACIUPYET) €€ BO3MOXKHOE
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MOBE/ICHUE B ONEPALMOHHON cucTeMe. Pa3pelmeHHoe MoBeNeHNE MPOrpaMMBbl MpH
3TOM 3aaeTcs B BuJe cnennduxanun. Ha ocHOBe 3TO# crnenuuKanuy U MOAEIH
UCTIONHsAEMOTro (aiina ¢ ucnoip3oBanneM merona "Model checking" npuaUMaeTcs
pelIeHne 0 BO3MOKHOCTH HCIOIb30BaHMUS aHATM3HPYEMOI IPOTrpaMMBl.

BriepBble naHHBIN METOA NPH PEIICHWH 33Jaddl MO OOHApPYKEHHIO BPEJOHOCHOTO
koma Obur mpumeHeH B 2005 romy B pabore Kunpmepa [4]. I'pymma aBTopoB
TIPEUIOKIIIa aHATM3UPOBATh MOBEICHUE TporpaMM U Ha ocHoBe "Model checking"
NPUHAMATh PEIICHHE O €ro CXOXKECTH C IOBEJCHHUEM BPEIOHOCHBIX IMPOTPaMM.
[IpennokeHHbIH MU MTOJX0]] 3aKIF0YaeTCs B 3aJaHUH CleU(UKAIMN C TOMOIIBIO
(dopMyn TEMNOpalbHOW JIOTHKH JUI KaKIOT0 M3 KIAcCOB JIECTPYKTHBHBIX
NporpamMM, TPEJICTaBUTENIN KOTOPOI'O MMENH CXOKee IOBEACHHE, OIHAKO
CYIIECTBEHHO OTJIMYAINCh 10 OMHAPHOMY HPEICTABIICHUIO, BCIEACTBUE YEro He
MOTNA OBITh OOHApY)XEHBl CHTHATYpHBIM MeTofoM. Kakmeii wuccienyemsrit
OuHapHbIH (aiin aBTOMaTHYeCKH MPeoOPa30BHIBAIICS B MOAEINb, 33/IaHHYIO Ha S3bIKE
Bepudukaropa. Ha ocHoBe 3T0if Mozaenn Bepu(HUKATOp ONMPEAEIST COOTBETCTBYET
IM OHa OJHOW W3 MHOXECTBA 33JaHHBIX CICIM(UKANNH, COOTBETCTBYIOIINX
ceMeicTBaM BPENOHOCHBIX HporpamM. /It COKpamieHHs 3amuch CHenU(HUKAIIHA
aBTopamu Obuta BBezena normka CTPL (Computation Tree Predicate Logic),
SBIAMOIIAsAca  paciupeHueM — m3BecTHoW  Joruku  CTL.  JloctouHCTBOM
NPE/IOKEHHOT0  TOAXOAA SIBIISICTCS  BO3MOXKHOCTh OOHApyXXEHUsl CeMEHCTB
BPCIOHOCHBIX IIpOIrpaMM. OI'paHI/I‘IeHI/IeM ABJIACTCA TO, YTO OH HC YYUTBIBACT
paboTy HccineayeMol IMporpaMMbl CO CTEKOM, a Takke HeoOXOIMMOCTh PY4YHOTO
3aJaHus ceuru(pUKalUi TOBEACHHS sl KaXK/0T0 Kijlacca BPeIOHOCHOTO Ko/ia.

B 2012 rony @y Cour u Taccup Tywnu npepnoxunu ucnonb3oBats Meron "Model
checking" mnst oOHapyKeHHS BPEAOHOCHBIX MPOTPaMM C YYETOM HX MOBEACHUS U
B3aUMOJICHCTBUA cO cTekoM [5]. [lng omucanus MOJenu MOBEIEHHUsS BPEIOHOCHOTO
koaa aBTopamu Obuta BBeneHa joruka SCTPL (Stack Computation Tree Predicate
Logic), mo3Bossiomas y4uThBaTh pabOTy cO CTeKOM. IIpuMeHeHHe JaHHOTO
MOAXOAa  TO3BOJMJIO  CYIIECTBEHHO  HOBBICUTH  TOYHOCTh  OOHapyKeHHS
BPEIOHOCHBIX TIporpaMM. B pesynprate pasBHTHS JaHHOTO MOAXOAA aBTOPAMH
oruta penmoxena toruka SLTPL (Stack Linear Tree Predicate Logic) [6].

3. OnucaHue cucmemsbl 6e3onacHozo0 ucnosnHeHus
npoz2paMMHO20 Koda

OTnuauTensHasT OCOOCHHOCTh  pa3pabaThlBaéMOl  CHCTEMBI  3aKJIFO4aeTcs B
M3BJICUCHUH MH(OPMAIKM O MOBEICHUN HCCIEAYEeMON NMpOrpaMMBbl, KaK Ha JTare
XpaHeHWs, Tak W Ha dTame wucrnonHeHus (puc. 1). Ilomydennas wuHbOpMAaNUS
CPaBHUBACTCA CO CHeUU(HUKAIMEe ITOBEAEHHUS B COOTBETCTBHH C 3aJaHHBIMU
(hyHKIMOHATBHBIME TpeOoBaHMAMH. B ciydyae WX COOTBETCTBHSA HCCIeIyeMas
porpaMMa Ipu3HaeTcss 6e30IacHOM.

JIJ'IH peanmu3anu MPEIJIOKCHHOTO IMOAXO0Aa Ha ITPAKTUKE HCO6XOIII/IMO peuicHue
CJICAYIOMINX YaCTHBIX 3a1a4:
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138

aHaim3 (M3BJICYEHUE M TpeoOpasoBaHue HHPOpPMAIMKM W3 HUCCIETyeMOi
MporpaMMbl B BHI, NPHUTOMHBIA JJIs JaJbHEWIIeH oO0paboTkm —
crennuKaIum);

cuHTe3 (TMOCTPOEHUE MOJEeNU Oe30MacHOr0 HCIOJNHEHUS NPOrpPaMMHOTO
KOZIa B COOTBETCTBHH C 3aJaHHBIMH (DYHKIIHOHAIBFHBIMHU TPEOOBAHUSIMH);

BepuduKanus (aIropuT™, IMOJYYAIOIIUMH Ha BXOA CHELU(HUKALUIO
aHAMU3UpyeMoil mporpaMmsl ¥ TNPUHUMAIOIIMHA  pelleHne o  ee
COOTBETCTBUH MOJEIN 0€30MaCHOr0 UCIIOIHEHHS IPOrPaMMHOTO KO/1a);

KOHTPOJIb WCIIONHEHUs (peaan3ans MOHUTOPA HCIIONHEHUS IIPOTPaMMBI,
MO3BOJIAIOIIETO MEPEXBATHIBATH BCE CHTHAIBI B3AaUMOCHCTBHS mpolecca ¢
OMEpPAOHHON  CHCTEMOH, OTCIEKXHBATh COOTBETCTBHE COCTOSHUSI
MpOrpaMMBbl 33aHHON KOH(DUTYPALMK U 3aBEPIINTD IEJEBYIO MPOTPaMMy
B Clly4ae He0OXOMMOCTH).

HcnosHsiemslii (aiir

AnpuopHast HHbOpMaIHs
0 (PYHKIIHOHAIBHOM
Ha3HAYECHUHN NTPOrPAMMEI

IIpenBapurenpHas > 3ananue
obpaboTka crieuduKau
I'pa¢ moroka | ynpasnenus (CFG),
rpad moroka | manubix (DFG)

3 OyHKINOHAIBHBIE
®opmanbHas < TpeOOBaHUS
BepUUKAIHS

Pemienne o coorBeTcTBHH
(GyHKIMOHANBHBIM
TpedOBAHUAM
5 4 Tlocrpoenue
MonuTopuHr
< aBTOMara
WCIIOTHEHYS
0e30MacHOCTH

v

Pemenue o 6e30nacHOCTH BBINIOJTHEHHSI
HCHOJIHAeMOro daiina

Puc. 1. Mooenv cucmemuvl 6€30nacHo20 UCNOIHEHUSL BPOSPAMMHO20 KOOd
Fig. 1. Secure code execution system model
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Ha Bxox Omoka 1 momaercss WccleayeMblid HCTIONHIEMBIH (aiin, 0e30macHOCTh
KOTOPOTO HEOOXOAMMO YCTaHOBHTb. B 1aHHOM OJIOKE NPOMCXOAWUT MPOBEpPKa
HaIM4Yuss B KOJE TIPOrpaMMBl KOHCTPYKIMH caMoMomudukanuy (BKIOYAs
YIAKOBIIMKA) W MEXaHM3MOB 3alllUTHl KOAa OT aHAIW3a. BHIMONHEHHE 3THX
TpeOOBaHU SABJIAETCS HEOOXOAMMBIM YCIOBHEM Uil NaJbHEHIIEro MCCIeI0BaHHs
ucronHseMoro ¢aiina. B ciaydae ux Hammuus Qaiin npusHaercss HeOE30MacHbIM U
ero JanpHeWIIas NpoBepka mpekpamiaercs. [lanee mpoucxoaut npeoOpazoBaHue
ucrojHsgeMoro (aiina u3 OWHAPHOTO IPEACTAaBICHUS B MOCIEA0BATEIbHOCTD
KOMaHJl s3bIKa accemOiepa M JaHHBIX, Ha WX OCHOBE CTPOMTCS Tpad MOTOKa
ynpasienus (Control Flow Graph) m rpad mortoka mamseix (Data Flow Graph).
Taxke Ha 3TOM JTame OCYIIECTBIACTCS COOp M CHCTEMAaTH3alMs alpHOPHBIX
CBEICHNH O (YHKIIMOHATHHOM IIPEJHA3HAUYEHHN NPOTPAMMBI, KOTOPBIE MOJAIOTCS
Ha BX0J 0110Ka 2.

B Onoke "3amamms crenmdukanuu' HAa OCHOBE AaNpPUOPHBIX CBEICHUH O
(YyHKIIMOHATBHOM  IIPEAHA3HAYCHWH  TPOrpaMMbl  (OpMHpYeTCs  IepeueHb
OTpaHWYECHUH Ha ee¢ (yHKIHOHAJIbHBIE BO3MOXKHOCTH, BBINOJHEHHE KOTOPBIX
HeoOxonnMo At 0e301acHOrO HMCIIONBb30BAaHMS MpOrpamMMbl. JlaHHBIM IepedeHb
BKJIIOYaeT B ce0s (DyHKIMOHAIbHBIE TPEOOBAHMS, BBHINOJHEHHE KOTOPBIX MOJKET
ObITh oOOeclieueHO B paMkax pabOThl CHCTEMBI O€30MacHOrO HCIIOJIHEHHS
nporpaMMHOro konxa. OHM MOTYT OBITH pa3JielieHbl Ha IPYIIBI B 3aBUCUMOCTH OT
KaTeropuu HCCIEAYEeMOW MporpaMmbl. BBIXOIOM JaHHOTO OJoKa SIBISIOTCS
(opmannzoBaHHbIE (YHKIMOHAIBHBIE OTPaHHYCHUS Ha pabOTy MPOrpaMMbl B BHZE
(hopMyJIBI TEMITOPAILHON JIOTUKY M KOH(GHUTYypaIiK aBTOMAaTa 0C30MaCHOCTH.

B ©Onoke 3 ocymectBisiercss mporiece (GopMmanbHONl BepudUKAIUK MOJICIH
ucronHsAeMoro (aina, MOCTPOSHHOM Ha OCHOBe rpad0B NMOTOKOB YIPAaBIECHUS U
JIAaHHBIX, Ha COOTBETCTBHE (PYHKIMOHAIBHBIM TPeOOBaHHSM CTaTHYECKOIO JTara
npoBepku ¢ nomoipio Merona "Model checking". TpeGoBaHusl 10 KOPPEKTHOCTH
6€e301acHOT0 MOBEACHHS IIPH 3TOM OIMCHIBAIOTCS B BUJE CIiCIM(UKAINH, KOTOpas
OTpaXkaeT paMKH Pa3peleHHOr0 MOBEeIeHMs MporpamMmbl. [10CKoIbKY MpOHCXOIUT
MMEHHO MaTeMaTHdeckas BepH(UKalWs, pelieHHEe O COTJIACOBAHHOCTH, TO €CThb
COOTBETCTBMM BO3MOJKHOTO TIIOBEJCHUS TpeOyeMoMy, SBISIETCS KOPPEKTHBIM.
ANTOpUTMBI NIPOBEPKH MOAENEH, Kak MpaBHiI0, 0a3MPYIOTCS HA HMCUEPITBIBAIOIICH
JIOCTHYKUMOCTH BCErO MHOXKECTBA COCTOSIHUM Mojaenu [13].

Takum 00pazoM, Al KaKAOTO COCTOSIHUSI IPOBEPSETCS, YIAOBJIETBOPSET JIM OHO
3aJaHHBIM B crienuduKanuu TpeboBaHMsAM. B camoil mpocToit dopme anropuT™sl
MPOBEPKH MOJIENEH MO3BOJISIIOT JaTh OTBET HA BONPOC O JAOCTHIKUMOCTHU 33JaHHBIX
coctossHMH. B TakoM ciaydae HEOOXOAMMO ONPENEIHTh BCE 3alpeIIeHHBIE
COCTOSIHMSI, JIOCTH)KEHHE KOTOPBIX SBIISIETCS HEeOE30MacHbIM, W  BBISICHHTb,
CYIIECTBYET JIM Takas IOCIEIO0BATEIbHOCTh WX CMEHBI, KOTOpas IpPUBOJHUT K
OTHOMY U3 3ampenieHHbIX. Ecim Takas IOCIeI0BaTeIbHOCTh CYIIECTBYET, TO
NPUHUMAETCSl PEIICHHE O 3alpeTe HCIOJNB30BaHUS HCCIEIyeMO MpOTrpaMMBL.
CTOUT OTMETHTh, YTO HCYEPIHIBAIONIAsl JIOCTHXKMMOCTH MHOXKECTBA COCTOSIHHH
rapaHTUpYyeTCsl BBHJY KOHEUHOCTH 4Hcla cocTossHuM Mmonenu [14]. B cmyuae

139



Kozachok A.V. First order logic to set requirements for secure code execution. Trudy ISP RAN/Proc. ISP RAS, vol. 29,
issue 5, 2017, pp. 135-148

paccoriacoBaHHOCTH MOJENM MHpOrpaMMbl M cHenudukanuu  Oe301acHOCTH
WCTIONHSAEMBIN (halil mpu3HaeTcss HeOe30MacHbIM U €T0 JajbHeHIee UCClieIOBaHNE
npekpamaercs. Beixomom maHHOTO OnOKa SBISIETCSl PEHICHHE O OE30MacHOCTH
WCTIONB30BaHMsA JAaHHOM TporpaMMbl MO  pe3yiabTaTaM BepH(UKanmuu Ha
CTaTUYECKOM 3Tare NPOBEPKHU.

Jns KOHTpONsL Haj BBIMOJHEHHWEM (DYHKIMOHANBHBIX OrPAaHWYEHHH BO BpeMS
paboTHl MPOTPaMMBI TIPEIIAracTCsl MCIOIb30BAHNE CHCTEMBI, CXOXKEH C CHCTEMOH
IpeJOTBPAlleHUsT BTOP)KEHUII Ha ypoBHE KOMIbIOTepa. MOHUTOP MCHOIHEHUS
3alycKaeTcsi MapajjelbHO C HCIOJNHSAEMOM IporpaMMOi U IepexBaThIBAaeT BCeE,
COBEpIaCMbIC €10, CUCTEMHBbIE BBI3OBbL. VI3Ha4yadbHO MOHHUTOP MCHOIHEHUS
3arpy’kaeT MOJENb pPa3pelIeHHOr0 TMOBEJEHUs U YCTAHABJIMBAeT HAYaJIbHOE
coctosiuue. Kaxaplii BBI30B CHCTEMHON (YHKLIMH COIOCTaBIISETCS C MOJIEIbBIO
Pa3pemICHHOTO TIOBEJCHNS M TNPOMCXOAUT IEPEXO] B HOBOE COCTOSHHE WM, B
Cllydae OTCYTCTBHSI TaKOTO IIEPEeX0/1a, MoJaeTcs KOMaH/1a Ha 3aBEPILCHNE ITPOIIecca.
B ocHOBy MOHHTOpa HCHONHEHHS MOJOXKEH aBTOMar Oe3omacHocTH (Security
Automata) [8], KOTOpEI CTPOHUTCS, KaK MPaBUIO, HA OCHOBE aBTOMAaTa CO CTEKOM.
BxomHpIMM ~ cuMBONAaMH ~ aBTOMara  SIBISIETCS.  MHOXECTBO  COOBITHH
(hyHKIIMOHMPOBaHMUS Tpoliecca, a KOH(GHUTypalys aBToMara OIpeAesieT MHOKECTBO
Pa3pelIeHHBIX ONepaui A KaKI0I0 COCTOSHHS.

B Omoke 4 mpoucxomuT mnpeoOpa3zoBaHHEe (QYHKIMOHATBHBIX TpeOOBaHUHA K
nporpaMMe B KOH(UI'ypalnio KOHEYHOTO aBToMara cO CTeKOM. B Oioke 5
MPOU3BOJUTCS HENPEPHIBHBIA MOHUTOPUHI (YHKIMOHHPOBAHUSI IMPOTPAMMbI B
paMKax 3aJaHHOW MoJenu Oe30MacHOro MCIOJHEeHUs. BbixomoM naHHOTrO OJioKa
SBJISIETCS PelIeHHEe O 0€30MaCHOCTH BBIIIOJIHEHHS UCTIONHIEMOro (aina.

4. dopmarnbHbIl J102U4ecKUl s3bIK onucaHusi pyHKUUOHasIbHbIX
mpe6oeaHuli
Ba30oBeIMH MOHATHSAMH NPH PACCMOTPEHHH paboThl onepanuoHHol cucteMsl (OC)
SIBJISTIOTCSI Tiporiece u pecype. Cormacho [15] mpotiecc — 3T0 KOHTe#HEp A5 Habopa
PecypcoB, HCIIOJIb3YEMBIX TIPH BBITTOJHEHUH SK3eMILIsIpa porpaMMbl. K OCHOBHBIM
Buaam pecypcoB OC OTHOCSTCS cleayIouIre 3JeMeHThl [16]:

® TPOLECCOPHOE BPEMS;

e onepaTHBHAs MaMsTh;

® BHCIIHSS 1aMSTh;

® YCTpOHCTBA BBOAA-BBIBOJA.
B ocHoBe mocTpoeHMs IpeiyiaraeMoil CHCTEMbI 0OEe30IIaCHOTO  HCIIOJIHEHUS
MPOTPAMMHOTO KOJa JIS)KUT MOJETh ONMHCaHus ()YHKIIMOHHPOBAaHUS Ipolecca B
omepannoHHOW cucreme. K cyOBEKTaM OTHOCATCS MPOIECCH, COBEPIIAIOIINE
JIEUCTBUSI MO OTHOIICHHIO K oOBekTamM. OO0bekTamu sBIsitoTcss pecypcbl OC wm
MIPOIIECCHI, B OTHOIIEHUH KOTOPBIX COBEPINAIOTCS NEHCTBUA APYTUMH CyObEKTaMu:

e "mporecc" (p);
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e "omeparuBHas namsAts" (M);

o "BHelnHsiss naMaTh" (€);

o "nepudepuiiasie ycrpoiictea" (d);

e "cereBas moacuctema" (n).
s ocymiecTBIeHUs JOCTyIa K pecypcy HpOLECC BBIMOJIHSAET COOTBETCTBYIOLIYIO
¢ynkmo OC, To ecTh MoJaeT 3asBKy Ha BBINOJHEHHE HEKOTOpPHIX jaeiictBuit. OC
Ha OCHOBE BHYTPEHHHIX MEXaHHU3MOB pacHpeeICHUs PECYPCOB, a TAK)Ke Ha OCHOBE
MOJUTAKA OE30MacHOCTH, NMPUHUMAET pEIIeHHE O TOCTYyIle HCIIONHSAEMOTO Koja
JTAHHOTO IIpoIlecca K 3aIpalinBaeMOMy Pecypey.
[Ipuxiagable MpOrpaMMBl B IIporecce paboThl 00JaNai0T IOJMHBIM OCTYIIOM K
CBOEMY BHPTYaIBHOMY aJPECHOMY IIPOCTPAHCTBY MJIsl BBIOJHEHHS OIEpamuii
YTeHUs ¥ 3amucu. [[n BBO/a WM BRIBOJA JAHHBIX 3a IIPENENbI CBOCTO aapecHOTr0
MPOCTPAHCTBA MPHUKIATHON MporpaMMe HE0OXOAUMO BEI3BIBATH COOTBETCTBYIOIINE
¢yakann OC, eciti OHAa IMEET COOTBETCTBYIOIINE IPUBIIICTHH IJIS1 OCYIIECTBICHIUS
takux omepamuid. K Takum ¢yHkmmasmM OC MOXHO OTHECTH OIEpaldd YTEHUS,
3aIliCH, 3aIlyCKa MJIM 3aBEPLICHHs [TPOLiecca, BbIICICHHs JOTIOJIHUTENLHON 001acTH
MaMsTH, €€ OCBOOOKICHUS U JIp.
AHanu3 wucciieoBaHWA B 007acTH (QOpMaIbHON BepHHUKAIMH ITOKAa3al, dTO
CYIIECTBYIOIME MOAXOAbl K ONHCAHMIO crneludUKalMid NpH PEeLICHUH 3aiadyu
0oOHapy>KeHHs BPEIOHOCHBIX MPOTpaMM He SIBISIOTCS YHHBEpCAIbHBIMHU. Tak Kak
YacTh U3 HUX OPHEHTHPOBaHa Ha KOMaHJbI s3bIKa accemOunepa, a yacth — Ha API-
¢byHKIHH.
[TosToMy mpemiaraercst CleaAyroIuid GOpMaIbHbBIN JOTHUSCKUI SI3BIK I 3aaHUS
(hyHKIIMOHATBHBIX TpPeOOBaHMH C BO3MOXKHOCTBIO OJHO3HAYHOTO IIEpexoaa K
(dhopMyIaM TeMIIOPaTbHOM JOTHKH IS AajbHEHIIICH BepUPUKAIIMH TI0 MOJICIISM.
B cooTBercTBUU C ompeneneHWeM JIOTUKU MepBoro mopsiaka [17] Heobxomumo
3a/1aTh CIIEAYIONIHE TOMHOKECTBA!

FormSpec= FuncUPr ed UVar U Log U Aux.
IIpu sTOM MHOXeEcTBO (DYyHKIHMOHAJIBHBIX CHMBOJIOB OyJIeT BKIIOYaTh B ceOs
CIIEYIOIIUE ONEPALIVU:
Func ={create, open, delete read, write},
TIe create — ornepanus co3aaHus 06L€KTa, open — onepanursa OTKPBITUA 06LGKTa,

delete — onepanus ynanenus (3aBepiueHus) o0bekTa, read — onepanus 4TCHUS U3
o0BeKTa, Write — oneparnus 3amicu B 00BbEKT.

MHOXXECTBO TPEINKAaTHBIX CHMBOJIOB BKJIIOYAaET B ceOs 0a30BbIe IpEIUKATHI
TemrnopanbHo# toruku CTL* [18] u npenukar npoBepky 0€301MacHOCTH:

Pred ={lsSecure, AX, AF, AG, AU,
AR, EX, EF,EG, EU, ER, EC},

roe IsSecure — nmpemuKar TPOBEPKH OE30MACHOCTH TEKYIIETO COCTOSHHS
OTHOCUTEJIBHO TpPAacChl MCIIOJIHCHUA B IICJIOM, A — KBaHTOP BCGO6H_IHOCTI/I,
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YKa3bIBAIOIIUA HA TO, YTO JAHHOE CBOMCTBO BBIMIOJHEHO /JIs BceX MyTed, E —
KBAaHTOp CYIIECTBOBAHMS, YKa3plBAalOIIMI HAa TO, YTO MJaHHOE CBOWCTBO
BBITIOJTHACTCS A1 HEKOTOPOTO IyTH, X — YHApPHBIA ONepaTop, YKa3bIBAIOIIUK Ha TO,
YTO JAaHHOE CBOMCTBO BBIIOJHSETCS Ha CICAYIOUIEM COCTOSHHM TEKyIlero mytH, G
— YHapHBII oniepaTop, yKa3bIBalOLIMN Ha TO, YTO JAHHOE CBOICTBO BBIMOJHSETCS Ha
Ka)kKJIOM COCTOSIHUM TEKYIIEro MyTH, F — yHapHBIil oneparop, yKa3blBarolii Ha TO,
YTO JIaHHOE CBOWCTBO BHINOJHSETCS B HEKOTOPOM COCTOSHMM B Oynymem, U —
OGuHapHBIN onepaTop, yKa3bIBaroOIUil Ha TO, YTO MEPBOE CBOMCTBO BBIMOIHIETCS AT
BCEX COCTOSIHMH MYTH, NMPEIIIECTBYIOIUX COCTOSIHUIO, TJI€ BBIMOJHIETCS BTOPOE
CBOICTBO, R — OMHApHBIN omeparop, YKa3pIBAIONINHA Ha TO, YTO BTOPOE CBOHCTBO
BBINIOJHACTCA ISl BCEX COCTOSIHMH, CIEAYIOIMX [0 COCTOSHHA, B KOTOPOM
BBITIOJTHSETCA TIepBOe CBOUCTBO, C — YHAPHEIA OIepaTop, YKa3hIBAIOIINI HA TO, 9TO
JAaHHOE CBOMCTBO BBINOJNHAECTCS B TEKYIIEM COCTOSHHHM TEKYIIETO ITyTH
(OTIOHNTENHHO BBEACH aBTOPAMH).

MHOXECTBO CHMBOJIOB NIPEJMETHBIX ITEPEMEHHBIX BKJIIOYAETCA B Ce0s CIEAyIOIue
3JIEMEHTBI:

Var ={p,m,n,e,d,cat},
rae p,m,n,e,d — oObEKThl HAJ KOTOPBIMH COBEPIIAIOTCS AEHCTBHs, Cat — HMHIEKC
KaTeropuu odbekra (cyonekra) (Tabu. 1).

Tabn. 1. Kamezopuu o6vekmos u cyovekmos.
Table 1. Categories of subjects and objects.

O06o3HaueHNe | Onucanue
CyownexT "TIponecc” (p)

1 CHCTEMHBIH nporecc
2 NPUBHIICTUPOBAHHBII IIpoIiece
3 H0JIb30BATEINILCKUIT POIIeCce

O0bekt "OneparuBHas mamste" (M)
1 aJIpeCHOE MPOCTPAHCTBO CHCTEMHOT'0 Mpolecca
2 aJIpeCHOE MPOCTPAHCTBO APYTOro npouecca
3 COOCTBEHHOE aIpeCHOE MPOCTPAHCTBO MpoLecca

O0nexT "Bremnss maMsars" (€)
1 HCTIOJHSIEMBIC (hailIbl
2 CHCTEMHBIE KaTaJOTH U KOH(PHUIYpaLHsi CHCTEMBI
3 (haiJIbl M KaTAJIOTH IPYTHX MOJI30BATENCH
4 CHCTeMHbIE OMOINOTEKH
5 coOcTBeHHbIE (hailsibl M KaTaJIO0TH
Oo6bekT «Ilepudepuiinbie yerpoiictay (d)

1 YCTPOHCTBA BBIBOJIA
2 yCTpo#cTBa BBOJIA

Oo6bekT "Cereast noacuctema” (n)
1 CEpBHCHI Y3JIOB III00AJIBHOM ceTn
2 CEpBHCHI Y3JIOB JIOKAJIBHOH CETH
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| 3 | JIOKaJIbHBIE CETEBBIE CEPBUCHI

MHOK€ECTBO JIOTHIECKMX CMMBOJIOB BKIJIIOUAET B CE0sI CIIENYIOIIHE IEMEHTBI
Log ={—A,v,—,3,V},
rme ' — CUMBOJ JIOTUYECKOTO OTPHULAHHUS, /\ — CHMBOJ KOHBIOHKIHH, YV —

- - CHUMBOJI UMIITMKAIIUH, E KBAaHTOP CYHIECTBOBAaHMUA,

CHMBOJI IU3BIOHKIUH,
V' _ KBaHTOpP BCEOBIIHOCTH.

MHOeCTBO BCIIOMOTaTeIbHBIX CHMBOJIOB BKIIFOUAET B Ce0st CJIIEAYIOIHUE DJIEMEHTHI:

Aux={ (0}

5. Ba3uc ¢pyHKyuOHasIbHbIX mpeboeaHull, obecrne4yuearoujux
6e3onacHoe ucrnosiHeHuUe NPo2pPaMMHO20 KoOa

Ha ocHoBe mpemnoxeHHOro (OpMaTBHOTO JIOTHYECKOTO s3bIka FOormSpec Obumu
chopmynupoBanbl 0a3oBble mpaBwia (GopMyisibl) 0OE30MACHOTO  HMCIOTHECHHUS
NPOTPaMMHOI0 KoJa JUIsi KaKA0ro W3 (YHKIHMOHANBHBIX CHUMBOJIOB. CumBonm *
03HayaeT 00BEKT (CYOBEKT) JTF000M KaTErOPUH M3 YHCIa BO3MOXKHBIX IS TAHHOTO
KJacca.

Jliist omiepaiy co3ianust 00beKTa:
e 1 EF create (p,*,p,*) — 3anper Ha co3aHue JOUEPHHUX MPOIIECCOB;

e EF create (p,*,m,3) — BblaeeHNE MAMSTH TOJIBKO B CBOEM aPECHOM
MPOCTPAHCTBE MPOIiecca;

e EF create (p,*,e,5) — pa3pemnierHo co3nanue HOBBIX (haiiioB (KaTanoros)
TOJILKO B KaTaJIOr'e€ TEKYILEro MPOoIecca;

e 1 EF create (p,*,n,*) — 3anper Ha co3/jaHUe CETEBBIX COETUHEHHUIA;

e —EF create (p,*,d,*) — 3anper Ha co3anue ycTpOWCTB (ApaiiBepoB).
Jlyist omepaliiu OTKPLITUS 00beKTa:

e —EF open (p,*,p,*) — 3anper Ha OTKPHITHE MTPOLIECCOB,;

e EF open (p,*,e,4) vV EF open (p,*,e,5) — pa3pelieHo OTKPHITHE CHCTEMHBIX
O6ubnroTek U (ailyio, collepKaIINXCs B TEKYIIEM KaTajiore Ipolecca;

e —1EF open (p,*,d,*) — 3anpeT Ha OTKPBITHE YCTPOMCTB.
Jlyist oniepariuu yajaeHus (3aBepiieHust) 00beKTa:
o EF delete (pi,*,pi,*) — mporiecc MOKET 3aBEPILUTH CBOIO paboTy;
e ECopen (p,*,;,5) N EF delete(p,*,e;,5) — mponecc MoxeT ynanaTs Gaiinsl
MM CO3/IaHHBIC.
Jist onepartuy 9TeHUs U3 00BEKTA:
e T EF read(p,*,p,*) — 3anpeT Ha nosydeHre HHGOPMAIIMHU O MPOIIECCaX;

e EF read(p,*,m,3) — paspeieHo uyTeHure apecHOro MPOCTPAHCTBA CBOETO
npoliecca;
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e ECopen(p,*e;4) N EF read(p,*,e;,4) — paspelcHo 4yTeHUE U3 CUCTEMHBIX
OuOIHOTEK;

e (ECopen(p,*g;5) VvV EC create(p,*,e;,5)) ~ EF read(p,*.e;,5) —
paspeleHo yTeHne GpaiioB OTKPBITHIX (CO3JaHHBIX) MPOLECCOM;

e 1 EF read(p,*,n,*) — 3anpeT Ha paboTy ¢ CETHIO;

e —EF read(p,*,d,*) — 3ampert Ha paboTy ¢ yCTpOHCTBaMH.
JUist oTiepaliyu 3aucu B 00BEKT:

o EF write(p,*,m,3) — paspemieHa 3amuch B apecHOE IPOCTPAHCTBO CBOETO
nporecca;

e (ECopen(p,*;5) v EC create(p,*,e;,5)) N EF write(p,*,e;,5) —
pas3penieHo uyTeHne (paiaoB OTKPHITHIX (CO3MaHHBIX) IIPOIECCOM;

o 1 EF write(p,*,n,*) — 3anper Ha paboTy C CETHIO;

e —EF write(p,*,d,*) — 3anper Ha paboTy ¢ ycTpoiicTBaMH.
CremyeT OTMETHTh, YTO IPEICTABICHHBIA 0a3MC MOXXHO paccMaTpuBaTh Kak
AKCHOMATHYECKHH, TaKk KaK €ro BBIMOJHCHHE obOecrednBaeT 0e30MacHOCTh
BBINIOJIHEHHSI MTPOTPaMMHOr0 Koja (BBHINOJHEHUE mpeaukara ISSecure) B acmekre
3aIIUTBl OT BPEIOHOCHOTO Koja. Takke OrpaHHYCHHUsI, BBOIMMBIC MM Ha TPEIMET
B3aUMOJICHCTBUSI C CETeBOI M (haliIIOBOI ITOJCUCTEMaMH, BO3MOXKHO MPEOOJIETD 3a
CUCT BBCACHU Ol"paHI/I‘IeHI/Iﬁ Ha I10CJI€O0BATCIBbHOCTh BBIIIOJIHACMBIX HeﬁCTBHﬁ n
M30JISIIUHM BO3MOXKHBIX MH()OPMALIMOHHBIX KOHTYPOB.

6. O6¢cyxOeHue pe3ynbmamos

OzHUM ¥M3 BapUaHTOB MPAKTHYECKOTO MPHIOKEHHS MPEIJIOKEHHOT0 (GOpMalIbHOTO
JIOTHYECKOTO s3bIKa ONMUCaHHs (YHKIMOHAIBHBIX TpeOOBaHHH K MPOTrPaMMHOMY
Koy siBisieTcst opManm3anms yrpo3 u3 "baHka MaHHBIX Yrpo3 0e30macHOCTH
napopmanuu" GCTOK [19].
"Yrpo3a M3MEHEHHWs CHCTEMHBIX M TJO0aNbHBIX NEPEMEHHBIX" HapylIUTeIeM
MOXeET OBITh pealn30BaHa 3a CYET NPHMEHEHUS BPEAOHOCHOTO IPOTPAMMHOTO
obecrieueHnsi, KOTOPOE MOMKET MPUBECTH K COBEPIICHHIO OIOCPEJOBAHHOTO
JIECTPYKTUBHOTO BO3JICHCTBHS Ha OIpPEJENICHHBIE NPOrpaMMbl WM CHCTEMY B
nenom. Jlns HeWTpaim3alMu JaHHOH Yrpo3bl HEOOXOIMMO 3aJaTh CleIylolee
npaBwiIo: "3amper npoieccaM 3 KaTeropuu Ha COBEPUIEHUE U3MEHEHU CUCTEMHBIX
¥ III00aNbHBIX NTEPEMEHHBIX ", BBIPaXKEHHOE CIITYIOLIEM 00pa3oM:

—EF (create (p,3,e,2) Vv write (p,3,e,2)) Q)
Bripaxxenne (1) ¢dopMasbHO O3HAYaeT, YTO MPOLECCHl 3 KAaTeropuu HE MOTYT
OCYIIECTBIIATh CO3JIAaHUE WU MOJM(DHUKAIUIO CHCTEMHBIX KaTAJIOTOB M (hailioB
KOHQUTYyparuu. ODTUM K€ TPaBHIOM MOXHO MPEAOTBPATHTh  '"yrposy
HECaHKIIMOHUPOBAHHOTO PEIaKTHPOBAHMSI peecTpa'.
CyTb "yrpo3sl HECAaHKIIMOHUPOBAHHOTO KOIIMPOBAHMS 3alUIaeMol HHGopMmarn"
3aKJIF0YAETCS B OJTYYCHUH 3JIOYMBIIIJICHHUKOM KOIIMH 3alluIIaeMol HHpopMaImu
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JpYroro I0ib30BaTeNs M JajbHEHIeM BBIBOAE ¢ 3a Mpenenbl cucTteMsl. Jlis
OTpaHMYCHUS IIOCIEAOBATEIBHOCTH TAaKMX JCHCTBHH HEOOXOIMMO  BBECTH
clieIyIoIee PaBuiIo:

— EF(EC read (p,*,e,3) /N (EF create (p,*,e,5) V EF write (p,*,e,5) V @)
V' EF write (p,*,d,1) vV EF write (p,*,n,1))

W3 BepakeHus (2) ciemyer, 4TO TMpoIecCy JOOOI KaTeropuu 3ampemiaeTcs
MOCJIC/IOBATENIHO CHAYajda CYMTBIBATH HEKOTOpPYI HHGopMaimioo u3 Qaiios
JPYTHX TI0JIb30BATEIIeH, a 3aTEM OCYLIECTBIISATh €€ 3aIiCh B (ailiibl B COOCTBEHHOM
KaTaJlore WM OTIPAaBIIATh Ha yCTPOICTBa BBIBO/IA WU B CETb.

Jns "yrpo3sl nepexBata BBOJMMOW U BBIBOJUMOW Ha nepudepuiiHble ycTpoicTBa
nHopManuu" MOXXKHO 331aTh IPABUIIO, OTPAHUYMBAIOIIEE ITPSIMOE B3aUMO I CTBIE
MPOIIECCOB 3 KaTeropuu U yCTPONUCTB BBOAA:

— EF read(p,3,d,2) (3)

Bripaxxenue (3) 3ampemiaer HEMOCPEACTBEHHBIM JOCTYN K  CUYMTHIBAHUIO
MHGOpPMAMH C YCTPOWCTB BBOAA B 00XOJ CYIICCTBYIOIIMX B ONCPalMOHHON
CHCTEME MEXaHH3MOB.

Psx npuBeneHHBIX NPHMEPOB MOATBEPIKAACT COCTOSTENBHOCT U IOJHOTY
BO3MOXKHOCTEH ONMHUCAHMS CYLIECTBYIOLIMX yrpo3 Ha MPEIUIONKEHHOM (HOpMaIbHOM
JIOTHYECKOM si3bIKe. VX ydeT mpu paboTe cUcTeMBl 0e30MacHOTO UCHONHEHHS KOJa
HO3BOJIUT UCKITFOYHUTH BOSMOKHOCTh PEallM3alliy 3aJaHHbIX yTPo3.

7. 3aknroyeHue

[IpemnokeHHBIH (OPMATBHBIN JIOTHUECKUI S3BIK ONMHCAHUS (DYHKIIMOHAIBHBIX
TpeOOBaHWH, MO3BOJLIIONINI OMNKCATh IMOBEJACHHE Iporecca 0e3 KOHKPETHU3aIluh
oTepanyil WM JJIEMEHTAPHBIX JEHCTBHU (Ha BBICOKOM YpPOBHE aOCTpaKIWd), U B
0000IIeHHON  MareMaThyeckoil  (opMe  BBIPa3UTh  CYOBEKTHO-OOBEKTHBIC
OTHOIICHHs TporieccoB ¢ pecypcamu OC pa3IHyYHBIX KaTErOpHid., 33a€T OCHOBY
MOCTPOCHUST CHUCTEMbI 0C30IMAaCHOr0 KCIOJIHEHHUS IIPOrPAaMMHOTO KOJa, KOTOpas
MO3BOJIMT OBEPSITh HOBOMY IIPOIPAMMHOMY KOJAY M HE HapylaTh IEIIOCTHOCTH
M30JIMPOBAHHOM MPOrPaMMHOM Cpe/ibl.

HamnpasieHnuem qaibHEHITUX UCCICTOBAHUIN SBIISIETCS IIOCTPOCHHUE MMOJHOTO Habopa
npaBui  0E30MaCHOTO HCIIOJHEHHS MPOrPAMMHOTO KOAa C HCIOJIb30BaHHEM
BBEJICHHOTO (DOPMAIBHOTO JIOTMYECKOTO SI3bIKA, IMO3BOJIAIONICTO  YCTPAHUTH
OTpaHUYCHUS, BBEJICHHBIC aKCHOMATHYCCKUM 0a3uCcoM.
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Abstract. Currently the problem of information security during designing and exploiting the
objects of critical information infrastructure is paid special attention to. One of the most
common approaches to providing information security, processed on the objects, is creating
isolated programming environment. The environment security is determined by its
invariability. However, the evolutional development of data processing systems gives rise to
the necessity of implementing the new components and software in this environment under
condition that security requirements are satisfied. The most important requirement consists in
trust in the new programming code. The given paper is devoted to developing formal logical
language of description of functional requirements for programming code, allowing to make
further demands at the stage of static analysis and to control their implementation in
dynamics.
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AnHoranms. [loBeneHMe MHOTOIOTOYHBIX NPOrPaMM HE MOXKET OBITh IPOMOJEIHPOBAHO
TIONEPEMEHHBIM ~ TOCNIEJOBATENbHBIM ~ HCHONHEHHEM PA3IMYHBIX IIOTOKOB HAa  OIHOM
BBIYUCIIATEIFHOM y371€. Ha JaHHBII MOMEHT MOJHOE M KOPPEKTHOE ONMCAHUE ITOBEICHUS
MHOTOIIOTOYHBIX TIPOTPAMM SIBJISETCS OTKPHITOH TeopeTudeckoid mpobnemoil. OmHuMm 13
TIEPCTIEKTUBHBIX ~PEIICHUH 3TOi MpoOIeMbl SIBIsIeTCS ,,00emaromas’ Moaens namsta. s
TOro, YTOOBI HEKOTOpash MOJENb MOIJIa OBITh MHCIIOJB30BaHA B CTaHIAPTE HEKOTOPOro
NPOMBIIUIEHHOTO  sI3bIKa POrPaMMHPOBaHUs, JODKHA OBITH JOKa3aHa KOPPEKTHOCTh
KOMIIWISALIMY U3 9TOH MOJZIENN B MOJIEIb AMATH LIEJIEBOI MPOLIECCOPHON apXUTEKTypbl. JlaHHast
CTaTbs IpPEACTaB/sIeT [OKA3aTeJbCTBO KOPPEKTHOCTUM KOMNWIALMU M3 IOAMHOMKECTBA
obemiaromeif MoAend B MOAETM NaMATH IIPOIEccopa ARMVS.3. T'maBHOW wuneeit
JIOKa3aTeNIbCTBA SIBIETCS BBEACHHE HPOMEKYTOUHOTO OIEPAIIOHHOTO BapHaHTa MOJEIH
ARMV8.3, noBeicHHe KOTOPOTO MOXKET OBITh CHMYJIHPOBAHO OOCIIAOIICH MOICITBIO.

Kﬂmqulﬂe CJI0BA: MHOT'OITIOTOYHOCTb, KOppeK’THOCTb KOMITUJIALINH CJ'[a6bIe MOJCIIN ITaMATH.
DOI: 10.15514/ISPRAS-2017-29(5)-9
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ARMvV8.3. Tpymer UCIT PAH, tom 29, Bem. 5, 2017 1., crtp. 149-164. DOI:
10.15514/ISPRAS-2017-29(5)-9

1. BeedeHue

PacnipocTpaHeHHBIM  3a0IyXKJICHUEM SIBISICTCS YBEPEHHOCTh, 4YTO IIOBEICHHE
MHOT'OIIOTOYHBIX MPOrPAMM MOKET OBITh OMHCAHO IMOTEPEMEHHBIM HCIIOTHCHUEM
MHCTPYKIUH TOTOKOB OJIHHM MpPOLIECCOPOM, TO €CTh B paMKax MOZACIH
nociredosamenvhoi  Koncucmenmuocmu  [1]. B kadecTBe  KOHTpmpumepa
PaccCMOTPHUM CIIEIYIOIYIO IPOrPaMMy:
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a:=[x[; b:=[yl; (LB)

=1 || =1
B oT10it mporpamme KaxkAblil MOTOK CHayana BBIMOJHSAET YTEHHE U3 HEKOTOPOM
JIOKauy (X WM Y), a TOTOM 3alMCHIBacT 3HaueHne 1 B apyryro yokammio. [lycts
W3HaYaIbHO B Jokamuu X M Y 3ammcad 0. Torma momepeMEeHHBIM HCIIOJHEHHEM
HHCTPYKIIHH MOTOKOB MOXHO MOJYYHThH TPH CIIEAYIOMHUX pesyibrata: 1) a=0, b =
0;2)a=0,b=1;3)a=1,b=0. Tem He MeHee, TaHHas MporpamMma, OymyIn
3amylIeHHON Ha mpoueccopax cemeiictB Power unun ARM, MOXeT 3aBepIIMTHCA C
pesynbratoMm a = 1, b = 1. Takoil pe3ynbTaT HE MOXKET OBITH IOJYYEH B MOJEIH
MOCJIEIOBATENIbHOM KOHCHUCTEHTHOCTH, TaK Kak TpeOyeT BBINOJIHEHHS O0enx
orepanuii 3amucy 10 JF000T0 YTCHHUS.
IloBeneHne  MHOTONOTOYHOM ~ IPOTpaMMBbl,  BBIXOASAIIEE  3a  IPEAesbl
MOCTIEe/I0BATEIFHON KOHCUCTEHTHOCTH, HAa3bIBAIOT crabuim nogedenuem (Weak
behavior). Cna6oe moBenmeHue SIBISIETCS PE3yIbTATOM MPUMECHCHHSI ONTHMU3AIU
CO CTOPOHBI KOMITWIIITOpPAa W/WIH Tporeccopa. Tak B ciydae mporpammbl LB,
KOMITMJIITOP MOXET MepecTaBUTh HWHCTPYKIMHU IEPBOrO MOTOKA, HAMpUMeEp, Kak
4acTh IJIAHUPOBAHMS KoJa [2], WK mporeccop MOXeT 0ydepu3upoBaTh YTCHUE BO
BTOPOM TIOTOKE W BBITIOJHHUTH WHCTPYKIMIO [X] := 1 1m0 3aBepIICHUs HCIOTHCHUS
MHCTPYKIUH YTeHus. B 00oux ciyuasx pesynbrar @ = 1, b =1 craneT BO3MOXKHBIM.
B coBpeMeHHBIX cHCTEMax HCIOJB3YIOT ONTHUMHU3AINH, KOTOPbIE TAKUM CTPAHHBIM
00pa3oM MEHSIOT CEMaHTHKY MHOTOIOTOYHOW TPOTPaMMBI, MOTOMY YTO, BO-
MIEPBBIX, OHU YCKOPSIOT BBHIITOJHEHUE IPOTPaMM, a, BO-BTOPBIX, ISl OOJBITHHCTBA
MHOTOIIOTOYHBIX CHCTEM CIIPaBEIJIMBO, YTO CIA00E MOBEICHUEC HE IMPOSBILIETCS y
MPOrpaMM C KOPPEKTHBIME OJIOKAPOBKAMH, T. €. y IpOrpaMM 0e3 TOHOK IO TTaMSATH.
B cBs3u ¢ Tem, 4To citaboe MOBEACHUE MPOTrpamMM OBIBAaCT OYCHH CIIOKHBIM, U
TpeOyeTcsl TapaHTHPOBaTh HAAE&KHOCTh NPUKIATHOMY MPOTPAMMHUCTY, HAyJHOE
co00IIecCTBO B COTPYAHHYECTBE C HWHIyCTpued paspabaTeiBacT (hopManbHBIC
CEMaHTHKH I CHCTEM CO CIAa0BIMH NOBEACHUSAMU, WU CAabbie MOOenu Namamu
(weak memory models). Crnabeile MomenaM CyHIECTBYIOT Ui TakKHX
pacnpocTpaHeHHBIX MpoIecCcOpHbIX Tutatdhopm, kak x86 [3], Power [4,5], ARM
[6,7], a Taxke nis s361K0B porpammupoBanust C/C++ [8] u Java [9].
OTMmeTuM, 9YTO, C OJHOW CTOPOHBI, MPHUKIAIHOMY MPOTPAMMHUCTY XOTEIIOCH OBI
UMeTh KaKk MOXXHO Oonbplle TapaHTHH, YTO O3HAyaeT yMEHBIICHHWE 4YHCIIa
BO3MOXHBIX Ca0bIX moBeneHWi. C Ipyroil CTOPOHBI, MOJENb IAMSTH S3bIKa
JOJDKHA TIPEJOCTABIIATE BO3MOXKHOCTH 3 (HEKTHBHONH KOMIWILIIMHA B I[EJIEBBIC
m1aTGOpPMBI, 9TO BEAET K YBEIIMUSHHUIO YMCIIa CIIA0BIX MMOBEICHHM.
Ha paHHbIi MOMEHT HE CYIIECTBYET CTaHJIAPTH30BAHHOM MOJEIN MaMsITH
MPOMBIIIJICHHOTO sI3bIKAa TPOTPAMMHUPOBAHMS, KOTOpas YHOBJIETBOPSAET BCEM

1 B mporpamme mmeercst ronka mo mamsate (data race), ecinu B Hed €CTh JiBa KOHKYPEHTHBIX
oOpallleHUs] K OJHOM U TOM K€ SYeHKe MaMATH, IPU ATOM KaK MHUHHMYM OJTHO U3 OOpalleHHil SBISCTCS
3aIuchio B 4eiky [10].
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TpeboBaHusAM. Tak M3BECTHO, YTO MOJENb MaMATH Java HE JOMyCKaeT HEeKOTOpHIe
ONITUMU3AINY, KOTOPEIE MCIIONB3YIOTCS Jake B O(UIIHATFHOM KOMIHIATOpE Java
[11], a mogesns mamsiti C/C++11 momyckaeT T. H. 3HadeHus U3 Boayxa (out-of-thin-
air values) [12]. Tem He MeHee, HENAaBHO OBUIO TPEACTABICHO MEPCHEKTHBHOE
pelIeHue I TaHHOW MPOOJIeMbI — «00eIaroIas Mo Ieib namstu [13].

Hust Toro, 4roObl o0emaromas MOJIENb IAMSITH CMOTJIa BOHTH B CTaHAApT
MPOMBIIIJICHHOTO S3bIKa MPOTPaMMHPOBAHUS, PO MOJIENb JOJDKHO OBITH TOKa3aHO
HECKOJIBKO VTBEPXKICHHW, B TOM UYHCIC BO3MOXHOCTh € 3(dekTuBHON wu
KOPPEKTHOW KOMIMJISAIMU. J[aHHASI CTaThsl TOCBSAIICHA KOPPEKTHOCTH KOMITHIISAIIHH
U3 o0emaroIeil MOIeH MaMITH B aKCHOMATHYECKYI0 MOJICNb MTaMSTH IIpoIieccopa
ARMV8.3 [7].

OCHOBHBIM ~ pe3yJbTaTOM palbOThl SBJISETCS JOKa3aTeIbCTBO KOPPEKTHOCTHU
KOMITWJISILIMM U3 TTOJMHOXKECTBA OOCUIAIOIIECH MOJIEIH MaMsITH 0e3 cepTU(HUKALUK
[13] B Mogens ARMVS.3. PaccMOTpeHHOE MOAMHOMXKECTBO OOCIIAOIICH MOJICTH
coctouT U3 pacciabieHHbix (relaxed) omeparuii YTeHHsS M 3alUCH, a TaKKE
BEICBOOOXKmaromux (release) m mpumoOperaromux (acquire) OapbepoB IMMaMSTH.
Kpome TOro, B J0OKa3aTeNbCTBE WCHONB3YETCS HOBBIH IONXOZ, KOTOPBIH
MOTEHIIHATBHO MOXKET OBITh HMCIOJB30BaH IS APYTHX IMOJOOHBIX TOKA3aTENbCTB:
BBOJUTCS TPOMEXKYTOYHAS OIEpalioHHas CEMaHTHKa, KOTOpas OCYIICCTBIIACT
00X0/ WCHOJHEHUS aKCHOMATHYCCKOH ceMaHTHKH (B HameM ciaydae, ARMvS.3),
NP TOM JaHHBIA 00XO0J MOXET OBITh CHMYIHpPOBaH oOemaromeil Moaensio. B
OTJIMYHMH OT METOJIa, UCTIOJIB30BaHHOTO paHee B [13], Hall moaAX0 BBOJAUT MEHbIIE
OTpPaHUYCHUM HA [ENEBYI IUIATHOPMY M HE ONMUPAETCsl Ha MPEACTaBUMOCTh
1IeIeBOM MOJIEH Kak Habopa onTuMm3aIuii Haj 6osiee cTporoi Mojensio [14].
CraThsl OpraHu30BaHa CJACIYIOIUM 00pa3oM. Mbl BBOJUM MOHSATHE KOPPEKTHOCTH
KOMITWJISIIIMM M OTKChIBAEM CYIIECTBYIOIIUE PabOThI B COOTBETCTBYIOIICH 001acTH
(pasmen 2), obcyxmaem 0a30Bbie KOHIENuud Monenu mamsatd ARMvE.3 u
o0emaromniel MoJenu Ha mpuMepax (paszensl 3 u 4), OUCHIBAEM OOLIYIO CTPYKTYPY
JokazatenbcTBa (pasgen 5). B pasmene 6 moaBOASTCS WTOTH W TPHUBOJSTCS
BO3MOXXHBIE HATPABJICHHMsI TSl TajbHEHIel paboThI.

OTMeTI/IM, 4yTO B HaHHOI\/’I CTaTb€ MNMPHUBOAUTCA JIMIIbL BEPXHCYPOBHCBOC ONHNCAHHC
nokazatesnbeTBa. [loapoGHOe hopMambHOE JOKA3aTeabCTBO MpUBEAEHO B [15].

2. KoppekmHocmb komnunsiyuu. Cywiecmeayrouue pabomsoi

Bribepem nBa s3pika — HL (high level) mw LL (low level) — a Taxke cxemy
koMt comp u3 HL B LL, 1. e. dyHKIMIO, TpeoOpa3yronlyo nporpaMmmMy Ha
si3pike HL B si3p1k LL. Cxema KOMIUJISIIIKY COMP CUUTASTCs] KOPPEKTHOM, €CIIn st
moboit  mporpammbel  Prog u e€ ckoMmmiMpoBaHHOH Bepcuu comp(Prog)
BBITIONTHSACTCS ClleAyIolee: Jiboe moBeneHue, pasperierHoe st comp(Prog) B
pamkax mojenu sizbika LL, Taxoke paspemeno s Prog B pamkax mogenn HL.

Ha naHHBIIT MOMEHT CyIECTBYET MHOXECTBO padoT, MOCBSAIIEHHBIX KOPPEKTHOCTH
koM. Hawbonee wm3BecTHhIME siBisitoTcst [16] u [17], mpencraBisoiue
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BepUPUITMPOBAHHBIC KOMIUIATOPHI s s36ikoB C  u CakeML coOOTBETCTBEHHO.
JlaHHBIE  KOMIWIATOPH CPaBHUMBI C  IPOMBIIUICHHBIMH [0  KadecTBY
reaepupyemMoro kona. CyliecTBeHHBIM OTpaHHYEHUEM AaHHBIX PalboT SBISAETCS TO,
YTO OHH pPacCMaTPUBAIOT TOJHKO OJHOIOTOYHBEIE TporpamMMbl. CyIecTByeT H
pacmupenue pabotel [16] mmsa ciydas cnaboit mamsata [18], HO B [18]
paccMaTpHBaeTCs TOJIBKO JOCTATOYHO MPOCTasi U OrpaHWYEHHAs MOJENb HaMsITH
TSO (total store order).

Hwmerotcst paboThI, MOCBSINEHHBIC KOMITHIISIIMY U3 OJHOW C1a00i MOJENH MaMSTH B
apyryio [8, 13, 19, 20, 21]. B HuX OTCYTCTBYET MOJHOLEHHAS KOMITHJISIHS
MPOMBIIIJIEHHOTO ~ f3bIKa  TPOTPAaMMHUpPOBAaHUSI W paccMaTpuBaeTcs  JIMIIb
MOJIMHOKECTBO SI3bIKA, UMEIOIIEe OTHOIIIEHHWE K MHOTOMOTOYHOCTH. Kak cnenctaue,
HCXOIIHBIN M IIEJICBOU SI3BIKA OOBIYHO CUMTAIOTCS COBMAIAIONIUMH C TOYHOCTHIO 10
MOTU(PHUKATOPOB Ha OMEpaIsIX 3allUCH, YTCHUS U OapbepoB IMaMSATH, KOTOPHIE
UMCIOT OTHOIICHHE K MHOTONOTOYHOCTH. OTHM K& MyTEM CleayeT |
npezcTaBiIsieMast padboTa.

Haubonee 6rm3kumu k Hameit padore spistorest [13] u [21]. B [13] moka3siBaeTcs
KOPPEKTHOCTh KOMIHWJIAIMA W3 O0EMIaoeld MOIEI B MOJICIH TPOIIECCOPOB X86-
TSO [3] u Power [4]. IIpu »toM aBTOpHI [13] Hcnmonb3oBamu pesyabTar [14],
KOTOPBIA YTBEpKIACT, YTO BCE HCIIONHEHHS, BO3MOXHEIC B paMKax Mojeneld x86-
TSO [3] m Power [4], mMoryr OBITH TpencTaBICHBHI KaK HEKOTOPOE YHCIIO
ONTUMU3AIMK HAJX HUCIOJIHEHHEM B Ooliee CTPOTHX MOMETSIX, KOTOphIe HE
HYXKJAI0TCSl B MeéXaHu3Me obemanuil. Jlanee aBTOpHI JOKA3bIBAIOT, YTO YIOMSHYTHIE
ONTUMM3AIMH SBIISIOTCSA KOPPEKTHBIMH B paMKax oOOelIaromeid MoJenu, T. €.
CEMaHTHKa ONTHUMHU3UPOBAHHOMN POrpaMMBbI SIBISETCS TTOJIMHOKECTBOM CEMaHTHKHU
W3HAYaJIbHON TPOTpaMMBbl, W TOKa3bIBAIOT KOPPEKTHOCTh KOMMMISALIUW ISt
ynpouieHHbIX mMozenei. K coxanenunto, mogens mamstu ARMvS.3 [7] He MoxkeT
OBITH TIpeJcTaBlieHa Kak HAOOp YMOMSHYTBIX ONTUMM3alMii Haja 0OoJiee CTPOroi
MoJienbio amsaTh. [loaToMy B Hamneit paboTe HaM IPHUIIIOCH UCTIONB30BaTh APYTOH
MOJIXO/I.

B pabote [21] moka3ana KOPpPEKTHOCTh KOMIHJISIIUU W3 OOEMIalomeld MOJeTu B
Mogenb namMatd ARMv8 POP [6]. B paboTe HCIONb30BaH METOM 3anazovlearouyels
cumyaayuu, KOTOPBIA SIBISETCS CIEIHATbHON (OPMON MHIYKIMU MO MCHOTHEHUIO
NpoTpaMMEI B IIEJIeBOM MamuHe. [IaHHBI MOAXO0J] BO3MOXCEH, T. K. 00€ MOJeiH
NPEJCTaBICHBl ONEPAYUOHHO, T. €. B TEPMHUHAX HEKOTOPO aOCTPAKTHOW MAIIIMHBL.
ITockonbky Monenb namsitu npoueccopa ARMVS.3 3anana axcuomamuuecku, T.€.
OHA TIPEJACTaBIsET CEMAHTHUKY IMPOrPaMMbI KaK MHOECTBO TpadoB, I/i€ KaXKIbIH
KOHKPETHBIN Tpad SBISIETCS OAHUM W3 BO3MOXKHBIX HCIIOJIHEHUH MPOTPaMMBbl, TO
JIOKA3aTeNbCTBO C TIOMOIIBI0O CUMYISIUKA HAMPSMYI0 HE IOCTPOUTh. YUTOOBI
MPEONONIeTh JaHHOE OTPaHWYCHHWE M BCE-TaKH HCIIONB30BaTh CHMYJIIIIHIO, MBI
BBOJIMM OIIEPALIMOHHYIO CEMAaHTHKY 00X0/1a rpada, IpeICTaBIIAIONIET0 HCIOTHEHNE
B momemn ARMVSE.3. JlaHHBIM 00X0J MOXET OBITh HAMpsIMYyI0 CHUMYJIUPOBaH
a0CTPaKTHOW MAIIWHOM, MPEICTABISIONICH 00CIIAIOIIYE0 MOICIb MAMSITH.
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3. OnucaHue modenu namssimu ARMv8.3 Ha npumepax

B stoM pasmeme MBI paccMOTpUM MOJAens MaMATH mporeccopa ARMvS.3 Ha
npumepe nporpammbl LB u3 pazaena 1 u Bapuaum 3Toi mporpaMmsl, Uil KOTOPOi
3ampenieHo cinadoe MoBeCHHUE.

Rz, 0) Riy, 0} R(z,0) Ry, 1) R(z, 1) Ry, 0) Rz, 1) Ry, 1)

po| f,.h; [po po) :1;]3’ Lpo o 11‘:& Lpo o) :‘LI:: [po

Wy, 1) TPz, W 1) W) W(w, 1) UMz 1) W(w,1) TR W(z,1)
a) 0) B) r)

Puc. 1. Bozmooicnvie ucnonnenus npoepammol LB 6 mooenu ARMv8.3
Fig. 1. Executions of program LB, which are allowed by model ARMv8.3

ITockonbky mogens ARMVE.3  sBisercss akCHMOMaTHYECKOH, TO CEMaHTUKA
NpOTpaMMBbI B 3TOH MOJIEIH NPEICTaBIAETCS MHOXKECTBOM IpadoB, Ilie BEpIIMHBI
NPEJICTABISIOT COObIMuUsl, T. €. ONEPallUK HaJ| MaMsThIO, TAKHE KaK YTEHHUE, 3alnCh
win Oapbep mamstu. Ha puc. 1 MBI MOXEM BHIETh BCE 4YETHIPE BO3MOXKHBIX
UCTIONHEHH mporpaMMbl LB B pamkax stoit momenmu. Mcmonnenus a), 0) u B)
COOTBETCTBYIOT pe3yibratam (a =0, b =0),(a=0,b=1)u (a=1,b=0), B TO
BpEeMsl KaK MCIIOJIHEHUE T) SBISCTCS cIa0bIM M MPEACTABIACT pe3yibTar (a =1, b =
1). OOpatum BHUMaHKE Ha HCHIOHEHKE 0) U pa3depemcsi ¢ 0003HAUCHHUSIMH.

B ciiyuae ucnonnenust 0) B rpade YeThIpe Omeparfu, U3 KOTOPBIX JBE SBISIOTCS
grerneM (R(X, 0), R(y, 1)), a aBe — 3amuceio (W(y, 1), W(X, 1)). Takxe B Kaxaom
rpade NpUCYTCTBYIOT MHULIMAIU3UPYIOIINE 3aMUCH, HO B pUC. | MBI UX OMYCTHIN
Juist Kpatkoctd. PEOpamMu B rTpade SBISIOTCS pa3iMYHbIE OTHOLICHUS MEXIY
omepanusmu. Tak pE€Opa, mnoamucanHbie po (program order), 0003HAYaKOT
MPOTPAMMHBIA TOPSAIOK MeXAy omepamusmu, pebpo rf (read from) Benér B
OTlepalMio YTEHHsS M3 COOTBETCTBYIONIEH oOlepanuu 3amucH, a pedpo rb (read
before) — u3 onepanuu 4TeHUs B ONepanuio 3alUCH, KOTia YTeHHE MPOUCXOAUT M3
«bomee panHeW» 3ammcu. Jlns ompeneneHnst «Oojee paHHUX»  3anucer
UCTIONBb3YyeTCsl OTHOIeHHe co (coherence order), KOTOpoe SBISIETCS ITOJHBIM
MOPSIKOM Ha 3alHCAX B OJIHY JIOKAIIUIO, HO MOCKOJIbKY Ha pHC. 1 HET JABYX 3amnuceid
B OJIHY JIOKAIIMIO, TO OTHOILIEHHE CO HE MPEACTABICHO.

s Toro, 9yToOB!I 3anpeTHTh pe3ynsTar (a = 1, b = 1), B mporpaMmy MOryT OBITH
BCTaBJICHBl 0Oapbepbl namsimu, KOTOPbIE 3alpelaroT MPOLECCOPY BbIMOIHEHUE
MHCTPYKIUH He Mo mopsaky. B pamkax apxutekrypel ARMvE cymectByer
HECKOJIbKO pa3NIMuHbIX BHJOB OaphepoB, B TOM YHCJIE IOJHBIA Oapbep MamsTy,
umeroiuii moxudukarop SY, u Gapbep Ha uTeHue, umerounmii Mmoaudukarop LD,
KOTOPBIA SIBIISIETCSL OCJA0JIEHHON Bepcued monHoro Oapwbepa. CymecTBYIOT U
JIpyrue Moau(UKaTopbl, HO OHH HE HCIIONB3YeTCS B CXEME KOMIWJISILUU M3
obemaromieil MOJIeNIU NaMsITH, PACCMOTPEHHOI! B 3Ol pabore.

B ciyuae nporpammsl LB nocraTtouno BctaBuTh Oaphep Ha yTeHHE B 00a MOTOKA
MEXTy OTIEPAIMsIMK, YTOOBI 3aMPETHTD cIaboe MoBeeHHE:

a=ix; |[o=01 ||
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fence(LD); || fence(LD); (LB-LD)
yl1:=1; [x]:=1;
Paccmotpum, kakum oOpaszoM mozens namstu ARMvS8.3 3anpemaer noBenenue (a

=1, b =1) nna nporpammsl LB-LD. Huwxke npeacraBien cooTBeTcTBYIOMUIT rpad
UCIIOJTHCHYS:

R(z.1} R{y.1)
o L L) N

i Trfe ™,
bobt | F(ld) 7 F(1d) | pop
R Ny

ERE v E

Wiy.1) Wz 1)

B »ToM rpade ecTh HECKOJIBKO M3MEHCHHI 110 CpaBHEHHUIO ¢ rpadoM Ha puc. 1, r).
Bo-rnepBbixX, B rpade MOSBUIKNCH BEPIIUHBI, COOTBETCTBYIOUINE OapbepaM MaMsITH.
Bo-BTOpBIX, MOSBUIKCH pedpa, COOTBETCTBYIONIHE OTHOIICHHIO bob+, KoTopoe
SBIISICTCS TPAH3UTHBHBIM 3aMbIKaHWeM it bob. OtHomenne bob (barrier order
before) cBsi3bIBaeT Omepalui0 YTCHUS C omepaiuedl Oapbepa MO YTCHUIO, €CIH
Oapbep cheayeT 3a YTEHHEM B MPOTPAMMHOM IOPSJKE, W JHOO0YIO OIMEparHo,
CIeIyoNIyIo 3a bapbepoM. B-TpeThux, moanucu otHotuieHus rf ObLTH 3aMEeHEeHbI Ha
noanucu rfe, rue e (external) obo3HavaeT, 4To AaHHOE PeOPO CBSA3BIBAET COOBITHS
U3 Pa3HBIX MOTOKOB.

B pesymnpraTte B rpade mpucyTcTByeT HHUKI H3 pédep otHOmeHui bob u rfe. Takue
IUKJIBI 3aMpeIneHbl B Moaenn namsitd ARMVS.3, mosromy noseaenue (a=1,b=1)
B ueiaom He sBugercs ARM-coecnacosannvim. Tlom ARM-coriacoBaHHBIM
MOBEJICHUEM MbI TIOHUMaeM rpad, KOTOPbI HE MPOTUBOPSUYUT aKCHOMAM MOJIECITH
ARMVS.3. TlonHbIi cCIMCOK aKCHOM TpUBEIEH B [7].

4. OnucaHue obewaroweli MoOesiu NamMsIMu Ha rnpumepax

B aTOM pasnene Mbl, aHaJOTHYHO pa3ieny 3, pacCMOTPUM OOEIAoNyI0 MOJENb
maMsITH Ha TpuMepe mporpammbl LB, a rtakke Ha &OByX Bapwamusx 3TOU
MPOTPaMMBI, KOTOPBIE coJiepKaT Oaphephl MaMsTH.

Obemnraromasi MOJIENIb MAMATH 3aJaHa OMEPAIUOHHO, T. €. B TEPMHHAX HEKOTOPOM
abCTpaKTHOW MAaIIMHBI, KOTOPYIO Jaiblie MBI OyAeT HasbIBaTh obewaroueli
mawunoi. COCTOSHHE TOW MAIIIMHBI BKJIIOYAET NAMANb — MHOXKECTBO COOOIICHHUH,
Ka)XI0€ M3 KOTOPBIX COOTBETCTBYET KAaKOW-TO 3alMCH B JIOKANHWIO. V3HAa4aibHO
namsaTe (M) CcOAepX HUT TO HWHUIHAIM3UPYIONIEMY COOOIICHHI0O Ha KaXAYIO
JIOKAITHIO.

Kaxmoe cooOimieHre B MaMATH COCTOUT W3 TPEX KOMIIOHEHT: IIEJIEBOM JIOKAIUH,
3HAYCHUS W MemKu 6peMeHu. METKH BPEMEHHM COyXarT Ui TOro, 4YTOOBI
YHOPSAA0YUBATH COOOIIEHUS, KOTOPBIE OTHOCATCS K OJHON M TOH K€ JIOKalluh, U
3aJIal0TCS MOJIOKUTEIBHBIMH PALIMOHATBHBIMH YHCITAMHU.

Tak, mepen ucHonHEHWEM mporpaMmbl LB, mamsaTe BBIDISAIUT CICAYIOIIAM
obpazom:
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M ={<x:0@0.>, <y:0@0.>},
rae 0 — 3To 3anucaHHOe 3HaYeHue, a 0, — METKa BPEMEHHU.
HcnonHeHue mporpaMMsbl B OOCIIAIONICH MalIMHE MPEACTABISICTCS KaK HEKOTOPOE
nornepeMeHHoe HCIOJIHeHHEe MOTOKOB. Ha Ka)IoM KOHKPETHOM Iare akTHUBHBIN
MOTOK MOYKET CHeJaTh OJHO U3 OBYX ICHCTBHUIl: MO0 BBHINOJIHAUTH CIEAYIOUIYIO B
TpoTpaMMe MHCTPYKIUIO, THO0 1noobewjamsy CACTATh 3aIICh B TAMSTS.
Juis Toro, 9To0bI OXy4nTh pe3yisTaT (a = 1, b = 1), B mporpamme LB ogmn u3
MOTOKOB JIOJDKEH HAa4YaTh CBOO paboty ¢ obemanus. [Tycts 310 OyaeT JeBbIil MOTOK.
Ilocnme Toro, kak JeBBIH TOTOK OOEIIaeT chenaTh 3amuch <y:1@2.>,
COOTBETCTBYIOIIEE COOOIIEHHE MO00aBIsAETCS BO MHOXKECTBO OOCIIAHWIA, emle He
BBINTOJTHEHHBIX JICBBIM TIOTOKOM, a TaKKe B MaMATh. [locie 3Toro maMsTh COOEP KUT
TPH COOOLICHUS:

M = {<x:0@0,>, <y:0@0,>, <y:1@2.>}.
Teneps 3TO COOOIICHHE SBISICTCS AOCTYIHBIM Ui YTCHHS JPYTUM IOTOKaM,
MOCKOJIEKY OHO HAaXOIHWTCS B TAMSTH, HO HE U1 JICBOTO IOTOKA, T. K. OHO
HaXOIUTCS B €r0 MHOXECTBE eIlle He BHINONHEHHBIX obemanuii. [locme sroro,
MPaBEIid TOTOK MOXKET OBITH MICTIONTHEH B OOBITHOM ITOPSIIKE.
IlepBbIM neficTBHEM OH NMPOW3BOAWT YTEHHWE W3 HOBOTO COOOIICHHS B MaMSTH, a
BTOPBIM — 3aIHCHIBACT HOBOE COOOIIEHUE B JIOKAIWIO X. Teneph MaMsaTh COISPKUT
YeThIpe COOOIICHUS:
M = {<x:0@0.>, <y:.0@0.>, <y:1@2.>, <x:1@1.>}.

Jlanee JeBBIM MOTOK YWUTACT M3 3TOTO COOOIICHUS W B KOHIIC BBITOJHSAET CBOE
obemianue, UCTIOTHSIS MHCTPYKITUIO 3aIUCH B JIOKAIIUIO Y.
TouHo Tak ke, Kak U B ciaydae moneian ARMVS.3, mis Toro, 4ToObl 3alpeTuTh
pesyabtar (a = 1, b = 1), B mporpaMmy MOryT OBITh J00aBJICHBI Oapbephl MAMSITH.
Buzpl OapeepoB B oOelnaroleil ceMaHTHKE OTIMYAIOTCS, T. K. o0earmias MoJelb
MaMSTH TPUACPKUBACTCA CHHTAKCHCA, OTIMCAaHHOTO B cTanmaprax C/C++11.
B paccmaTpuBaeMoM HamH MOJMHOXECTBE OOEIaromIel MallUHbI €CTh J[Ba THUIA
GapbepoB: suiceobodcOarowull (rel, release) u npuodbpemarowuii (acq, acquire). [pu
3¢ (GEeKTUBHONH KOMITWIALUKN MPOrpaMMbl M3 CHHTAaKCHCa OOCMIaroleil Mouenu B
cuHTakcuc ARMVS BbIcBOOOXKIatomuil Oapbep INEpexoauT B IOJIHBIA Oapbep
namsati ARMvS, a npuoGpeTaromuii — B 6apbep 1o YTEHHUIO.
[Iporpamma, pe3ympTaToM KOMIIIISIUE KOTOPOit siBisieTcs LB-LD, BermsaauT take:

a:=[x]; b=yl
fence(ACQ); ||fence(ACQ); (LB-ACQ)
vl :=1; [x]:=1;
2 3aMCTI/IM, 9TO JJIA o0oux IporpaMM HMCIOJIB3YETCA OHA U Ta K€ HOTalMsA, HECMOTPA HaA TO,

yro mnporpamma LB-LD paccmaTpuBaercs Kak IporpaMMa Ha LEJIE€BOM f3bIKE€ KOMIMISLMH, a
nporpamma LB-ACQ — Ha HCXOIHOM sI3BIKE.
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Hecmotpst Ha TO, YTO HOC/Ie KOMIWIALMM JaHHAs IpOrpaMmMa HE MOXET HMETh
cnaboe nosexaenue (a = 1, b = 1), cama nporpamma LB-ACQ B pamkax oOeraromiei
MOZENIM ¥MeeT JaHHOE IIOBEACHHEe. OTO HE IPOTHBOPEYUT KOPPEKTHOCTH
KOMIWIIOMY, T.K. IIOCICHHSAS  YTBep)KIaeT, dYTo J100oe  MOBEICHHE
CKOMITWJIMPOBAHHOW TPOTPaMMBI  JOJDKHO OBITh IOBEICHHEM H3HAYaJIbHOM
HPOTPaMMBL, IIPH 3TOM 00pPAaTHOE HE YTBEPIKAACTCSL.

Just Toro, 9ToOBI 3ampeTuTh pe3ynbTarT (a = 1, b = 1), Hy)XHO HCHOJB30BATH
BBICBOOOXKJaroue Oapbepsl:

a:=[xl; b:=Dy;
fence(REL); |[[fence(REL); (LB-REL)
vl:=1; [xX]:=1;

JannHbril THOD Oaphepa 3ampeniaeT MOTOKY JelaTh OOCHIAHHUS 4Yepe3 Hero, T. €. B
MOMEHT HCIOJHEHHS caMoro Oaphepa MHOXKECTBO €Il HE BBINOJHEHHBIX
obemanuii AaHHOTO TOTOKa JOJDKHO ObITh mycTo. [loaToMy mpHu HMCHIOJHEHHH
NpOrpaMMbl KaK MHHAMYM OJHO W3 YTCHHH OyJeT BBIIOJIHEHO A0 TOTrO, KaK B
MaMSTH HOSBUTCS XOTs OBl OTHO COOOIIECHNE CO 3HAUYCHHEM 1.

[Tpn KOMOWISALMKM BBICBOOOXKIAIONINE Oapbepbl MEpexolsiT B IOJHBIE Oapbepsl,
KOTOpBIC TakK €, Kak M 0apbepbl 10 YTEHHIO, FAPAHTHPYIOT OTCYTCTBUE ClIaboro
MOBEAEHUS U1l COOTBETCTBYIOLIEH MporpaMMbl B paMkax Mozaen ARMvS.3.

5. [lokazamesibcmeo KOPppPeKmMHocmu KoMnuasayuu

OCHOBHBIM DPE3yNbTaTOM JAaHHOW CTAaThU SIBIAETCS JOKA3aTEIbCTBO CIEAYIOIIEH
TEOPEMBI.

Teopema 1. J{ns mo6oii nporpammel Prog, pesynbrara e€ kommuisiiua ProgARM
u ARM-cornmacoBannoro ucnomHeHus G mporpammsel ProgARM cymectByet
ucrionHeHne Prog obemiaromield MamuHON T.4. (UHAIBHOE COCTOSHHE HaMSTH
MaIIMHBI COBIAJAET C COCTOSTHUEM namsTh G.

[lon ¢uHANBHBIM COCTOSHMEM INaMATH oOOellaloleld MalluHbl HMEeTCs BBUILY
MOZMHOXECTBO COOOLIEHUH, KaX/10€ M3 KOTOPHIX HMEET MaKCHMAJIbHYIO METKY
BPEMEHH Cpeld COOOLICHWH, OTHOCSMMXCS K TOW e Jokauuu. CocTosHHUEM
naMsaTH ucrojgHeHuss G cuuTaeTcsi MHOXECTBO COOBITHH-MAaKCHUMYMOB  IIO
OTHOLICHHUIO CO, KOTOpOE SIBJISIETCSI AaHAlIOroM METOK BpemeHn B ARM-
COTJIACOBAHHBIX UCIOTHEHUSAX.

5.1. CTpykTypa foKa3aTenbcTBa

Kak BumHO m3 pasgenoB 3 u 4, ARMvVS.3 u oOemaromas MoJend 3aJaHbl B
COBEPILICHHO Pa3HBIX CTHISAX. Hy)KHO 3TO pa3nudme mpeonoJieTh IS TOTO, YTOOBI
MMETh BO3MOXKHOCTD JIOKa3aTh Teopemy 1.

Hamre moka3atenbcTBO OasupyeTcs Ha BBEIACHUU MPOMEKYTOUYHOHM ONEpariioOHHOMN
CEMaHTHUKH, KOTOpasi coBepiiaeT ooxos rpaga ARM-cornacoBaHHOTO HCIIOTHCHHUS
B CHEIHAILHOM TIOPSIIKE, TapaHTHPYIONIMM BO3MOXHOCTh OOeIIaroliell MalinHe
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WCTIONHATh COOTBETCTBYIONUE HMHCTPYKIIMH OJHOBPEMEHHO ¢ oOxomom. Mmes
YIOMSHYTYIO TIPOMEXYTOYHYIO CEMaHTHKY, MBI MOYKEM TOKa3aTh, 4To obemaronas
MaIlliHa MOKET CUMYJIHPOBATh CEMaHTHKY 00X0/1a.

Meron cuMynAUMH SIBISIETCS NPSAMOM MHAYKUMEH [0 HCHOJHEHUIO LEJIEBOU
MamuHbL. [IepBbIM maroM MeToza SBISAETCS ONpEIeIeHNe OTHOIICHUS CUMYJISIHAH,
KOTOPOE TECHO CBS3BIBACT COCTOSIHMS MAaIIMH OOOWX Monenei. BTopeiM miarom
JIOKa3bIBAETCSI, UTO €CJIM LIeJIEBast MalllnHa HAXOJIUTCS B COCTOSIHMH t, a MICXOmMHasT —
B COCTOSIHUU S, M 3TH COCTOSIHMSI CBSI3aHbl OTHOIICHHEM CHUMYJALNUU, TOTAA IS
J000T0 COCTOSIHUA 1, B KOTOPOE MOXKET MEPEUTH IeJicBas MAIIMHA, CYIIECCTBYET
COCTOSIHHE S’, B KOTOpPO€ MOXKET MEPEeWTH MCXOJHas MaliuHa, T.4. ' u s  OmiITh
CBSI3aHBI OTHOILIEHUEM CUMYJISIIUH.

5.2. O6xona ARM-cornacoBaHHbIX UCMNONTHEHUN

JlanHbIii 00X01 MBI MPEICTABIIAEM B BUIC ONCPAIMOHHOW CEMaHTHKH HEKOTOPOWM

abcTpakTHON MamMHbl. COCTOSIHHE MAIIMHBI COCTOUT M3 mapsl MHOXKeCTB (C, 1) u

Ha3bIBaCTCsl KoHpueypayueii 06xoda. Ilpu stom mapa (C, |) cunuraercs KOppeKTHON

KoHpurypanueit 0o6xona ARM-coriacoBaHHOTO HCTIONHEHHS G, €CITU BBITOIHICTCS

YTBEPIKICHHUS, TIPEACTaBICHHBIC HIKE.

1. Cul sBisiroTCsS NOAMHOKECTBaMH COOBITHIT B Tpade G.

2. C sBysieTcs 3aMKHYTBIM 0 IPeQUKCY OTHOIIEHHS PO (IPOTPaMMHOTO TOPSI/IKa),
T. €. €CJI HEKOTOpoe coObITHE € mpuHaaIeKkuT C, To U 11000e coObITHE U, T.4.
13 U ecTh po-pedpo B €, Toxke npuHaiexur C.

3. Bce coObITust U3 MHOKECTBA | SBIAIOTCS COOBITHSMM 3allMCH, ¥ BCE COOBITHS
3anucu u3 MHOXecTBa C Taroke ABISIOTCS djieMeHTamu |.

4. Bce coObITHS, KOTOPBIC SBJISIOTCS WHUIMATH3UPYIOUIMMHU 3aMUACIMH B JIOKAIUH,
SIBIISTIOTCSE ieMeHTamu C.

Hanee mMuoxectBo C MbI OyZeM Ha3blBaTh MHOXKECTBOM NOKPBIMBIX DIIEMEHTOB

(covered), a MHOXkECTBO | — MHOXKECTBOM Gbinyuyennblx dMeMeHTOB (issued).

Y aOCTpakTHOW MAIWHBI, COOTBETCTBYIOIICH OOXOIy WCIIONHEHUS, €CTh JBa

MpaBWJia MepexoJa U3 OJHOW KOH(UTypaluio B JIPYTYIO: nokpvimue codOuimus M

8bINYCK COOBLIMUA.

IIpaBWja0 MOKPBITHS TO3BOJISIET Ui HEKOTOPOTO COOBITHS € TEepelTH U3

koupurypauuu (C, 1) B koudurypamuio (C U{e}, I). Ilpu stom aist coObITHS €

JIOJDKHBI BBITIOJTHATHCS YCIOBHS, TIPEICTABICHHBIC HUXKE.

1. Bce coObITHS, pO-TIPEAMIECTBYIOININE €, TOJDKHBI MpUHaaexats C.

2. CoOsiTre e He npuHaaIeKuT C.

3. Ecimm coObiTe € sIBIIsIeTCSI ONEpanueil 4YTeHHs, TO COOBITHE 3amucH W, U3

KOTOPOTo 4uTaeT € (T. e. MeXKAY W U € ecTh peOpo oTHOuIeHU rf), TOKHO OBITH

3JIEMEHTOM MHOKecTBa |.

4. Ecnu coObITHE € SBIISIETCS ONEpaIUeid 3aMucH, TO OHO JOJKHO OBITh 3JIEMEHTOM

MHOXecTBa .
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IIpaBuno BeImycka A00aBISET COOBITHE € BO MHOXECTBO BBINYIICHHBIX, T. €.
cootBerctByer mepexoxy u3 (C, I) B (C, I U{e}). CobwitHe € HOIIKHO
YIOBJIECTBOPATH CIEAYIONINM OTPAHUICHUSIM:

1. CoOsITHE € gBNseTCS ONepanuei 3amncH.

2. CoObITHE € He SBIIETCS 3JIEeMEHTOM MHOXKecTBa |.

3. Bce po-npenmiectByromnue 6apbephl MaMATH JOKHBI OBITh MOKPHITHL.

4. Bce 3amucu APYrHX IMOTOKOB, OT KOTOPBIX 3aBHCHUT COOBITHC €, SIBISIOTCS
BBIMYIICHHBIMI.

Tak kak 00a TpaBuiia TOJLKO HAPANIMBAIOT KOMIIOHCHTHI KOH(HUIYpanuy, a oboe
UCIIOJIHCHHE MBI CYHMTACM KOHEYHBIM TpadoM, TO UIS TOTO, YTOOBI JOKA3aTh
Hamu4ue mojaHoro obxoma ARM-cornmacoBaHHoro wucmosHeHus G, J0CTaTOYHO
nmokasatb, 4ro u3 moboi kouduryparuu (C, 1), T.u. C He coBmamgaeT co
MHOXeCTBOM coObITHII G, CyIIecTByeT mepexo/ K HOBOW KOH(PHUTYpaLHH.

Jlemma 2. Ilycte (C, ) sBusercst koppekTHOW KoHpurypamuein ARM-
comnacoBanHoro ucrnojHenus G, u C He COBMagaeT coO MHOXECTBOM COOBITHI G.
Torma cymectByior C™ u |, T.4. ects mpasmito nepexoma u3 (C, 1) B (C, I').

Hness noka3zareancTBa. Eciu C He CcOBHagaeT CO MHOXKECTBOM COOBITHI
ucnonHeHus: G, TO MHOKECTBO HE MOKPBITBIX COOBITHM, T.4. I KaXKIOI0 COOBITUS
W3 MHOXECTBAa BCE PO-TPEAMICCTBYIOMINE €My COOBITHS MOKPHITHL, HE ITyCTO.
O06o3naunM jgaHHoe MHOKectBO Next. Ecaum B Next ects  siaeMeHT,
VIOBJICTBOPSIOMINN OCTANEHBIM TPEOOBAHUSAM TPaBHIIA MMOKPHITHSA, TO CYIIECTBYET
COOTBETCTBYIOIINHA IEPexo]] B HOBYIO KOoH(urypamutoo. Eciu B 3TOM MHOXKeCTBE
€CTh COOBITHE 3aITUCH, TO OHO MOXET OBITH BBIITYIIEHO COTIACHO IPYTOMY IPABHITY
o0xona. Mrave Bce 3meMeHTH NeXt COOTBETCTBYIOT OllepanysM YTCHHS U3 el He
BBINTYIIEHHBIX COOBITHH. B 3TOM ciydae MOXKHO IOKa3aTh, YTO JHOO CYIIECTBYET
3aMuch, KOTOPast MOXKET OBITh BBIMYIIEHA, JIHOO B rpade ucroianeHus G cymecTByer
IIUKJI, KOTOPBIN MPOTUBOpeUnT TpeboBanmsiM ARM-cornmacoBanHocTH [7].

[pu cumynsinuu  obemiaronield MamIMHOW ceMaHTHKH oOxona mar o0xona,
SIBJISTIOIIMIACS  TTOKPBITHEM  COOBITHS, OymeT COOTBETCTBOBATH HCIIOJHCHHIO
WHCTPYKIIMK B OOemaronel MamuiHe (BBIMTOJTHCHUE WHCTPYKIMKM YTCHHS, Oaphepa
MaMsATH WU CIIETAHHOTO paHee OOemaHus), TOTAa KaK BBITYCK COOBITHSI Oyzaer
COOTBETCTBOBATH OOCIIAHUIO COOOIIEHHUSI COOTBETCTBYIOIIUM MTOTOKOM.

5.3. Cumynsauma ob6xopna ARMv8.3 ucnonHeHusa obGelwarowen
MaLUMHON

Kak ObL10 3aMeueHO BBIIIC, AOKA3aTCJIbCTBO KOPPEKTHOCTU KOMIIMJIALMU Y€PE3
CUMYJIAANUIO SABJIACTCA MHAYKIITMOHHBIM J1OKa3aTCJIbCTBOM IO UCIIOJTHCHUIO ueneBoﬁ

3 dopmanbHO, COOBITHE € SBISICTCS 3aBUCHMBIM OT 3allUCH JPYTOro MOTOKa W, eciu
CyliecTBYyeT MmyTh B rpade ucrnonHenus G oT W K € Takoil, 4To nepoe pedpo NAHHOTO IyTH SBISCTCS
pebpom otHomieHus rfe, a Bce ocTambHEIE pebpa sBIIOTCS pebpamu oTHomeHus dob (dependency
ordered before), onpeznenenie KOTOPOro MPUBEAEHO B [7].
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MalHEL. BakKHBIM 3JEMEHTOM TaKOro JOKa3aTeNbCTBA SBIIETCS OTHOLICHHE
CHUMYJILIMM Ha COCTOSHHAX COOTBETCTBYIOIIMX MAIIMH. JTO OTHOIICHHE JOJDKHO
BBIIIOJIHATBCS JUI HAYAJIBHBIX COCTOSHHM, YTO COOTBETCTBYET 0a3e MHIYKLHH, a
TaKKe JOJDKHO COXPaHAThCA IPU HMHAYKOIMOHHOM Inepexone. M3 Toro, dro
OTHOIIICHHE BBITIOJIHACTCS ISl (UHATIBHOTO COCTOSHMS LIEIEBOW MAIIWHbI, JOJIKHO
CJIE/IOBATH 3aKJIIOUCHHE KOPPEKTHOCTH KOMIMJIALUK, B HAIlleM CIy4ae COBIAJICHHE
COCTOSIHMH MaMATH obemaroniei Manmasl 1 ARM-coriiacoBaHHOTO HCTIOJTHEHUSL.
OtHomienne cumymnsuuu NV (MHBapwaHT, invariant) MEXAYy COCTOSIHUEM
obemaromeli MamMHBl S M KOPpeKTHO# KoHdurypamueir odoxoma (C, I) ARM-
COTJIACOBAHHOT'O UCIIONHEHHs G BBINOJIHAETCS, €CIM MaMATh OOeIaroneld MaIluHbI
COOTBETCTBYET MHOKECTBY BBINYIIEHHBIX COOBITHI |, M A Kakaoro coObITus,
KOTOpOE MOXET OBbITh MOKPBHITO B TeKylledl KOH(UrypaluH, CyIIECTBYET
COOTBETCTBYIOIIAs HHCTPYKIHS B IIPOrpamMmme’,

Boiee noapoOHO, TOHKHBI BHIIOJIHATHCS TPU CIECTYIOMINX YCIOBHS:

1. Jlnsg nro00ro coObITHS 3amMCH W M3 MHOXKECTBA BBIMYIICHHBIX COOBITUH |
CYIIECTBYEeT cOOOIIeHHe M B mamsTh S, T.4. M OTHOCHTCS K TOW Xe
JIOKAllMK, YTO W W, 3alKChIBaET TO K€ 3HAYCHHE W METKa BpPEMEHH
COOOIIEHHsI COBMAJaeT C IMOPSAKOBBIM HOMEpPOM W B OTHOLICHUH CO
(coherence order). Ilpu 3TOoM, ecmu W Taxke SBISIETCS TOKPBITHIM (T. €.
sBisiercst aneMeHToM C), To cOOOIIEeHIe M ABISETCS BHIIOTHEHHBIM, HHAUYE
— M elie He BHINOJHEHHOE O0CIIaHue.

2. AHanorm4yHo, I JOOOTO COOOMmICHHMS M W3 MAMATH S CYIIECTBYET
COOTBETCTBYIOLIEE eMY COOBITHE BO MHOXKECTBE BBINYIICHHBIX COOBITHIA |.

3. ns uenodku coOBITHH KaXJOro HOTOKa B HcrojHeHHMH G cyliecTByeT
COOTBETCTBYIOIIAs CepHs MEepexoJoB B rpade IOTOKa YHpaBJICHUS
nporpammbl. Kpome TOro, Kaxaelii HOTOK OOeIIarolIeil MaIIuHBI YKe
BBITIOJTHIJI YacTh LETIOYKH, KOTOPas OTHOCUTCS K TIOKPBITBIM COOBITHSAM H3
C.

Hmest oTHOWIEHHME CHUMYJSIMM, HY)XXHO IIOKa3aTh, YTO OHO COXpaHSETCS IpH
MHJYKIMOHHOM Iiepexojie. 113 Hero HanpsiMyro ciefyeT yTBEpXJIeHHE TeOpeMsl 1,
T. €. KOPPEKTHOCTb KOMIMJISIINY.

Jlemma 3. Ilycte BeimomnmsieTcs otHomenue cumyisinuu Inv(S, C, I, G) u
cymiectByer nepexon u3 koudurypauuu (C, I) B xoHdurypammo (C°, I'), To
CYILIECTBYET Iuar obelnarolieii MalluHbl U3 COCTOSHUS S B TaKOE COCTOSIHHE S, UTO
semonasercs Inv(S™, C°, I°, G).

Hpesn moka3areancrBa. [lepexon u3 xoudurypauuu (C, I) B xoupurypamuto (C,
I") MoskeT OBITH MO0 MOKPHITHEM COOBITHUSL, JIMOO BBITYCKOM COOBITHS. PaccMoTpum
JIaHHBIC BApUAHTHI U HAYHEM C ITOKPBITHS.

4 B oTHOmeHHM CHMyIAIUM OPHCYICTBYIOT M JApYrHe TpeOOBaHMS, OTHOCAIIUECS K
KOMITOHEHTaM OOCIIAIONIeH MaIlIMHBI, KOTOPbIE OBIIN OITYIICHBI B JaHHON CTaThe I KPATKOCTH.
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Eciu nepexon B (C, I') sBiIsieTCs OKPHITHEM HEKOTOPOTO coObITHs €, T0 C° = C U
{e} u I' = I. CornmacHo OTHONICHHUIO CHMYJISIIUH, TIOTOK OOCIIAOIICH MaInHbI, K
KOTOPOMY OTHOCHUTCSI COOBITHE €, MOXET CJ/eNaTh COOTBETCTBYIOLIMU MEPEXO]l.
Ecnu e siBisieTcst onepanueil YTeHusl, TO COTJIACHO TPeOOBaHHIO HA MOKPHIBAEMOCTb
COOBITHSI OHO YUTAET M3 COOBITHS 3aIHCH, KOTOPOE y)KE BBIMYIICHO, T. €. SBISACTCS
aneMeHTOM |. CoriacHO OTHOMICHUIO CHMYIIAIUY, B MAMSITH OOCHIAIOIICH MAIIUHBI
€CTh COOTBETCTBYIOIICE COOOIICHUE, U OHO MOXKET OBITh MPOYHUTAHO MPH MEPEXOJIC
or S k S'. Eciu € sBseTcst omepandell 3alucH, TO OHO SABISAETCS BBIMYIICHHBIM
COMJIACHO YCJIOBUIO HA MOKPBITHE, @ COOTBETCTBYIOIICE COOOIICHUEC HAXOIHMTCS B
maMsITH O0ENIAIOIIeH MAIIMHEI, T.0. TIPU Mepexoje oT S kK S obemaromas MalinHa
BBITIOJIHSAET CBsi3aHHOe oOemianue. Ecnu e sBisiercst omepauueit Oapbepa, To,
COTJIACHO YCIIOBHIO BBIMYCKAEMOCTH COOBITHS, HE CYHIECTBYET PO-MOCIEAYIOIIETO
COOBITUS 3aMKCH, KOTOPOE BhIMYIIeHO. VI3 3TOro cieayer, 4T0 COOTBETCTBYOIIHIA
MOTOK OOCIIAloIIel MalIMHBl HE WMEET HEBBIMOIHEHHBIX OOCIHIAHUHA U MOMKET
BBIMIOJIHUTH ~ CICAYIOIIYI0 HMHCTPYKIUIO Oapbepa mnaMatd. TakuM o0Opasom,
o0eIaronias MaluHa MOKET CUMYJIHMPOBATh MEPEXO0.T TOKPBITHSL.

Ecmn epexon B (C, |') sBIsieTCs BBITYCKOM HEKOTOPOTO COOBITHSA 3armiuch W, To C
=Cul =1 U {w}. CormacHo TpeGOBaHHIO Ha BHITYCKAEMOCTH COOBITHS W, BCE
pO-TipeaIIeCTBYIONME Oapbephl MaMATH TOKPBITH, & 3HAYUT, 10 OTHOIICHHUIO
CUMYJISIIAN COOOIICHUE, COOTBETCTBYIOIICE W, MOXKET OBITh OOCHIAHO B paMKax
oOematomel MamuHbl. OTHOIIEHHE CHUMYISLMHU IPU ITOM IEpexoje, OYEBHUIHO,
COXPaHUTCH. a

6. 3aknroyeHue

MsI noka3aiy KOPPEeKTHOCTh KOMITJISIIIAN U3 TIOAMHOKECTBA 00CIIAIOIEeH MO IeIH
namsTd B Mozaenbs namsitd ARMvS8.3. Jns 3Toro Mbl MCHOJIB30Bajl HOBBIM METOJ
00xo1a rpadoB HCIIOTHEHUH, YTO MMO3BOJIIO HaM 0a3MpOBATh JTOKA3aTEIBCTBO Ha
cUMyInuu. JlaHHBIA METON HAaKJIaJbIBAaCT MEHBIIC OTPAHWYCHUN Ha IIETICBYIO
waThopMy IO CPaBHEHHIO C METOJOM, HCIOJB30BAaHHOM JJIsI JJOKa3aTeNbCTBA
KoppekTHocTH KoMmwrinuu B Mojemun x86-TSO u Power B [13]. Ilocnemnee
03Ha4aeT, YTO MPEUIOKEHHBII METO/ MOTCHIMAIBFHO MPOIIe IEePEHCIoNb30BaTh B
MOCIIEIYIONTNX T0Ka3aTeICTBaX KOPPEKTHOCTH U3 00EIIA0NIe MOJIENIN TTaMSITH.

B mameit pabore ObUTO paccMOTpeHO 0a30BO€ TIOJMHOMKECTBO OOemaronei
MAIlMHBI, COCTOfAIIee W3 pacclaOleHHBIX YTeHWH W 3amiced, a Takxke
MPHOOPETAIONINX W BHICBOOOXKIAIONIMX OapbepoB mMamsATH. Hamrel criemyromiei
3a/1a4eil SBISAETCS PaCIIMPEeHHe J0Ka3aTelbCTBA JI0 MOJHOW o0eImaromed Moaesy.
s aTOTO HYXHO OyIET pacCMOTpPETh OoJiee CTPOrHe BapHaHTHl YTEHHH W 3aITHUCEH,
MHCTPYKIIMU aTOMapHOTO uTeHust u 3anucu (read-modify-write), yactabiM ciydaem
KOTOPBIX SIBJIACTCS ONEpaLis YTCHHUs ¢ BO3MOKHBIM oOMeHoM (CAS, compare-and-
swap), u monHble Oapbepsl mamstu (SC fences). Jlanee ™Mbl omwmineM, Kakue
MOTU(UKAIIMA B JIOKA3aTE€IbCTBE HYKHBI JUIS TMONJCPKKH  YIOMSHYTBHIX
UHCTPYKLHUH.
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Jmnst Toro, 4roObl 100aBUTH Oojiee CTpOTOE YTCHHE, a UMEHHO TpHOOpeTaromiee
yreHue (acquire read), B JOKa3aTENBCTBO HE HYKHO BHOCHTH HHKAKMX H3MCHEHHI.
OTo crmemyer W3 TOTO, YTO UL OOemaromieil Monenu maMsATH Oblla JOKa3aHa
KOPPEKTHOCTh ONTHMH3ALUK, KOTOpas 3aMeHseT npuodperamoliee 4YTeHHE Ha
nproOpeTaroImuil bapbep MaMsATH U PACCIa0ICHHOE YTCHUE, a TaHHbIC HHCTPYKIIUU
paccMOTpEHBI B HallleM JI0Ka3aTelIbCTBE.

Jus mogmepxku Oojee CTpOro BapHaHTa MHCTPYKIIUH 3aIiCH (BBICBOOOXKIAIOMICH
3ammcy, release write) Hy)XKHO TOKa3aTb, 4To B 00xone ARM-cormacoBanHoro
WCIIOJIHEHHUsI TIPU BBIITyCKE COOBITHS, COOTBETCTBYIOLIETO BBICBOOOXIAFOLIEH
3aIliCH, 9TO COOBITHE MOXKET OBITh Cpa3y e MOKPHITO. /laHHOe yTBep)KIeHHE
HYKHO, TOCKOJIbKY O0elaromiasi MalliHa JI0JDKHAa OJHOBPEMEHHO Moolemars u
BBIMOJIHUTH OOCIIaHKe, OTHOCSIIEECS K BRICBOOOK qarolei 3amucu. [Ipu 3ToM camo
YTBEPXKICHHE MOKET ObITh TPUBHAIBHBIM 00pa30M MOKa3aHo.

AHaJIOTHYHOE YTBEP)KACHHE O IOKPHITHMHM Cpa3y IBYX COOBITHIl JOJDKHO OBITH
JIOKa3aHO U JJIS MOAJEPKKU MHCTPYKIMHA aToMapHoro yreHus U 3anucu (CAS), 1. k.
B Mozen ARMVS.3 Takue WHCTPYKIMU MPEACTABISIFOTCS ABYMSI HEIIOCPEACTBEHHO
CIIEMYIONIMMH JIPYT 32 JAPYrOM COOBITHSAMH, TOTIAa Kak B oOemaromieid Momenn
MaMsATH aTOMapHAs HHCTPYKIHMS BBITIOTHACTCS 3a OJUH IIar.

Iomusie 6apreprr mamatu (SC fences) B obemmaromeil MOAETH MaMSATH TPeOYrOT
HEKOTOpPOro (UKCHPOBAHHOTO IIOJIHOTO TIOpsiiKka HAa WX HCHONHEeHWH. [l
HOJACPKKMA TaKuX OapbepoB B J0Ka3aTeJbCTBE HYKHO PACIIMPHTh OTHOIICHUE
CHUMYJISIIMK, YTOOBI B HEM IMOSBWIACH IN00ANbHAs KOMIIOHEHTA, OTpaKaroras
JOaHHBIH mopsmok. Takxke B 00x0q ARM-cornacoBaHHOTO HCIHOJNHEHHS HYXKHO
JN00aBHTh OrpaHUYCHHE Ha IIOKPHITHE MONHBIX OapbepoB, rapaHTHPYOLIEE HX
MOKPBITHE B TOM K€ IIOpsAKE, B KOTOPOM OHH MOTYT OBITh HCIOJIHEHBI B
obearomiei MosIesIu aMsITH.
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Abstract. Concurrent programs have behaviors, which cannot be explained by interleaving
execution of their threads on a single processing unit due to optimizations, which are
performed by modern compilers and CPUs. How to correctly and completely define a
semantics of a programming language, which accounts for the behaviors, is an open research
problem. There is an auspicious attempt to solve the problem — promising memory model. To
show that the model might be used as a part of an industrial language standard, it is necessary
to prove correctness of compilation from the model to memory models of target processor
architectures. In this paper, we present a proof of compilation correctness from a subset of
promising memory model to an axiomatic ARMv8.3 memory model. The subset contains
relaxed memory accesses and release and acquire fences. The proof is based on a novel
approach of an execution graph traversal.
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AHHoTanus. B pabore paccMOTpeH HETPaIUIMOHHBIA MOAXOM K CO3JAHUIO MapalIelIbHBIX
IporpaMM, HMX aHaIW3y M TpaHC(HOpMAaIMU C KCIOJIB30BAHHEM SI3bIKAa (DYHKIIMOHAIBHO-
MOTOKOBOTO IapaUIeNIbHOTO MPOrPaMMHUPOBaHHMsI, 00OECIICUNBAIONIEr0 HAMMCAHHUE ITPOTrpaMM
6e3 yuéra pecypcHBIX OTpaHHYEHHH, YTO MO3BOJISACT H3HAYAIBHO OPHEHTHPOBATHCS Ha
ITOPUTMBI C MAaKCHMaJbHBIM Tapamienu3MoM. Pa3paboTaHHBIE HHCTpyMEHTalIbHBIC
cpencTBa  00ECHEUMBAIOT  TPAHCIAIMIO, BBINONHEHHE, OTIAAKY, ONTHMH3AIUI0 U
BepuuKanuio (YHKIHOHATHHO-TIOTOKOBBIX MHAapaUIETbHBIX INpOrpaMM. BrImonHeHHe
pa3paboTaHHBIX IPOrpaMM OCYILECTBISAETCS MYTEM «CxKaTUs» MHapajulenu3Ma C ydEToM
OTPaHUUYEHHBIX PECYPCOB PEATbHBIX BBIYMCIUTENBHBIX CUCTEM. BhIumciauTeNnpHbIN mpolecce
paccMaTpuBaeTCsl KaK HAJOXKEHHE YNPAaBISIOWEro rpada, Onpenessiomero OpraHu3aliio
BBIYMCIICHUH, Ha MH(QOPMALMOHHBII Tpad, ONHMCHIBAIOIINK (QYHKIOHAIBHbIE 0COOCHHOCTH
peanu3yemMoro anropurMa. Bo3MOXHO HCIONIb30BaHME PA3IUUHBIX CTpATErHMi yIpaBICHUS
myTéM MoauduKanuy ynpasisiomux rpagos. [IpeanoskeHHbIe HHCTPYMEHTH 00€CTIeYNBAIOT
(opMHpOBaHHME TPOMEXKYTOUHBIX IPEJCTaBICHHH, HAa OCHOBE KOTOPHIX BO3MOXKHBI
JanmbHEeWIme mpeoOpa3oBaHMWs MCXOJHBIX IIPOTpaMM B IPOTpaMMBI JUISt  pealbHBIX
ApPXUTEKTYp NapalIeNbHbIX BEIYMCIUTEIBHBIX CHCTEM.

KimoueBbie ci0Ba: apXUTEKTypHO-HE3aBUCHMOE IapajuleNlbHOE MPOrpaMMHPOBAHHE;
(YHKIIMOHATBHO-TIOTOKOBOE mapajieTbHOe  NPOTPaMMHPOBAHKE; TpaHchopmanus
IpOTpaMM; CpeICTBAa Pa3padOTKH IPOTpaMM; HH(POPMAMOHHBIH rpad, ypaBisiomuii rpagd.
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1. BeedeHue

[TapannensHOE POrpaMMHUPOBAHHUE AABHO IEPECTATIO HCIIOIb30BATHCS TOJIBKO AT
BBICOKOTIPOM3BOJUTENIFHBIX BBIYHMCICHHNH. BMecTe ¢ TeM, moaxompl K pa3paboTke
MapajuleNIbHBIX TPOrPaMM MaJl0 M3MEHWINCh 10 CpaBHEHMIO ¢ 80-Mu romamu
npouutoro Beka. Kak u paHblie, HanOonee MPUMEHSEMBIM SIBISIETCS HAIlMCAHHE
Ko/a ¢ yu€ToM 0COOSHHOCTEH IeJIeBOi BBRIYHUCIUTENHFHON crcTeMbl. [Ipu mepeHoce
IporpaMMbl  Ha JPYIyl0 AapXWUTEKTypy TPHUXOAMTCS JHOO IIOMHOCTBIO €&
NepenuchBaTh, JUOO0 TOABEpraTh CymiecTBeHHOH Moaudukanuu. IlonsiTku
MepeiTH Ha HEeTpaJULMOHHbIC NapajuleNibHble BerauciuTenbHble cucremsl (I[1BC),
Kak ¥ paHee, IOABEPralOTCs KPUTUKE, OCHOBHOM wupaeell KOTOPOH sBIsETCS
HECOBMECTHMOCTh CO3/IaBaeMBbIX Ul HUX MPOTPaMM C YK€ CYHIECTBYIOIUMU. XOTH
0 TaKoM HECOBMECTMMOCTH MOXHO TOBOPUTH MPAaKTUYECKH MAJs BCEX BHOBBb
pa3pabaThIBaeMbIX MapajlieibHbIX mporpamu [1, 2].

lupokoe nNpUMEHEHHE MMIEPAaTUBHOIO MOJXOJAa BHOCUT B  pa3pabOTKy
MapajieNbHBIX MPOrpaMM CBOM CIOXHOCTH. [IporpaMMHCT $SBHO MM HESIBHO
(opMHpyeT OTHOIIEHHS MEXIYy IpPOIPaMMHBIMH OOBEKTaMH, KOTOPHIE MOYKHO
oXapaKTepru30BaTh CIeAyomuM obpazom [3]:

® OTHOIICHHMS MEXIY JaHHBIMH (MH()OPMAIMOHHBIC OTHOILCHUS), HITH
nH}popManMOHHBIH rpad IporpaMMBl, 3a1AIOIIHIA CBSI3b MEXKIY
00pabaThIBaeMbIMU JJAHHBIMH U OTIEPALIUSIMU;

® OTHOIICHHMS YIIPABICHHUS, ONPENEIIIOIINE OPSIOK BHIIONHEHHS ONepaLit
u GyHKUMI nporpamMMmel;

® OTHOIICHHS MEXy BBIYHCINTEIBHBIMU pecypcaMu (IIaMAThIO,

MIPOLIECCOPHBIMHU Y3JIaMH), B KOTOPBIX JOJDKHBI BBIIIOIHATHCS OIepalny,

OTIMCHIBAEMBIE B IIPOTPaAMME.
B GonpmmHCTBE ciydaeB pa3pabOTUNKy MPOTPaMMBI IPUXOJUTCS SIBHO YIUTHIBATH
B3aUMOCBSI3b MEXKIy STHMH OTHOIICHHSIMH, JOOWUBAsCh TOTO, YTOOBI HE BO3HHUKAJIH
JOTUYECKHE TPOTHBOPEYMs, BEeAyMIHMEe K OMIMOOYHOMY BBIIONHEHMIO. Jlis
COBPEMEHHBIX MAPAJUICIBHBIX MPOTPAMM 3TO TPYJHOAOCTIKMMO, YTO 3aTPYAHSET
OTIaAKy W BepuHUKAaIWIO, HECMOTPS Ha NPUMEHEHHE CIIEIHaIN3NPOBAHHBIX
MHCTPYMEHTAIBHBIX ~ CPEACTB, MOJJICPKHUBAIOIINX, Harmpumep, QopmaibHyO
BepU(HKAIUIO C UCTIOIb30BaHKUEM MpoBepku Mojeneii (model checking) [2, 4]. Tlpu
Iepexofie Ha JpPYryl0 apXUTEKTypy BeCch IIpoIlecC pa3pabOTKu M OTIaJKH
MPAaKTUYECKH TPUXOAUTCS TOBTOPATH 3aHOBO.
ITomuMo 3TOTO, HAMMYKE 3aBUCHMOCTH OT KOHKPETHBIX apXHUTEKTYpP, COUETAFONINX
Mapajuleiu3M ¢ IOCJIE0OBATEIbHBIM IPOTPAMMHUPOBAaHUEM, HE CIIOCOOCTBYET
BHE/IPCHUIO HCTUHHO TApaJUICNbHBIX AJITOPUTMOB Ha HAYaJNbHBIX CTAAMAX HX
pa3paboTku. OTO BeAET K HCKAKECHUIO HCXOJHOTO NapajuieNu3Ma 3a/adu,
3aBUCUMOCTH OT PECYpPCHBIX OTrpaHUYEHUM, KOTOpble TIPHU MOCIEAYIOIEM
pacnapajuleIMBaHNM HE BCErja II03BOJSIIOT MpPUHTH K Oonee 3((EeKTUBHBIM
pEIIEHUSM.
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HecmoTpst Ha 3TO, KIIFOYEBBIM HAIPABJICHUEM B NAPAJUICIbHOM POrPAMMHUPOBAHUI
SBISIETCS  pa3pabOTKa ApXUTEKTYPHO-3aBUCHMBIX  [APAJUICNIBHBIX  IIPOTPAMM.
CylIecTBYIOT pa3lM4Hble TMOIXOJBl, CHJBHO OTIMYAIONIMECH [0 HIECOIOTHI
nojyiepkanus mapamiennsma. K Haubosiee MOMYISPHBIM CPEM HHUX ClELyeT
OTHECTH: pachapajjiejliBaHHe Ha OCHOBe mepemadu  coobOmienmit  [5],
MHOTOIIOTOYHOE W MHOTOSAEPHOE MPOrPaMMHUPOBAaHUE [ULI CHCTEM ¢ obmieit
namsTeio [6], mpuMeHeHne rpadmueckux yekopurenei [7], a Takke codeTaHue Beex
TpeX MOAXOZOB B pPAa3IMYHBIX KOMOWHAIMSIX @PH HPOTPAMMHPOBAHHU LS
THOPHIHBIX U PacIpeie/IeHHBIX apXuTekTyp [8-11].

HecmoTpst Ha TO, YTO KOHIEMHLUS HEOTPAHMYCHHOTO Mapajule/ii3Ma B HACTOSIICE
BpEMs HE MOJB3YETCS MOIMYJISIPHOCTHIO IPH Pa3paboTKe PeasibHBIX MapauIeiIbHBIX
nporpamm [12], y Hee UMEIOTCsI Ope/IeIeHHbIE IEPCIICKTHBBL B KAYECTBE OCHOBBI
st GOpMHpPOBAHHS ~ CHCTEM  IIPOTPAMMHUPOBAHHS,  OGECIICUMBAFOIINX
HOCIEAYIONIYI0 TpaHCHOPMALIMI0 B PECYPCHO-OTPAaHHYCHHBIC M apXHUTEKTYPHO-
3aBUCHUMBIC TapaJlUICJIbHBIC IPOTPaMMBI. HOE)TOMy aKTyaHLHOﬁ ABIIICTCA 3aJa4da
CO31aHHuA A3BIKOBBIX U HHCTPYMCHTAJIBHBIX CPEACTB, O6eCHe‘H/IBaIOHII/IX TIOCTPOCHUC
napajiyiCJibHbIX MTpOorpamM™M, HE CBA3aHHBIX Ha HaYaJbHBIX JTarax pa3pa60TKH C
apxutektypamu peanbHbix [IBC, BBIOOp KOTOPBIX MOT' ObI OCYIIECTBISITHCS YyIKE
HOCJIE MPOBEIEHHUS POIIECCOB BePUBHUKAIINK, TECTUPOBAHUS U OTIIAIKH.

2. OcobeHHOCMuU Modenu eblyucsieHUll U si3biKa
¢byHKUUOHa/IbHO-MOMOKO8020 napasisiesibHo20
npozpaMmMuposaHusi

OCHOBHBIMH HJESIMH TIPEUIaraeMoro IoJX0/Ja, OINPEACISIONIMMH KOHIIEHIHIO
ApPXUTEKTypHO-HE3aBHCUMOT'0  MapajyIeIbHOTO  IPOTPAMMHUPOBAHUSA,  SIBISIOTCS
HCKJTIOUEHHE PECYPCHBIX OTPAaHMYCHWH W HESIBHOE YIPABJICHHE BBIUYMCIICHUSIMH.
IIpenmomaraercsi, uyTO BHpPTyaJdbHas MalllMHA, HMEIOMIAsCS B PACIOPSKCHUU
MPOTPaMMHUCTa, O0JIaaeT HEOTPAHWYEHHBIMH BBIUHCIUTENBHBIMU pEcypcaMu, a
S3BIK  MPOTPAMMHUPOBAHMS TO3BOJISIET OMNMCHIBATE TOJBKO HH(GOPMAIMOHHEIE
3aBUCHMOCTH MEXJY BBINOJHsAEMbIMA (GYHKUMSIMU. B3aumonelcTBue Mexiy
(YHKIMSAMHU TIPH 3TOM OCYIIECTBISIETCSI 110 TOTOBHOCTH JAaHHBIX, YTO IMO3BOJISET
CO3/1aBaTh MPOrpaMMbl € MaKCHMAaJILHO BO3MOXKHBIM IIapalIeNIM3MOM, CHXKaTHe
KOTOPOTO K KOHKPETHBIM BBIYHCIIUTEIBHBIM PECypcaM M YCIOBHUSIM SKCIUTyaTalliH
OyzneT MpoMCXOAUTH MOCie BepU(PUKAMKA M OTIaJKH HANHCAHHBIX IPOrpaMM Ha
YPOBHE HMCXOJHOTO IIPEJACTABIEHHUSA. OJTO IIO3BOJISET MOBHICUTH 3()()EKTHBHOCTDH
mpouecca pa3pabOTKu MapajuledbHBIX MporpamMMm. Hampumep, MOXHO co31aTh
eAnHyl0 OMONHOTeKy GYHKIMH, amanTHPYeMyl0 K pPa3IMdHbIM apXUTEKTypam
BBIYUCITUTEIFHBIX CUCTEM.

Jis  peanmzanmMyM CHUCTEMBI, OPHEHTHPOBAHHOW HA CO3/IaHHE AapPXHUTEKTYPHO-
HE3aBHUCHMBIX apajuieNbHBIX IpOTpaMM, HE00X0 MO obecreunTh
COOTBETCTBYIOIIYIO MOJACP)KKY Ha YPOBHE MOJAEIM BbIUMCIEHHH. Jlexamas B
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OCHOBE  f3bIKa  IPOTPaMMHpPOBAHUS  MOAENb  (DYHKIHMOHAIBHO-TIOTOKOBBIX
napayuiesbHbIX Beraucnenui [ 13] 3amaercs tpoiikoit:

M = ( G, P! SO )1
rie G - amuKIMYecKWd ~ OpPHEHTHPOBAaHHBIA  Tpad,  ONpeNeNsTIONTiiA
HHPOPMAIMOHHYIO CTPYKTYPY IporpamMmsl (ee HHpopMarmoHHsIi rpad), P - Habop
NpaBWI, ONPEACISIONNX AWHAMUKY (YHKIMOHHPOBAHMSA MOAETH (MEXaHH3M
(hopMupoBaHUS pa3zMETKN), Sy - HAYAIbHAS Pa3METKa.
WudopmanmonHsli rpad

G=(V,A),

rae V - MHOXECTBO BEpIIMH, ONPEACISIIONIMX  MPOrpaMMo-(popMHUpYIOIINE
orepaTopsl, a A - MHOKECTBO AYT, 3a[alOMIMX MYTH Neperadnd HHPOPMAIUU MEXITY
HHUMU.
Hmeercss TONBKO OAWMH  Omeparop, peayusyromuii  QyHKuuio:  omeparop
uHTepnperanuyd. OH IpUHUMAeT JABa apryMeHTa, OJUH M3 KOTOPBIX SBISAETCA
3HAYCHHUEM (YHKIIUH, & APYrON — UCXOAHBIMHU JaHHBIMH, MOIJICKAIUMEI 00paboTKe

(puc. 1).
A "
O
FX)
al b)

Puc. 1. I'paguueckoe 0b603nauenue onepamopa uHmepnpemayuu
(a— obwas popma, b — 6 cryuae, ko2oa snauenue gynxkyuu uzeecmuo)
Fig. 1. Graphical designation of the interpretation operator (a is the general form,
b is in the case when the value of the function is known)

Ha Beixome d¢opmupyercs pesynbrar. s OOCTIKEHHS Ooiee HAriisiIHOTO
TEKCTOBOT'O IPEACTABJICHHS NPOrpaMM C YIPABJICHHEM MO T'OT)OBHOCTH JAHHBIX
orepaTop MMeeT NpeUKCHYI0 M TOCTYUKCHYIO (OpMYy 3aIliCH, YTO MO3BOJISET
Beipakerne F(X) mpeacTaButs qByMs crmocobamu:

X:F nmm FMX.

@OyHKINU MOTYT SBISTHCS M3HAYAJIBHO 3a/laHHBIMHU 3JIEMEHTAPHBIMH OIEpanusIMH
WIM CO3[aBaThCsl NPOTPAaMMHUCTOM. AKCHOMAaTHKa Moaenn u e€ anrebpa
npeoOpa30BaHMi OIPENENAIOT 6a30BbIe BAPUAHTHI PEealIM3alui 3TOTO OIepaTopa.
OcrayibHBIE  OHEpaTopsl  MOJEIM  SBIAIOTCS  NPOrpaMMo-(hOPMHPYIOLINMH,
MOPOXKAAs CBSI3M MEXAY (QYHKIMAMH HWHTEPIIPETallMk 3a CYET TPYNIUPOBKH
MOPOXKIAEMBIX MMM JAaHHBIX B Pa3lIWYHBIE CTPYKTYPHI (CIHCKOB), 0a30BBIH HAOOD
KOTOPBIX TMpEACTaBIeH Ha pUC. 2 W BKIIOYACT: KONHPOBAHWE JAHHBIX,
(hopMupoBaHHE KOHCTAHT, CO3JAaHWE CHHCKA JAHHBIX M3 HE3aBHUCHMBIX BEIHYHH,
(hopMupOBaHKE MAPAJUIETHHOTO CITMCKA, CIUCOK 3aJIepKAHHBIX BEIYNCICHUI.
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X X1|X2 (X3 | X4 X1[X2 (X3 |X4

(X1, X2, X3, X4) [X1, X2, X3, X4]

{(A, BT}

al bi ¢ d) el

Puc. 2. I'paghuueckoe obo3nayenue npoepammo-Gopmupyionux onepamopos
(a — xonuposanue oanneix, b — 3a0anue koncmanmel, C — 2pynnuposra 6 cnucok oanuvlx, d —
2PYNNUPOBKA 8 NAPALIENbHBII CRUCOK, € — CO30AHUE 3A0EePHCAHHO20 CNUCKA)
Fig. 2. Graphical designation of program-forming operators
(a - copying data, b — constant assignment, ¢ — grouping in the data list,
d - grouping in the parallel list, e - creating the delayed list)

Oneparop KonmupoBaHus (puc. 2a) obecrieunBaeT pa3MHOKEHHE JTAHHBIX. B sI3bIKe
ompezenseTcss dYepe3 HMMEHOBAaHME 3HAYCHUS M JAJbHEHINEEe HCIOIb30BAHUE
BBE/ICHHOTO O0O3HAYCHMS B TPEOYEMBIX TOUYKaxX IPOrpaMMBl. McHomb3yroTcsi Kak
npeduKCHOE, TaK U ITOCT(HUKCHOE UIMEHOBaHHE CBA3CH:
3HaYeHHe >> UM, WIIH UM << 3HaYeHHe.
KoHcTaHTHBIH onepaTop He uMeeT BxomoB (puc. 2b). Y Hero ecTh TOIBKO OJHH
BBIXOJ, Ha KOTOPOM TIOCTOSIHHO HAaXOOUTCA pa3MeTKa, OIpeaessromas
MpEeANICaHHOE 3HAYCHHE. B S3bIKOBOM NpeACTaBICHUN KOHCTAHTHBIN MPOrpaMMo-
(hopmupyrOLIHii OnIepaTop 3aJaeTcsi 3SHaYCHHEM COOTBETCTBYIOLIETO TUIIA.
OmnepaTop rpynnupoBKH B CHUCOK AAHHBIX (PHUC. 2C) UMEET HECKOJIBKO BXOJIOB U
omuH BbIX0JA. OH oOecrieuymBaeT CTPYKTypH3alMIO W YHOPSAIOYEHHE JIAHHBIX,
MOCTYMAIOMMX IO JyraM M3 pa3IWYHBIX HCTOYHHKOB. IlOpsSIoOK 3JIeMEeHTOB
onpeziensieTcss HOMEpaMH BXOAOB, KaXKJOMY M3 KOTOPBIX COOTBETCTBYET
HaTypalbHOe uuciao B auamazoHe or 1 mo N. B TekcroBom Buae 3amaercs
OrpaHHYECHHUEM SIIEMEHTOB CITHCKa KPYTJIBIMU cKoOKamMHu «(» 1 «)». Hanpumep:
(X1, X2, X3, X4).
Omneparop co3gaHusi napajuiebHoro cnucka (puc. 2d) rpynmnupyer 3JeMeHTHI,
AQHAJIOTUYHO CHUCKY JaHHbIX. OJHAaKO Ha BBIXOAE MpPEANOJaraeTcs Haludue
MHOXECTBEHHOH CBSI3H, KPAaTHOCTb KOTOPOM OINpeNeNnseTcsl KONUIECTBOM BXOJIOB B
oneparop. [Ipu BbIIONHEHHMH oOmepaTopa MHTEPHPETAlMH  OCYILECTBIAETCS
napajuiesibHasi 00paboTKa BceX apryMEHTOB OHON (QyHKINEH:
[X, y, z]:sin = [x:sin, y:sin, z:sin].
AHaNOrM4HO NMPY HAJMYHUHK CIIHCKA (QYHKIMH BCe OHM TapajuiesIbHO 00pabaThIBaloT
OJIUH U TOT K€ apTyMEHT:
(%, 0):[<, =, >] = [(x, 0):<, (x, 0):=, (x, 0):>].
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B menom anrebpa mpeoOpa3oBaHW S3bIKa OMHCHIBACT pas3iMyHbIE Oojee oOImue
SKBHBAJIECHTHBIE TIPEOOPA30BaHNUS NMAPAIICTBHBIX CIICKOB.
OmnepaTop rpynnupoBKH B 3a[IePKAHHBINH CIIHCOK (PHC. 2€) 3a71aeTcsl BEPIIHHOM,
cojlepKaIei JOMyCTHMBIN BBIYHCISIEMbIH moarpad (HaXoIuTCs BHYTPH KOHTYPA,
BBIICJICHHOTO ITYHKTHPOM), B KOTOPOM BO3MOKHO HECKOJIBKO BXOJOB M BBIXOJOB.
Bxompl cBsSI3aHBI ¢ Ayramu, ONPEACISIONIMMHI IOCTYNJICHHE apTyMEHTOB, a BBIXOJ
ompenenseT BBIIABacMbIi W3 moarpada pesynpraT (B OOImIeM ciiydae B BHAC
napanienbHoro crnucka). OcoOeHHOCTBIO TakoW TPYMIHUPOBKHU SBISETCA TO, UYTO
OTpPaHUYEHHBIC JaHHBIM OINIEPATOPOM BEPIIHHBI, HE MOTYT BBIIOIHATHCS, AaXKe IMpU
HaJIMYUM BCEX apryMeHToB. VX axkTHBM3alMs BO3MOXKHA TOJBKO HpPU CHITHU
3aJepKKN  (PacKpBITUM KOHTYpa), KOrjJa OrpaHHYCHHBIH mNoArpad CTaHOBHUTCS
YacThI0 BCETO BBIYMCIAEMOro rpada. B s3bike CIHMCOK 3aJep)KaHHBIX BBHIYUCICHUI
3a/1a€TCSI OXBAaTOM COOTBETCTBYIOLIMX OINECPaTOPOB (GUIYypHBIMU CKOOKamu «{» wu
«}». PackpbITHE IPOMCXOINUT, KOTa 3a/Iep>KaHHbIH CIIICOK OKa3bIBACTCS OJHUM H3
apryMeHTOB oOIlepaTtopa HHTepIpeTanud. lcromb3oBaHHE 3aAep>KaHHOTO CITHCKA
omnpezenseT GopMHUPOBaHKE YCIOBHBIX BETBICHHH B MPOrpaMMe.
[Ipumenenne mporpamMmo-(GopMHUPYIOIIUX ONIEPAaTOPOB U alaredpsl mpeodpazoBaHmil
3aUMCTBOBaHbl M3 paboThl [14] M comoOcTaBUMO C MNpPEACTABICHHBIMH B HEl
¢ynkiponanbHeIME popMaMu. OmHAKO B AaHHOM Cilydyae MMEHHO pa3HooOpasme
3THX OIEPAaTOPOB SBISETCS OCHOBHOW HJEe MO IOBBINICHHUIO THOKOCTH IIPH
HalMCAHUH MapaUIeIbHBIX IPOTPAMM U pPEaln3alii Pa3IHIHbIX HETPaIUINOHHBIX
Hﬂeﬁ K MIOCTPOCHUIO MMapaUICJIbHBIX aJITOPUTMOB.
B kauecTBe mpuMepa NpHBENEHO OmMUcaHue (yHKINMM HaxXOXICHUS (aKTopuania C
paclIerieHreM rara3oHa oT 1 10 N momonaM M IapajiebHBIM BEIYUCICHUEM IS
7eBod W mpaBoil BerBeil. I'omoBHas (yHkims parfact ocymiecTiusier mpoBepKy
Ha4YaJIbHOTO 3HAYCHUA aprymMeHta i ONpEACIICHUA XOJa BBIYHCIIEHUN. Ta
MPOBEpKa Ha PABEHCTBO HYNIO OCYIIECTBISACTCS ONEpalMsSIMU MEHBINE, PaBHO U
Oonbplie  OZHOBPEMEHHO B  COOTBETCTBHH C  aiureOpoil  AKBUBAJICHTHBIX
npeoOpa3oBaHuil sI3bIKa:
parfact<< funcdef n {

selector<< (n,0):(L,=,>):?;

selector” (-1, 1, {(n,1l) :mult}):. >>return
}
B pesynbrare cpaBHEHHs aprymMeHTa N C HYJIEBBIM 3HAaY€HHEM BO3BPALLAETCS
CIIMCOK JAaHHBIX C 6yHeBCKI/IMI/I BCIIMYUHAMU, ONPCACIAIOIINMNA HCTUHHOCTDH
Ka)XJOr0 W3 IIPOBepsieMbIX yCJOBHH. BcrpoeHHas ¢QyHKums «?» Qopmupyer Ha
BBIXOJI€ MapajyIeNIbHbIN CIHUCOK C HOMEPaMU 3JIEMEHTOB, MPUHSIBIIUMH HUCTUHHbBIE
3HAYCHMSI B XOJI€ IPOBEICHHOM NpoBepku. B naHHOM ciydae 310 Oyner omHO W3
TpeX 3HAUEHU, KOTOPOE U BBICTYNAET B KAUECTBE CEIEKTOPA OJHOTO U3 BapHAaHTOB
JambHEHIIero  BBINOJHEHWA  gaHHOM  (yHkumn. Hampumep, mpum n=5
(opmupoBaHue cenekTopa OyIeT OCYIIECTBISATHCS CIEAYIONMM 00pa3oM:

(5,0):(<,=,>):? => (false, false, true):? => 3
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B omnepanumm wuHTepmperanmd cPOPMHUPOBAHHOE LEIOYUCICHHOE 3HAYCHHE
BBICTYMAaeT B POJIM HMHICKCA, MO KOTOPOMY W3 CIIHMCKAa JaHHBIX BBIOMPAETCS
COOTBETCTBYIOIIHNH dyieMeHT. [Ipu 3HaueHnu N > 0 U3 cuUcKa ¢ albTePHATHBHBIMHU
mapamMeTpamMH  BBIOMPAeTCs 3aJepKAHHBIA  CIUCOK, KOTOPBI pacKphIBacTCs
OTIepaTOPOM WHTEPIPETALNH, COACPKAIINM B KaueCTBEe (QYHKIIUH ITyCTOE 3HAUCHHE,
0003HAYCHHOE TOYKOI:
{(n,1) :mult}:. => (n,1l) :mult
Ilocme  pacKpeITHS — 3aJepKaHHOTO — CIMCKa  3amyckaercs  QyHkmms — mult,
BBIYUCIIAIONIAS MPOM3BEACHNE YUCeN OT 1 10 N ¢ HCHOIB30BaHHEM PEKYPCHBHO-
MapaJjuIeIbHOTO  AITOPUTMA, PAcCIICIUBIIONIETO JHAala3oH [0 JJIEMEHTapHBIX
omnepanuil YMHOXKEHUS € IOCIEAYIONIEN CBEpTKOM YaCTUUHBIX IPOU3BEICHUM
mult<< funcdef pair {
selector<< pair: (<,=,>):?;
selector” (
_1,
{pair:1},
{ ([ (pair:1, ((pair:+,2) :div>>half,1) :4),
(half, pair:2)
] :mult) : *

) :. >>return

}

[TepBOHauanbHO, KaKk ¥ B NPEANICCTBYIONECH (DYHKIMH, OCYILECTBIIETCS IPOBEpKa
nuanasoHa. COpMUPOBAaHHBII CENEKTOpP MO3BOJSIET BBHIOpPATh M3 CIMCKA JaHHBIX
OJTHO M3 TpexX 3Ha4yeHuil: -1, eciim Auamna3oH 3ajaH HEKOPPEKTHO; OJHO 3HAueHHE,
ecnu o0a dYWCia PaBHBI; 3aJep)KaHHBIA CITUCOK, OCYLIECTBISIOIIUNA IpoOieHue
Jana3oHa TOToJIaM M OJHOBPEMEHHOE PEKYPCHBHOE BBIYMCIICHHE NPOM3BEICHUS
JUIsL IOJTyYeHHBIX WHTepBajioB. BerpoeHnas dyHkims div obecriedrBaeTt mpu 3ToM
LEJIOYHCIICHHOE JIeJICHHE, I03BOJIIST TEM CaMbIM HaWTH CepeluHy Huana3oHa.
WNudopmanmonHbIif rpad TaHHOH QYHKIIUH MIPEICTABICH HA pHUC. 3.

3. NHcmpymeHmanbHas noddepikka ¢hYHKUUOHasIbHO-
nomokoeo20 napasiesibHo20 NPo2pamMmmMupo8aHust

g ucnonp30BaHMSA TOAXOJA pa3paboTaH pAJ HHCTPYMEHTAJbHBIX CPENCTB,
obecreunBaronmx MOIJIEPIKKY (G YHKIIMOHATIHHO-TIOTOKOBOMA napaaurMbl
MapajjielbHOTO  MPOTpaMMHUpOBaHuA. Pa3paOoTaHHBI  S3BIK, oOOecmedmBaeT
MPEICTaBICHNE MapajuleIn3Ma Ha YPOBHE AJIEMEHTAPHBIX OINEpaIHid, TP KOTOPOM
Kaxnas (YHKINS OIMCHIBACT TOJNBKO WH(GOPMAIMOHHBIM Tpad amroputMma 0Oe3
KakuX-JIM0O YNpaBIsIOIUX CBsi3eid. TpaHcnarop mpeoOpasyeT HCXOJHBIM TEKCT
(YHKIMM B NPOMEXKYTOYHOE MPEJACTABICHHE, KOTOPOE HCIOJIb3yeTcs Ul
ONTHMU3AINHN CYLIECTBYIOMINX 3aBHCUMOCTEH IO Pa3IMYHBIM KPUTEPHSM, a TaKXkKe
JUISL TIOCTPOGHUSI HAa €ro OCHOBE YNPABISIOIIEro rpada, 3aJaromero MopsiIoK
BBINIOJIHEHWST B COOTBETCTBMM C  BBIOPaHHOM  cTparerMell  yIpaBieHHs
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BerunciaeHusMu [3]. Tpanchopmanus ynpaisomero rpaga ¥ ero ONTHMU3AIHS
MO3BOJISIIOT MOJIy4YaTh CTPATETHH, OTIMYAIONIMECS OT YNPAaBJICHHS 110 TOTOBHOCTH
JAHHBIX W YYHTHIBAION[UE PA3IHYHbIC OTPaHMYCHUS, CBOWCTBEHHBIC, HAMpUMep,
peabHBIM BBIYHCIUTEILHBIM CHCTEMaM.

mult

return

Puc. 3. I'pagpuuecroe npedcmagnenue GyHkyuu nepemHodiceruss 8 3a0aHHOM OUANA30He
NOJIOHCUMENIbHBbIX YUcen
Fig. 3. Graphical representation of multiply function for given range of positive numbers

OOmas  cxema, oroOpaxkaioliass pa3IMYHBIE  BAPHAHTHl  HCIIOJIL30BAHUS
IpeUlaraéMbIX HMHCTPYMEHTAIBHBIX CPEJCTB, TNpHBeaeHa Ha puc. 4. B pamkax
CO3/1aBaEMOM CPENbI BBIIENAIOTCS CIEAYIOIINE TIOACUCTEMBI:

® TPAHCIATOP C A3bIKA PYHKIIMOHAIFHO-ITIOTOKOBOTO MapaJuIEIBHOTO
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IIPOrpaMMUPOBAHMS B IIPOMEKYTOYHOE IIPEJCTABICHUE, HA3BIBAEMOE
peBepcuBHBIM HH(pOopMannoHHbM rpadom (PUT);

e reHeparop ympasistomero rpada (YI'), hopmupyronmii rpad ynpaBieHHs
BBIYHCIICHUSAMM;

e coObITHITHAS MaIIHa, 00ECIIeYMBAOIIAs BHITIOTHEHHE (PYHKINOHAIBHO-
MOTOKOBBIX TapautenbHeIX (PIIII) mporpamm B aBTOMATHYECKOM H
OTJIAZIOYHOM PEXHMAX, UCIIOJIb3YIoLas B kayecTse nporpammsl PUI' u VT

® Cpe/CTBa ONTHMHU3ALNHU PEBEPCUBHOTO HHPOPMAIIMOHHOTO rpada;
® CpeACTBa ONTHMH3AINH YIPABILIOMIETO Tpada;
e cpexctsa ¢popmansHOi Bepudpukanuu O nporpamm;

e cpexcTsa npeodpazoBanus OIIIT nporpamMm B IporpaMmsl JUIst APYTUX
apxurektyp [IBC.

IIpozpamma — Komnuaatop

Y
Cpencrea Pegepcusnstii
ONTHMH3ANHH U PoOpMayUon Hbtil
PHI zpag (PHT)
Y -
CobbrTHizHan
Cpeacrea TenepaTop MAaMHHEA
topmansroR YOPaBIAI0MEro + OTIATIHK
BepHOHKANHA rpada
y Cpeacrea
Cpenctea L npeodpa3zoBaHAN
ONTHMH3AIHH Ynpaengiomuit B apyrae
U epagp (¥T) APXHTEKTYPBI

Puc. 4. Cocmag uncmpymeHmanbHuix cpeocma, no00epHCUsArOUUX QYHKYUOHATLHO-
NOMOK0BOE NAPANIENbHOE NPOSPAMMUPOBAHUE
Fig. 4. System of tools for functional-dataflow parallel programming support

4. TpaHcnayusi pyHKYUOHaIbHO-MOMOKO8bIX NapasesibHbIX
npozpamm

TpancnaTop opueHTHpOBaH Ha 00pabOTKY TEKCTOBBIX (haiiIOB, KAXK/bI N3 KOTOPBIX
MOXET COJAepXaTh MHOXecTBO (yHKuMH, HamucaHHbIX Ha s3bike  DIIII
nporpammupoBanus  «[lucdarop» [13]. [dnst kaxkmod GyHKUME B OaMsTH
KoMITbioTepa nopoxkaaercs PUIT, KoTopelii coxpaHsieTcsi B peno3uTopiy GyHKIHMH B
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TEKCTOBOW Qopme. Bwibop TekcToBOro mpencraBieHus sl onucanus PUD
00yCIIOBJICH TeM, 9TO (DOPMUPOBAHKE HA €T0 OCHOBE BHYTPEHHETO MPEACTABICHUS B
MaMATA KOMIIBIOTEPHON CHCTEMBI MOKET OBITH JIETKO BBIITONHEHO C IOMOIIBHIO
MPOCTHIX TPAHCIHPYIOMHUX MporpamMm. [IoMrMo 3TOro pa3paboTIWK MOXKET JIETKO
YUTaTh W AHAIW3UPOBATH OTTPAHCIMUPOBAaHHBIE (YHKIMH, paccMaTpuBas JaHHYIO
(hopMy Kak aHAJIOT sI3bIKa acceMoOuiepa.

®opmupyemMoe UIA KaXIoW (QYHKIMH B IpoIecce CHHTAKCHYECKOTO aHaln3a
IIPOMEXYTOUYHOE IpEJCTaBiIcHHE ompenenser csod PUI Kak Habop
B3aMMOCBSI3aHHBIX CTPYKTYp MJaHHBIX. llepen 3aBeplleHUEM TPAHCIALNUH 3TH
NPE/ICTABICHUS COXPAHSIOTCS B TEKCTOBBIX (aillax W MOTYT HCIIOJIb30BATHCA
BHEUIHUMH IIporpamMmaMu. B wyacTHocTH, (yHKUIMS BBIYMCICHUS (aKkTopHaia
parfact npeo6pasyercs B cinenyioniee npescrasieaue PUL:

External
0 parfact
1 mult
Local
0 0
1 -1
2 1
3 1
4 {137
id delay operation links
0 0 arg
1 0 (---) 0 loc:0
2 0 (---) < =>
3 0 : 12
4 0 : 3
5 1 (---) 0 loc:3
6 1 : 5 ext:1
7 1 [---1 6
8 0 (---) loc:1 loc:2 loc:4
9 0 : 8 4
10 O : 9
11 0 return 10

ITpu HaMYKMK BHEMTHUX (DYHKIUH ¥ KOHCTAHT JaHHOE TPEICTaBICHUE COMCPIKUT Ha
HUX CChUIKM (ccbuika Ha ¢yHkuuio Mmult). [Momumo 3TOro B HEM 3aaaroTcs
BHYTPCHHHE KOHCTAHTHI, a TAK)KE PEBEPCUBHBIN WHPOPMAMOHHBIN rpad 3agaHHON
¢yaknmuu. O0NacTh ONMMCAHWN BHEIIHUX CCHUIOK HAYMHACTCS C KIFOYEBOTO CIOBA
External u comepXuT CIHUCOK CTPOK, B KAKJOH M3 KOTOPBIX 3aJaH JECKPHUIITOP
(HOMep) BHelIHEHN ccbUIKM U €€ uMs. Ha HyneBoil mo3uuuu Bceraa pacnojaraercs
CCBUIKAa Ha TPAHCIHPYEeMYIO (YHKIHIO. DTO IMO3BOJIIET MCIOIB30BaTh O0OpaIIcHUE
(hyHKIMH K caMoii cebe B cirydae peKypCHBHBIX BBI30BOB.

O01acTh JIOKAJIBHBIX KOHCTAHT HAYMHAETCS C KIroueBoro ciosa Local u comepxut
CIHCOK KOHCTaHT, WCIOJNB3YEeMBIX B XOJi¢ BBINONHEHUsA ¢QyHKumu. Kaxnon
KOHCTaHTE COOTBETCTBYET CBOW JECKPUINTOP (HOMEP), KOTOPHIA MPH BHIMOJTHEHUN
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nporpamMMbl  00ecrieyrBaeT JOCTYIl K COOTBETCTBYIOIIMM JaHHbIM. Hapsny c
YHCJIIOBBIMA M CHMBOJIBHBIMH JIJaHHBIMH B 3TOM 0O0JIAaCTH XpAHSTCS KOHCTAHTBHI,
OIpesieNAoNe NapaMeTphl 3aJepKaHHbIX CIHMCKOB. Kakgas U3 TakMX KOHCTAHT
XpaHUT HOMEp 3aJepXKaHHOTO CIHCKa, a Takke jaeckpunrop ysna PUIL,
BO3BPALIAIOIIETO BBIYMCICHHOE 3HAYEHHE W3 [JAHHOTO 3aJEP’KaHHOTO CIIHCKA
(TIOmOOHEII y3€eI CYIIECTBYET B IIOOOM 3a/1epyKaHHOM CITHCKE).
Onucanue PUI" copepXuT cUCOK BEPILNH, UX CBSI3€H C JTOKANbHBIMU KOHCTaHTaMU
M BHEIIHUMH CChbUIKamMH. JlaHHas oOmacTe HauyMHAETCS C  3arojoBKa,
OIHKCBIBAIOLIETO COJEPKAHNE KAKIONU CTPOKH:

id delay operation links
Cronbenr id 3amaér meckpunrop (Homep) BepumHbl PUI. B cronbue delay
YKa3pIBa€TCSl HOMEp  3aJepXKAHHOIO CIMCKAa, B KOTOPOM  pacloJIOXKeHa
COOTBETCTBYMOIIAs BepiunHa. Ecinu Bepmmna PUIT He HaxoaurTces B 3afep:KaHHOM
CIIUCKe, B NAHHBIA cToynOer 3aHocuTCs HOMb. B crombue operation pasmermaercs
oreparysi, BbIMONHSeMas B cooTBercTBytomiei Bepimue PUI. Cronbery links
YKa3blBaeT Ha CBA3M BepIIMH. B HeM 3a7aéTcsi CIHMCOK CCBUIOK HAa HCTOYHHKH
JaHHBIX JUI1 TEKyIned BepmuHbL. VcTouHmkamn uH(pOpManmmm MOTYT OBITb:
BHEIIIHUE CCBUIKH, JIOKAJIbHBIE KOHCTAHTHI, NPEAONpPEACIEHHbIE CUMBOIBI U Y3JIBI
PUI'. Kaxnplifi U3 3THX HCTOYHHUKOB [AHHBIX HACHTUPHUIHPYETCS B KadecTBE
3JIEMEHTa CIHCKA CBs3€M C MCIOJIBb30BAaHHMEM CBOETO BapUaHTa IPEICTABICHHS.
Pa3nuune B onucaHuu cBs3ed B JaNbHEHIIEM ONpeelsieT oOpallieHue K pa3HbIM
00J1aCTsIM NaMATH B BEIYUCIUTEIIE.
Yka3zaHue Ha BHEITHIOIO CCHUIKY 331aéTCs B CISAYIOIEeM GopmMare:

ext:<cumeonuyecKkoe_ums_6HeuiHell_CColIKu>

Jl1s1 ToKanbHOM KOHCTaHTHI CIIONb3yeTcst popmart:

loc:<snauenue_xoncmanmur>
[MpenonpenenéHHble CUMBOJBI, OOBIYHO CBSI3aHHBIE CO 3HAKAMHU Pa3IMUHBIX
orepanyi, 3aal0TCs CBOMMH 3HAYCHUSIMHM, Hampumep: +, -, * u tak ganee. Ecim
UCTOYHUKOM OHNEpPaHAOB CIYyXHUT Apyras BepmuHa PUI, To B kauecTBe CBs3U
3aJaéTcs LeJI0e YUCIIO, PABHOE JECKPUNITOPY STON BEPIIMHEI.
[ToMuMoO 3TOTO B AOTIOTHHUTENBHBIX (aiinax coaepXuTcs HHGpopManus It OTIAAIKH
IporpamMMel, cBsi3bIBaromas y3isl PULT ¢ necxoqueiM tekcroM ¢ynkimn. Takxke, npu
HalMuuK THIOB (hopmupyeTcs (aiiia, B KOTOPOM OINMCHIBAIOTCS THUIIBI JIaHHBIX,
MOpOXkAaeMble B Kak7oM U3 y310B PUT.

5. @opmupoeaHue ynpaensrou,e2o epagha

PeBepcuBHBIN HHPOPMAIMOHHBIN Tpad, NOPOKAEHHBIH TPAHCIATOPOM, MO3BOJISIET
MOCTPOUTH YNpPABISIONMKA Tpad, onpenensomuil BelMoNHEHHE QyHKIMU. s
9TOTO IIpeAHa3Ha4YeHa clelnallbHas yTHiuTa, kotopas ¢popmupyer YI, 3amatommit
ynpasneHue BepmmHamMu PHUIT mo roroBHocTH naHHbIX. YI' coxpansercs B
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perno3utopud B TeKCTOBOM Buje. [y paHee npuBen€HHO#M (QyHKUNHM BBIYUCICHUS
(hakropuana oH OyJeT BBITIISAIETH CIASAYIONTUM 00pa3oM:

parfact

id delay automat inode links

0 0 arg,0 0 links:1,1;5,1;
1 0 (---),0 1 links:3,1;
2 0 (---),0 2 links:3,2;
3 0 :,0 3 links:4,1;
4 0 :,0 4 links:9,2;
5 1 (---),0 5 links:6,1;
6 1 :,0 6 links:7,1;
7 1 [---1,0 7

8 0 (---),0 8 links:9,1;
9 0 :,0 9 links:10,1;
10 O :,0 10 links:11,1;
11 0 return, 0 11

Signals: (Number, Node, Input)

0 1 2

1 2 1

2 2 2

3 2 3

4 4 2

5 5 2

6 6 2

7 8 1

8 8 2

9 8 3

10 10 2

Dynamic links: (Number, Delay list, Node)

0 1 7

IepBas crpoka GopMUpyeMOTo MpeACTaBICHUS CIYKHUT A uaeHTuukammn YT
B wHeii 3amaércs wums BbimosiHsiemMod ¢Qynkumu. Crepyromias CTpoka HOCHT
CIPaBOYHBIN XapaKTep, OMHUCHIBAas HA3BaHUS CTOJIOIOB yNPABIAIONIEro rpada, y3ibl
KOTOPOTO pacHojararoTcs B BUJIE CIFICKa CTPOK HEMOCPEACTBEHHO 3a Hel. Cronberr
id ucmone3yeTcs i 3amaHus geckpunropa (Homepa) yziaa YI'. B cronbue delay
YKa3bIBa€TCsl HOMEP 3aJ€P/KAHHOIO CIUCKA, B KOTOPBIA BXOAUT TOT WU MHOH y3€l
WI'. Eciu y3en He BXOJAUT HU B OJIMH U3 MMEIOIIUXCS 3a/lep>KaHHbIX CIUCKOB, TO B
JTAaHHOM TI0JIe CTOMT 3Ha4yeHWe, paBHOe Hymro. B cronbme automat zagaércs twn
aBTOMAaTa, UCIMOJIb3YEMOT0 JUIsl YIPABJICHUS y3JI0M, U 4epe3 3alATyl0 yKa3blBaeTCs
ero HayaibHOE coctostHue. OOBIYHO TpH (opMupoBaHun Y aBTOMAThl HaXOIATCS
B Ha4yaJbHOM (HYJIEBOM) COCTOSHMM. VX COCTOSIHMSI MOTYT M3MEHATHCS B XOJ€
ONTHMHU3AIMM  YNpaBisiomero rpada ¢ HCHOJIb30BAaHUEM COOTBETCTBYIOIINX
yrunut. B cronbue inode ykaseiBaercst y3en PUIL, HemOCpeaCTBEHHO CBSI3aHHBIN €
naHHoi BepmmHoW YI'. Ilpu nepBonauanbHOW reHepauuu YI' KoJIMYeCTBO €ro
BEPIINH COBMaaaeT ¢ yucyioM BepmuH PUI, n BepmuHb 060uX TpadoB HaXOIATCS
B OJHO3HAYHOM COOTBeTcTBHH. OIHAKO B Xonxe onTuMm3anuu YI', Bo3MOXkHa
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MOJU(HKAIHS 3TOTO COOTBETCTBUSI. MOKET U3MEHHUTHCSA KaK COCTOSHUE aBTOMATa,
pasmerénnoro B BepimHe YT, Tak u ero tun. Crosber links ykassiBaet Ha CIIHCOK
YIPaBJISAIOIUX CBSA3EH, HAIIPABIEHHBIX OT UCTOYHUKOB YIPABISAIOMIMX CUTHAJIOB K
ux npuémHukaM. B ormmuue or PUIL, B VI' HampaBieHue cBsizedl ompeneisercs
TakKAM 00pa3oM, YTOOBI KaXIbIi MCTOYHUK JAHHBIX WHHUIMHAPOBAI BBHIIIOIHEHHE
MPOIIECCOB B CBS3aHHBIX ¢ HUM mnpuéMHUKaX. OmnmcaHue KaXIOH CBSI3U
yIpaBIomero rpada Coaep XuT HOMep y3Ia-puEMHUKA 1 HOMEp BXOZa B HEM.
OO6nacTp yHpaBIAIOIINX CHTHAJIOB CIEAyeT Tocie omucanus BepmuH Y,
OTHEISASACH OT HEr0 3ar0JIOBKOM:

Signals: (Number, Node, Input)
IIpencrapnennpie B Y[ CHUTHaNBI OOCCIICUMBAIOT HAYATIBHYI WHUIIMATH3AIUIO
BBIYUCIIEHUH, OINpeensss TOTOBHOCTh K MCHoJib30BaHUIO0 KOHCTaHT PUI'. Mmenno
STH CHTHAJIBI, HAPSIy C CHUTHAJIOM, WHGOPMHUPYIOIIMM O MOSBICHUHA apryMCHTa
(yHKOHMH, ONpemeNsIIoT Hadajlo BBMUHCICHHUN. KaKabplii CHTHANM WMeeT CBOWM
JIecKpunTop (HoMep) u 3a71aéT y3ela-MpHEMHUK, a TAaK)Ke HOMEp BXOZa B 3TOM Y3JI€.
Jnsa mepemenienuss Mexnay ys3namu PUIT B Xxonme BBIUMCIEHUH HEpPacKpBITHIX
3a/Iep)KaHHBIX CIIICKOB HEOOXOIMMa JTOTIOTHUTEIbHAS YIPABIAIOMAs HHOOPMAITHSL.
Ona 3amaéres B 001aCTH 3a1ep>KaHHBIX CBs3el. Onrcanne KaxX IO CBS3H CONCPKHUT
HOMeEp 3aJepKaHHOro cnucka u yzen PUILT, sBastomuiics HCTOYHUKOM pE3yJibTaTa,
MOPOXKIAEMOT0 PACKPHITHIM 3aJIepPKaHHBIM CIIUCKOM. JlaHHAs 00IacTh HAYWHACTCS
C 3aroJIOBKa:

Dynamic links: (Number, Delay list, Node)

6. MapannenbHas cobbimuiiHass MawuHa

Brimonnenne GyHKINOHAIBHO-TIOTOKOBBIX TapalIeNbHBIX MPOTpaMM HA TEKYILEM
3Tare OCYLIECTBIISIETCS CHIENNABHBIM HHTEPIPETATOPOM (COOBITHHHON MalIMHOMN),
COCTOSIIIMM W3 MHOXecTBa coObITHHHBIX TpoueccopoB (CII), ympaBisembIx
MEHEKEPOM COOBITHIHOW MamuHbl. Kaxasiii u3 3THX mporeccopoB (puc. 5)
OCYIIECTBIISIET 00pabOTKy TOJBKO OIHOW (YHKIMHM, 3aIlyCKaeMOH B OTIEIHHOM
notoke. BeimonHeHne omnepanuii BHYTpH (YHKIIMM B HACTOSIIUII MOMEHT
OCYULIECTBJISICTCSL IIOCIENOBATENbHO 3a CUET M3MEHEHUs COCTOsIHMS BepmMH YT,
KOTOpbI€ MHUIIMUPYIOT BbIUUCIIECHU B BepinHax PUIL.

Oynkunonuposanue CII ocymecteisiercst cienyromum obpasom. VcexonHbie
CUTHaJBL, (UKCHpYIOIIHE MPOTEKAaHWE B CHCTEME pa3IHYHBIX COOBITHH U
onpeJesieMble HadaJIbHOM pa3MmeTkod VY1, 3arpyxaroTcs B o4yepelb, U3 KOTOPOH
nepenaroTcss oOpaboOTUYMKY B COOTBETCTBHM C IUCUMIUIMHOW oOCIyXuBaHwus. B
mpocTteiiimeM ciaydae 3To MokeT ObiTh  gucnuiummHa  FIFO.  O6pabotumk
YIPaBISIIONIMX CHUTHAJIOB AHAIM3UPYET IIOCTYyNUBIIEE COOBITHE W BBIOMpaET
yKa3aHHBIN B HEM y3el ynpasiisitonero rpaga. Ha ocHoBe aHanm3a cocTOSHUS y3i1a
YT oH MOXeT 00paTHUThCS K CBSI3aHHOW ¢ HUM BeplInHE MH(OPMALMOHHOTO rpada
3a KOJIOM BBINOJIHAEMOH omnepannu. B cimydae, korna onepaunsi 00pab0TKH JaHHBIX
JIOJDKHA OBITH BBINIOJIHEHA, IMPOUCXOJUT oOpamieHne K oOpaboruuky ysnos PUI,
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KOTOPBI  OCYIIECTBIISIET Tpebyemble (yHKIIMOHAJIbHBIE TpeoOpa3oBaHus U
COXpaHsSeT  NPOMEXKYTOUHble  pe3ynbrarhl. [locie  0OpabOTKH  JaHHBIX
YIOPaBISIIONIMNA  y3€J TEePEeXOJAUT B HOBOE COCTOSHHE M MpPU HEOOXOIMMOCTH
(dopmupyeT cHTrHaJ, MepelaBaeMblil CICAYIOUIEMY Y31y, KOTOPBIH MOCTymaer B
ouepe/Ib YIPABIISIONIINX CUTHAJIOB.

( CHrHATEI HAYATPHOH PasMETEH )

Ouepens YIPABAOMINEX CUTHATIOR j———————————————

ITocTynmaromue CHTHATEL IToposxmaeMple CHTHATEL

———— OOpadoTYHK YIPaBIAIOMX CHIHATIOB

A

Tlomyuerne ysma YT Obpabotra ysmna PHT
e |
HMamererne cocToAHRd yama Y1 Iomyuenne yzaa PHT

T Y G
< Pabouasn namats ysmos PHT ><

Puc. 5. Obodowénnaa cmpyxmypa cobvimuiino2o npoyeccopa
Fig. 5. Event processor ’s general structure

Msmerenne coctoarma ysma PHTT

[Nepen 3amyckoM cOOBITHIHON MaIIMHBI TPON3BOIUTCS] KOMIIOHOBKA ITPOTPAMMBI 13
OTAETBHBIX (PYHKIMH, pasMEIIEHHBIX B peno3nTopu. KoMmmoHOBHIIMK mpoBepsieT
HaJIM4KEe BCEX DJIEMEHTOB, NEPEUYHCIECHHBIX B paszene BHemHUX cceliok PUT. B
TOM Clly4ae, €CIM KaKOH-TO U3 3THX 3JEMEHTOB OTCYTCTBYET, HHTEpIpETalus
00BsABISIETCST HEBO3MOXKHOW. ISl KaXIOro W3 HaHAEHHBIX JJIEMEHTOB TaKXkKe
MPOU3BOJUTCS KOMIIOHOBKA. Bce HaiineHnble B nponecce komrnoHoBku PUI u YT
COXpPaHSIOTCS B MAMATH, OTKyJa JIETKO MOTYT OBITh W3BJICUYEHBI, IPH
HEOOXOIMMOCTH, 10 MMEHHU. Tabmuiyy 3arpyXeHHBIX KoMroHoBmukoM PUI u VI
XpaHUT MeHeJKep cOOBITHHHONW MamuHbI. [Ipoliecc nHTepIpeTanuu HaYMHACTCS C
co3manus nepsoro (HagansHOro) CIT. Emy nepenatorcs cepuiku Ha PUTT u YT Toid
(yHKIMH, C KOTOpOH BBINOJIHEHHE JMOJDKHO HadaThcs. llpomeccop coxpanser
naHHbIe B paboueli mamatu y3noB PUIT, a cocTosiHus aBTOMAaTOB B pabodeit mamsaTi
y3ioB YI, mocne dYero HauMHAeT aHauW3 yIpasisomiero rpada. ABToMarsl,
cBsi3aHHBIE ¢ BepmmHaMu Y1, koTopsiM B PUI' COOTBETCTBYIOT KOHCTAaHTHI, OyayT
M3HAYaJIbHO HAXOUTHCS B COCTOSTHUU TIOPO>K/ICHHS HOBBIX COOBITHH. DTH COOBITHS,
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cienys mo cBs3aM Y, akTUBUpPYIOT NpUHHMAronie HMX aBToMaTel. llpomecc
nepenayd COOBITUH O CBSA3SIM IIPOJNOJDKAeTCs A0 TeX Iop, Ioka He Oyner
obpabotaHa BepinHa, cooTBeTcTBYIomas B PUI" Bepuinae «returny (B aTom ciryuyae
(yHKIHMS cYMTaeTCs BBIIOJIHEHHOW), MJIM MOKa o4epeab coObITHH He omycTeeT. B
nocienHeM cirydae CII mepedaer B CIsImuii pesxum, peIBapuTeI-HO OIIOBECTUB 00
S9TOM MCEHEIKEp COOBITHIHON MamuHBL. JlaHHas cHUTyanus BO3MOXKHA, KOrza
00paboTaHbl Bce BHYTPCHHHE CHTHAIbl M HE TNPHILIN YIPABISIONINE CHUTHAIBI,
CHTHAJM3HPYIOIIHE O TOIy4YCHNH PE3YJIbTATOB B BHI3BIBACMBIX (DYHKIUSX.

7. Onmumusauun d)yHKuUOHaﬂbHO-ﬂOMOKOGbIX napasnsiesibHbIX
npozpamm

OCHOBHBIE METOZABl ONTHMH3ALHUH, pa3pabOTaHHBIE B HACTOSIIEE BpPEMS,
3aTparuBaroT MpeoOdpa3oBaHKe MPOMEXKYTOUHBIX MPEACTaBICHNH (YHKIMOHAILHO-
IMOTOKOBBIX  MapaJlyICJIbHBIX  HIpOrpaMm. Onu HanpaBJICHBI Ha  HU3MCHCHHC
nH(opManMoHHOrO U ynpasisitomero rpados. IIpoBoaumbie npeobpa3oBaHusl BO
MHOTOM aHaJIOTUYHBI ME€TOAaM, HCHOJIb3YEMbIM IIpU ONTUMH3ALUNU HCXOIHBIX
TEKCTOB IPOrpaMM M HX IPOMEXKYTOUHBIX IPEACTABICHUN B JPYrUX S3bIKax
NPOrpaMMUPOBAHUs, U MPEAHA3HAYECHBI U PELICHUs cXOxkuX 3axad. Crenuduxa
(hyHKIIMOHATBHO-TIOTOKOBOM MOJENH TapayieIbHBIX BBIYMCICHUN HAKIaJbIBAcT
CBOM OCOOCHHOCTH HAa PEM3alMio 3THX MeTojoB. OHa oOycioBieHa anreOpoi
SKBUBAJICHTHBIX  INPEOOpa30OBaHMHA  MOJENHM,  pCalM30BaHHOW B  SI3BIKE!
MH()OPMAMOHHBIA ¥ YHpaBIAIOMUI Tpadbl MOTYT M3MEHSTHCS HE3aBUCHMO APYT
oT apyra. B xoze ontumMusanny HeoOX0aUMO obecrieunBaTh coryiacoBaHHOCTs PUT
u YT, ogHako, U1 MHOTHX 3a7a4 J0cTaTo4HO 00paboTku PUI. B Takux ciyuasx
ONTUMM3ALMA  YOpaBIAOIEro  rpada  JODKHA  OCYIIECTBIATBCS — MOCIHIE
Tpancdopmanun HHGOPMAIIMOHHOTO rpada U NOCTPOSHUH Ha €ro OCHOBE HOBOTO
VYI'. Crenyer OTMETHTh, YTO pa3padaThiBacMble B HACTOSIIEE BPEMsS YTHIIUTHI HeE
3aTparuBaroT pacrpeesieHle pealbHbIX BBIYMCIUTENIbHBIX pECypcoB. B HacTodmuii
MOMEHT PealM30BaHbl CJIEAYIONIHE METOIbI.

1. YnaneHue HEHCIONBb3YeMOIO KOJQ, TO €CTh €CIM BBIYUCICHHSA HE BIUAIOT Ha
MOJy4eHHE pPe3yNbTaTa, TO UX MOXXHO yAanuTh u3 (QyHKIuH. COOTBETCTBYIOIIAS
YTWINTA TMPOXOJUT MO PEBEPCUBHOMY HH(OpMannoHHOMY Tpady OT BEpIIUHEI
BO3Bpara U3 (YHKIMU U COOMPAET BCE MCIOJIBb3YEMbIE BHIYUCIICHUS, OCTAIbHBIE —
yramsores. Cnennduka JaHHOTO TPeoOpa3oBaHUs OIpeAenseTcs 0COOCHHOCTHIO
(DyHKIIMOHAJIBHOTO SI3bIKa, B KOTOPOM Kaxjass (YHKIHsS IOJDKHA 3aBEpLIaThCS
BO3BPaTOM PE3yJIbTATOB.

2. OnTuMH3anys B MOBTOPSIIONIMXCS BRIYUCICHHUSX. TPaJNIIMOHHO B KOMITWIIATOPAX
nogo0Hoe TpeoOpa3oBaHue BHINOIHETCS IS IMKJIOB. B paccmarpruBaeMoM cirydae
AQHAJIOTUYHBIM 00pa30M OCYILECTBISIETCS PeoOpa3oBaHUe PEKYPCHH U UMEIOIMXCS
B MOJIENIN U SI3bIKE TapajlIeNIbHbIX CIIMCKOB. B yacTHOCTH:

e [IpW ONTHUMH3AINU B PEKyPCUBHOMN (PYHKITMH, BEIYUCICHNS, HE 3aBUCSIINE
II0 JaHHBIM OT U3MEHAEMBIX [1aPAMETPOB PEKYPCHUH, BEIHOCATCS BO
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BCIIOMOTATENbHYIO (DYHKIIHIO, a pe3yIbTaT MepenaéTcss B OCHOBHYIO
(YHKIHIO B KA4ECTBE JIOTIOHUTEILHOTO ITapaMeTpa;

® [P ONTHUMHU3AIMH NapajUIeIbHbIX CIIHCKOB, aHAIM3UpYyeTCs QyHKIuS,

MIpUMEHsieMasi K CITUCKY, U U3 He€ B BBI3BIBAIONIYIO (DYHKIIMIO BBIHOCSITCS

BBIYHCIICHUSI, HE 3aBHUCAIIIE OT aprymenta [15].
3. HenocpencrBennas (inline) moncraHoBka mpocThix ¢yHKuumid. Ecnu ¢yHKIus
JIOCTaTOYHO Maja, TO JIOJIs MOJIE3HBIX BBIYHMCICHHH B HEH MOXKET ObITh HEBEJIHMKa
OTHOCHTEJIFHO M3JIEPKEK Ha BBI30B (YHKIHMH. B CBS3M ¢ 3TuM Teno (QyHKINH
BCTaBJISIETCSI BMECTO €€ BBI30BA.
4. Ynanenune moBTOpsromerocs koma. Ecnu monrpadsl mHQOpMAauOHHOTO Tpada
BBITIOJTHAIOT OJMHAKOBBIEC NCHCTBHSA HAJ OAHUMH U TEMH XE€ apryMEHTaMH W ITIpH
3TOM HaXOJTCS B OJHOM WM MEPApXUYECKH BIIOKEHHBIX 3a/IepKaHHBIX CITUCKAX,
TO WX MOXXHO CIINTb, YIaIUB TEM CaMbIM M30BITOYHBIC BEIYHCICHHS. B peanmsanun
sToro npeodpazosanus u3 PUI cHavana ycTpaHSIOTCS MOBTOPSIFONINECS KOHCTAHTHI.
Tornma, BEpIIMHBI SIBISIOTCS «IIOBTOPSIIOIIMMHUCSY TOJIBKO B TOM CIy4ae, €CIH
BBITIOJIHSIOT OJTHY H TY )K€ OIEPALUIO HaJl ONHUMH U TEMH K€ Y3JIaMH.
5. OnTuMmu3anusi Ha OCHOBE JSKBUBAJICHTHBIX INPeoOpa3oBaHUi, OIMpPEAEIIEeMbIX
anreOpoit mpeoOpa3oBaHUi MOnENH (YHKIIMOHAIbHO-TIOTOKOBBIX IapalIelbHbIX
BbluucieHuil. B PUI" BbIonHAETCSA MOUCK KOHCTPYKLIMH ONPEAeaEHHOr0 BUIA U UX
TpaHcdopManus B SKBHBaJICHTHYIO, HO OoJiee TIPOCTYIO /I BhIUUCICHUS Gopmy. B
YaCTHOCTH, MOZEJb JIONYCKAaeT CIIEAYIONIIE SKBUBAJICHTHbIC IPEOOpa30BaHUs:

® YHOPOMICHUC OAHOIJICMCHTHOTO NAapaJICJIbHOI'O CIIUCKA,
® CBCPTKY B OJJUH HETTIOCPEACTBEHHO BJIOKCHHBIX IMapalJICIbHBIX CIIMCKOB,

e IIpeIBapUTENIFHOE YIPOIIEHUE I CIIMCKOB, pa3Mep KOTOPHIX U3BECTEH
MIPU KOMITHJISIIUH.
6. VYpameHnwe W30BITOYHBIX  YIPABISAIOMIMX  3aBUCHUMOCTEH. PeBepcuBHBIN
MHQOPMALMOHHBIA Ipad OMHUCHIBAET 3aBUCHUMOCTH IO JAaHHBIM, a YIPABISIOMINI
CTPOWTCS Ha €ro OCHOBE B COOTBETCTBHM CO CTpaTeruedl ympaBiCHUSA IIO0
TOTOBHOCTH JaHHBIX. OZHAKO B pAJ€ CIy4aeB 4acThb NMOCTPOSHHBIX YNPABIISIONINX
cBszell sBisIeTcs M30BITOUHON. [lo3TOMy MX ynaleHHe He CKakeTcsd Ha MOpsKe
BBINOJIHEHHS ITPOTPaMMBI.
7. TopoxkaeHue ynpasismoonero rpada, peain3yrolero mociea0BaTeIbHbIA 00X01
BepumiH PUI. B jaHHOM ciydae ocyuiecTBiseTcs (OPMUPOBAHHE BEPILUH
yrOpaBigonero rpadga 0OeCTeYMBAIONINX 3allyCK BePIINH HHPOPMALHMOHHOTO
rpada 6e3 JOMOIHUTEIHHOTO aHAIN3a TOTOBHOCTH JJAaHHBIX.

8. PopmanbHas eepugbukayusi @I npozpamm

Hammane B mporpamme TOJIBKO HMH(POPMAIMOHHBIX 3aBHCUMOCTEH M OTCYTCTBHE
PECYPCHBIX OTPaHWYEHHUI MO3BOJSIOT OONErduTh (OPMANBHYIO BEPHUPHUKAIHIO.
OCHOBHBIMH 33/1a4aMH B JIaHHOM HaIlpaBJICHUH palboT SBIIIOTCS: HCCIIEAOBaHUE
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crnemudrKd NMpUMEHEHHUs (OPMAIBHBIX METOJOB JIOKAa3aTEeNIbCTBA KOPPEKTHOCTH;
pa3paboTka HHCTPYMEHTAJIBHBIX CPEACTB, YIPOIIAONINX BEPH(HUKALINIO.

AKIIEHT cJieflaH Ha J10Ka3aTeIbCTBO KOPPEKTHOCTH MPOrpaMMBI C UCIIOJIb30BaHUEM
JeIyKTUBHOTO aHalM3a Ha OCHOBe ucuucieHus Xoapa [16]. Tpoiika Xoapa
NPE/ICTaBISIeTCS KaKk MH(QOPMALMOHHBIH rpad NporpaMMBbl, K BXOIHOHW U BBIXOIHOW
JIyre KOTOpOrO NpHBsI3aHbl (DOPMYJIBI Ha sI3bIKe crieruduKanuu (IperycioBue U
nocrycioBue). [Iponecc nokazaTenbcTBa KOPPEKTHOCTH MPOTPAMMBI 3aKJIIOYAETCS B
pa3MeTKe Ayr WHGOPMAIMOHHOTO Tpada (OopMyIaMHu Ha S3bIKE CICIUPUKAINH, B
Mogupukanuu rpada m ero cBépTke. B pesympTare, mMoydaeTcst HECKOJIBKO
uHpOopManMOHHEIX TpadoB, y KOTOPBIX BCE Iyr'W pasMmedeHel. Kaxneri n3
TIOJTHOCTHIO pa3MedeHHBIX rpad)oB MOXKET OBITH IIpeoOpa3oBaH B GOPMYITYy Ha SA3BIKE
noruku. ToXXaecTBEHHass HICTHHHOCTD BCEX IMOIYYCHHBIX ()OPMYI CBHICTEIECTBYET
0 KOPPEKTHOCTH Iporpammsl [17].

[Ipomecc moka3aTenbcTBa HOCTATOYHO TPYAOEMOK, TaK KaK TpeOyeT pacCMOTPEHHS
OOJIBIIOT0 KOJWYECTBA pPA3IMYHBIX BapHAaHTOB TIpadoB M TpeoOpa3oBaHUIL.
[TosTomMy pa3paboTaHbl OCHOBHBIE KOHLENIUH apXHTEKTyphl HMHCTPYMECHTAJILHOTO
CpeAcTBa Ul MOJACPKKH (hOopManbHON Bepudukanuu nporpamMm Ha sizbike DIIIT
nporpammupoBanust [18]. Cuctema monywaer Ha Bxoa WH(oOpManMoHHBIH Tpad
nporpamMMbl M (JOPMYJIBI TIPEIYCIIOBHSI M TOCTYCJIOBHS Ha SI3bIKE CHEHU(HUKALIUH.
Ona HaxOAMT Hepa3MeueHHble AYru rpada M MOMOraeT C BHIOOPOM aKCHOM H
TeopeM, HEeoOXOOMMBIX I HUX pa3MeTKu. Bech Ipolecc Jo0Ka3aTenabCTBa
NPE/ACTABISIETCST B BHAE JEpPEBa, KAKIBIM y3€l KOTOPOTO SBISETCS YaCTUYHO
pa3medeHHbIM TpadoM. IlocTpoeHue mepeBa 3aBepuIaeTcs, KOTrJa BCE €ro JIMCTh
coJieprkaT MOJIHOCTBIO pa3MeueHHbIe HHpOpMaHoHHbIe Tpadbl mporpammsl. [locie
3TOrO JUIA Kaxaoro rpada m3 amcTa reHepupyercst GpopMyiaa Ha SA3bIKE JIOTHKH.
Ecnm Bce hopMyIibl TOXXKAECTBEHHO HCTHHHBI, TO IIPOrpaMMa KOPPEKTHa.

9. 3aknroyeHue

PazpaboTaHHble ~ WMHCTpYMEHTAJbHBIE  CpEICTBA  IIO3BOJSIIOT  CO3]aBaTh
apXUTEKTypHO-HE3aBUCHMBIE  MapajyielIbHble  IPOrpaMMbl, Ha  KOTOPBIE
BIIOCHEJCTBMM MOXHO HAaKIa[AblBaTh pa3IM4Hble CTPATETHH  YNPABICHUSA
BBIUUCIICHUSIMUA 03 M3MEHEHHs JIOTUKU (pyHKIHOHHpoBaHusA. Huuto He Memaer
NPOBOJUTh  NPENBAPUTEIBbHYI0  ONTHMHU3ALUMI0  HMHPOPMAHMOHHOTO  rpada,
OCYIIECTBIIITh TECTHpOBaHME M OTIaAKy. llocmemyrommme mnpeobpa3oBaHUS
MPOMEKYTOUHBIX IMIPEACTABICHUN B MPOTPaMMBI JJISI PealbHBIX BBIYUCIUTEIHHBIX
pecypcoB MOTYT TIPOBOAWTHCS Ha YK€ OTJIAKEHHOM KOJe C NPUMEHEHHEM
(hopManM30BaHHBIX ITOAXOAOB, YTO TO3BOJUT MOBBICHTH HAJEKHOCTH MPOTPaAMM.
Mo3kHO Takke IPOBOJUTH JOMOJHUTENbHBIE ONTUMU3AINY, HAIIPUMED, MOBBIIICHUE
3¢ peKTUBHOCTH HCHOJIb30BaHus namsaTu. Ho Bce 310 Oyner penartbest mocie Toro,
Kak OCHOBHas ImpoOieMa  pa3pabOTKH, py4YHOE CO3JlaHHE  KOPPEKTHO
(yHKIIMOHMPYIOILEH MpOrpaMMBbl, YK€ pelreHa. Bmecre ¢ TeM cieqyeT OTMETHTh,
YTO B HACTOSAIIMH MOMEHT pElleHa TONbKO IepBas 4acThb 3ajaud, CBA3aHHas C
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BBITIOJTHEHWEM MPOrpaMM Ha JMYJISATOpe COOBITHHHOW Mammebl. Ilepexom
npeoOpa3OBaHHUI0 HA pEaJbHBIC BBIYUCIUTEIBHBIE CHCTEMBI IUIAHUPYETCS Ha
CIIEIYIOIIEeM dTare paboTHI.

HccnenoBanme BeIONMHACTCA TIpH (uHAHCOBOH monaepkke PODU B pamkax
Hay4qHOTO mpoekTa Ne 17-07-00288.

INutepartypa

[1].
[2].
[3].
[4].
[5].
[6].
[71.
[8].
[9].

[10].

[11].

[12].
[13].
[14].

[15].

[16].

[17].

182

Matloff Norman. Parallel Computing for Data Science With Examples in R, C++ and
CUDA. CRC Press. Taylor & Francis Group, 2016.

McKenney Paul E. Is Parallel Programming Hard, And, If So, What Can You Do About
1t? 2014.

JleranoB A.M. O6 ympaBieHUU BBIYUCICHUSMH B TapajUICNbHBIX CHCTEMaxX U SI3BIKAX
nporpammupoBanust. Hayunsiit Becthuk HI'TY, Ne 3 (18), 2004, ctp. 63-72.

Kaprnos O.I'. Model Checking. Bepudukaius napamielbHbIX W pacrpeneieHHBIX
nporpammebIx cucteM. CII6.: BXB-Ilerepoypr, 2010, 560 c.

Kopnees B.Jl. INapamnensHoe mnporpammupoBanne B MPI. HoBocubupck, M3na-Bo
NBMMMI CO PAH, 2002, 215 c.

Oxtep L., Pobepre Ix. MHorosinepHoe nporpammupoanue. CII6., ITurep, 2010, 316
C.
Cheng John, Grossman Max, McKercher Ty. Professional CUDA ® C Programming.
John Wiley & Sons, Inc., Indianapolis, Indiana, 2014.

Tay Raymond. OpenCL Parallel Programming Development Cookbook. Published by
Packt Publishing Ltd., 2013

Lastovetsky Alexey L. Parallel Computing on Heterogeneous Networks. John Willey &
Sons, 2003

Grid Computing — Technology and Applications, Widespread Coverage and New
Horizons. Edited by Soha Maad. Published by InTech Janeza Trdine 9, 51000 Rijeka,
Croatia, 2012.

Benedict R. Gaster, Lee Howes, David R. Kaeli, Perhaad Mistry, Dana Schaa.
Heterogeneous Computing with OpenCL. Advanced Micro Devices, Inc. Published by
Elsevier Inc. 2013

Boesoaun B.B., Boeronun Bn.B. INapamnensusie Beruncnenus. CI16., BXBIlerepOypr,
2002, 608 c.

A.W. Jleramos. (DyHKLII/IOHaJ'II)HHﬁ A3BIK U CO3JIaHUsl aApXUTCKTYPHO-HE3aBUCUMBIX
HapauieNbHbIX NporpamM. BeruncnuresnpHblie Texuosoruu, Ne 1 (10), 2005, crp. 71-89
Backus J. Can programming be liberated from von Neuman style? A functional stile and
its algebra of programs CACM. 1978, VVol. 21, N 8, pp. 613-641

Bacumse B.C., Peokenko M.H., Markosckuit W.B. Onrtumuzanus mapamienbHBIX
CIHCKOB  (DYHKIIMOHANBEHO-TIOTOKOBOTO  si3bIKa  mporpamMmupoBanus — «[lugarop».
Cucremsl. Metonpl. Texnonoruu. Ne 3 (23), 2014, crp. 102-107.

Hoare, C. A. R. An axiomatic basis for computer programming. Communications of the
ACM, 1969, Vol. 10, No. 12, pp. 576-585. DOI: 10.1145/363235.363259

Kropacheva M., Legalov A. Formal Verification of Programs in the Pifagor Language.
Parallel Computing Technologies, 12th International Confernce PACT September-
October, 2013. — St. Petersburg, Russia. Lecture Notes in Computer Science 7979,
Springer, 2013, pp. 80-89



Jleranos A.1., Bacuises B.C., Markosckuii M.B., Yinakoa M.C. MHCTpyMeHTalIbHAs MOAAEPKKA CO3AAHUS U
TpaHchopMaImH (yHKIHOHAIBHO-IIOTOKOBBIX MApaeIbHbIX mporpaMM. Tpyost MCIT PAH, Tom 29, Bem. 5, 2017 1.,
crp. 165-184

[18]. Ushakova M.S., Legalov A.l. Automation of Formal Verification of Programs in the
Pifagor Language. Modeling and Analysis of Information Systems, 2015, 22(4) pp. 578-
589. DOI:10.18255/1818-1015-2015-4-578-589

Support tools for creation and transformation of
functional-dataflow parallel programs

A.l.Legalov <legalov@mail.ru>
V.S.Vasilyev <rrrFer@mail.ru>
I.V.Matkovskii <alpha900i@mail.ru>
M.S.Ushakova <ksv@akadem.ru>
Siberian Federal Univerisity,
660041, Russian Federation, Krasnoyarsk, 79 Svobodniy pr.

Abstract. In the article, a novel approach to the development, analysis and transformation of
parallel programs is considered. A functional dataflow parallel programming language is
used. It supports writing programs independently of any resource limitations. This allows to
develop algorithms with maximal level of parallelism. Support tools for translation,
execution, debugging, optimization and verification of functional dataflow parallel programs
are developed. The translator transforms source code of a program to an intermediate
representation, in which each function is defined by its dataflow graph. A dataflow graph
describes data dependencies in the function and allows to construct the control graph, which
defines the organization of computations by specifying the order of the operators execution.
The optimization and verification of the program is carried out on their dataflow and control
graphs. In order to execute a program the maximal parallelism is to be «compressed»
according to particular computing systems' resource limitations. A computation process is
considered as a juxtaposition of the control graph and the dataflow graph. It is possible to
employ different control strategies by means of control graphs modification. The developed
support tools allow to change computation control strategies adapting them to the
peculiarities of a computational environment. The suggested tools provide generation of
intermediate representation, which could be used as a basis for the following transformations
of a program to the program for existed parallel computing systems architecture.
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programming; transformation of programs; software development tools, dataflow graph,
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AnHoTammsi.  OOCyXJalOTCS  NPUHIMIBL  OpraHM3auul ©W  (QYHKIHOHHUPOBAHUS
MHCTPYMEHTAIBHOM Cpexsl Ul HIPOrPaMMHON  pealu3alid  MOJENeH, MeTOJOB U
NPWIOKEHUH TEOpUH IUIAaHUpOBaHWS IBWeHMs. Cpena NpenocTaBiseT Pa3BUTHIH Habop
TOTOBBIX K HCIIOJIb30BAHUIO IPOIPAMMHBIX KOMIIOHEHTOB JUIsl aBTOMaTHYECKOTO IIOCTPOCHHS
OeCKOH(DIMKTHBIX ~TPAeKTOPUH [uIA poOOTa, TMEPEeMEeN[aeMoro B CTaTHYECKOM H
JMHAMHYECKOM TPEXMEPHOM OKpykeHuH. OpraHu3anus cpeasl B BHAE OOBEKTHO-
OPDHMEHTHPOBAaHHOTO  Kapkaca  oOecledyuMBaeT  pasBUTHE, aJaNTaldi0 W rudkoe
KOHOQUTYpUpOBaHHE pa3padOTaHHBIX MPOTPAMMHBIX KOMIIOHEHTOB B COCTaBE IEJEBBIX
npuiIokeHHui. brnarogaps BelaeneHHBIM HHTEpdeiicaM pa3HOro YpOBHS U MPEIyCMOTPEHHBIM
TOYKaM pAaCIIMPEeHUs cpela JMAOIYCKAaeT MHTErPalMi0 CO CTOPOHHHUMHM IPUKIAJHBIMA
CHCTEeMaMH.

KnroueBble c10Ba: TIIAHUPOBAHME JBIDKEHHS, IOHCK ITyTH; ONPENEICHHE CTOJKHOBEHUH;
MpOTpaMMHAs HHXXEHEPHS; 00bEKTHO-OpPHEHTHPOBAHHOE IPOTPaMMHUPOBAHNE.
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pa3paboTku NmpuiokeHui ruianupoBanus apwxenus. Tpynsl UCII PAH, tom 29, Bbim. 5,
2017 r., crp. 185-238. DOI: 10.15514/ISPRAS-2017-29(5)-11

1. BeedeHue

TTog mmaHuUpoOBaHWEM MABMKCHHS OOBIYHO TMOHMMAETCS IMOUCK OECKOH(DIMKTHOTO
MyTH JAJs TIEPeMEIIeHUs] TBEPJOro Tella WM KHHEMaTUYeCKOW KOHCTPYKIMH B
MIPOCTPAHCTBEHHO-TPEXMEPHOU CIICHE. Hckombrit yTh CTpOUTCS B
KOH(MUTYpAIIMOHHOM TPOCTPAaHCTBE OOBEKTa C YYETOM €ro cTerneHed cBOOOAB U

! padora noauepxana POOU (rpaurt 16-07-00606)
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MPECTABISIET COO0I HEMPEPHIBHYIO KPUBYIO, KOTOPask COEANHSIET €r0 HaYaIbHOE U
KOHEYHOE IIOJIOKCHUS, HMCKIIOYAET CTOJKHOBCHMS C TMPEISATCTBUSIMH CLEHBI H
YIOBIIETBOPSIET BCEM YCTAaHOBICHHBIM KHHEMAaTHIECKUM M JHHAMHYCCKAM
orpannycHusM [1, 2].

3ajaud TIaHUPOBAHWSA [BIDKCHHS BO3HHKAIOT B PAa3HOOOPA3HBIX IPEIMETHBIX
o0nacTsaX, TakMX KaK MAaIOIMHOCTPOEHHE, POOOTOTEXHWKA, TI'eOMH(POPMATHKA,
TPaHCIIOPT, CTPOMTENBCTBO, M  4YacTO CBS3aHBl C  aBTOMaTU3amMeH U
MHTEJUIEKTyalnn3aueil Tpon3BOJICTBEHHBIX NpoleccoB. [IoBHIIEHHBII HHTEpeC K
JAaHHBIM 3a7a4aM OOYCJIOBJIEH TaKX€ W Pa3BUTUEM COBPEMEHHBIX TEXHOJIOTHH
MaTeMaTHYeCKOT0 MOJICIUPOBAHMs, KOMIIBIOTEPHOH TpaduKH, BUPTYaNbHOH H
JIOTIOJIHEHHOW ~ PEaNbHOCTH, JAOIYCKAIOUIMX  KOHCTPYKTHBHOE  KOMIUIEKCHOE
NPUMEHEHHE B COCTABE 1IEJIEBBIX MIPUKIIAHBIX CUCTEM.

K nomoOHBIM cucTeMaM ciieayeT OTHECTH CHUCTEMbl aBTOMAaTH3UPOBAHHOTO
npoekTupoBanusi, mnpousBoactea u umkenepun (CAD/CAM/CAE), kortopsie
MOTYYHIIN HIMPOKOE pacrpocTpaHeHue Gnaronaps BO3MOXKHOCTSIM
MaTeMaTHYECKOTO MOJEIMPOBAHUS TEXHOJOTHYECKH CIOXHBIX MPOIYKTOB H
npoueccoB. OyHKINOHAN TaHHBIX CHCTEM OXBAaThIBAET MHOTHE MAaTeMaTHYECKHE H
WHKCHEPHBIC ~ TUCHUIUIMHBI, CpPEeOd KOTOPBIX BaXXHOE MECTO 3aHHMAIOT
TE€OMETPUYECKOE MOJICITUPOBAHNE U TUIAHUPOBAHNE BIKCHHS.

Hanpumep, cuctemsl BH3YyaJbHOTO MOAEIMPOBAHUS HMHAYCTPUAIBHBIX IPOEKTOB,
takue kak Synchro Professional, Autodesk Navisworks, Trimble Vico, Rib iTWO,
Bentley ConstructSim, peanusyior (yHKUHM HaBUTallMd B  TPEXMEPHOM
MPOCTPAaHCTBE M BPEMEHM, a TAKXKCE OIPEACICHHUS KOJUIM3MHA B JTUHAMHYECKHX
creHax. brarogapst TaHHBIM QYHKIMSAM yAaeTcs MIPOMOASIUPOBATH XO MPOCKTHBIX
paboT, BBIABUTH MPOOJIEMBI X KOOPAMHAIIMK B YCIOBUSX OTPAaHHYEHHBIX paboumx
MMPOCTPAHCTB U KECTKUX BPEMEHHBIX CPOKOB U, TEM CaMbIM, CHU3UTH MPOCKTHBIC
PUCKU W 3aTparhl. He menee BaXHBIMU SIBJISIIOTCS (byHKI_[I/II/I MOJECIMPOBAHUA
Croco0OB JOCTaBKM MaTepHajioB U 00OpyIOBaHHMA K MECTy HCIOJIb30BaHUS
MOCPEACTBOM PA3JIMYHBIX I'PY30IIOABEMHBIX MEXAHU3MOB, a TAKKE MOJACITINUPOBAHUC
MPOLIECCOB MOHTa)Xka W COOPKU MPOEKTHBIX KOHCTPYKUMW. Peanmuzanust JaHHBIX
(yHKIMIA CcBA3aHA € pemIeHWeM 3ajad IUIAHWPOBAHUS ABMKEHHUS B CIOXHOM
JUHAMHYECKOM OKPYXCHHH, COCTOSIIEM M3 COTEH ThIcAd OOBEKTOB C
COOCTBEHHBIMH I€OMETPHYSCKUMHU MOZCISIME U TIOBeZeHHEeM [3, 4].

JlpyruMu WHTEpECHBIMH NPWIOKECHUSIMH TEOPHH IUIAHWPOBAHUS  JABHKEHUS
SBJISIFOTCS 33124 aBTOMAaTHYECKONH COOPKM WM pa300pKH MalIMHOCTPOUTEIBHBIX
M3/IEINI C LEeNbI0 BepU(pHUKAINN TEXHOJOTMYECKUX HPOLECCOB M MPEIOCTABICHHS
MHTEPAKTUBHBIX WHCTPYKIMH IO IIPOM3BOJCTBY MW OKcIulyarauund. He wmenee
aKTyaJbHBIMU SIBJISIFOTCSL 3aJa4dl YIIPaBJIEHHS MaHUITYJSILHOHHBIMH poOoTamHu, B
KOTOPBIX  TpeOyeTcst  TOCTPOWTH  COTJIAaCOBAaHHBIE  TPAaCKTOPHH  3BCHHEB
MAaHHMITYJIATOPOB.

BoctpeboBaHHBIME B TIOCIIETHHE TO/BI SIBIISIOTCSI CPEACTBA HABUTALIMHA MOOHMIIBHBIX
pO6OTOB, B YaCTHOCTHU, KOJICCHBIX TPAHCHOPTHBIX MEXAHU3MOB C HEOOJIBIINM
YHCJIOM CTEICHEH CBO6OJ]LI W HETOJIOHOMHBIMHU CBs3IMHU. KojecHble MeXaHH3MBbI
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YIOOBJIICTBOPSIIOT ~ CHEIUANBHBIM ~ I'€OMETPUYECKUM  OTPAaHUYCHUSM, KOTOpbIE
NPUBOIAT K TPAEKTOPHUAM IBIKEHUS BIOJb KpHUBHIX JIproGuHca [5], Punca-Illenmna
[6], bankkoma-Meticona [7]. B HEKOTOPBIX MOCTAHOBKAX TPeOYETCS MPOKIIAIBIBAT
OTHOCHUTEJIFHO TPOTSDKCHHBIE TPAaeKTOPHH B IICEBIOTPEXMEPHOM OKpPYKESHHH
(2.5D), xapakTepHOM, Hampumep, Ui TPAHCIOPTHBIX W  apPXHUTEKTYPHO-
CTPOUTENBHBIX Mozened. HopManust 0 MOENUpyeMOM OKPYKEHUH MOXKET OBITh
3apaHee M3BECTHA, JIMOO IMOCTyNMarb C CEHCOPOB POOOTa B PEXHME DPEaIbHOTO
BpeMeHH. B mocnenHeM ciydae BO3HHMKAaeT HEOOXOAMMOCTH IIE€PMaHEHTHOTO
neperiaHupOBaHusl ABMKEHHUS 00BbEKTa B X0/Ie ero nepemerienus [8, 9].
ConepkaTenbHbIe MPUMEPHI IUIAHUPOBAHUS ABMKCHUSI TPEJIOCTABISIOT CHCTEMBI
PEATNCTUYHON KOMITBIOTEPHOH aHMMAllMH HETOJIOHOMHBIX CHCTEM CO CJIOKHBIMH
KHHEMaTHYeCKUMH OrpaHuueHusMU. C INOMONIbI0 MOAOOHBIX CHCTEM YCIIEIIHO
peliaroTcs 3aJayd aHWMAIMM YellOBEYeCKUX MepcoHakel, BOCTpeOOBaHHbIC,
HanpuMep, B KOMIBIOTCPHBIX WrpaX M KHHOMHAYCTPHH, B TOM YHCIE, C
NPUMCHCHHEM  TEXHOJOTMH  BHPTYaJbHOW M JONOJHEHHOH  peasbHOCTH.
BoccosnaHue peatncTUYHON MOJAENH IBIDKCHHS, YYUTHIBAIOIIECH TeOMeTpHYECKHe,
KUHEMaTH4YecKue W AndQepeHnuanbHple  OrpaHHYCHHs,  IpeIcTaBIseTCs
HEBO3MOXKHBIM 0€3 HCIOJIb30BaHUS COOTBETCTBYIOIIIX MPOTPAMMHBIX CPEJICTB.
Ilepeuncnennsie BEIME 3aJayll IDIAHWPOBAHUS NBIKeHUs sBistorcs PSPACE-
TPYIHBIMH, U TO3TOMY WX pELICHHE B HWHIYCTPUAIbHO 3HAUYMMBIX IIOCTAHOBKAX
BBICOKOM DPa3MEpPHOCTH IIPEACTABISCT CEPhe3HYI0 BBIYHCIHUTEIBHYIO HPOOIEeMY.
Pa3paboTka HEOOXOAMMOro MaTeMaTHYeCKOr0 W MPOrpaMMHOTO OOECHEeYEeHUs C
caMoro Havaja KpaifHe CJ0)KHa, TpeOyeT HIMPOKHX KOMIIETEHIIMH M CEepbe3HBIX
pecypcoB. Mcronb3oBaHHe K€ CYHIECTBYIOIIMX IPOrPaMMHBIX CPEICTB, Kak
KOMMEpPYECKUX, TaK M C OTKPBITBIM MCXOJIHBIM KOJOM COIPSIKEHO C pSIOM
NPUHLMIHAIBHBIX OrpaHudYeHnii u mpobneM. K umciy Hamboliee 3HAYMMBIX
HEJIOCTATKOB CII/IyeT OTHECTH:

— CHElMAaNN3alMI0 CPEJICTB U HEBO3MOXHOCTh MX HCIIOJIB30BAHMUS Uil PELICHUS
3aja4y oOuIero BHUJa, HAaNpHUMep, 3a/ad IJI00albHOTO IJIAHUPOBAaHHS IBHXKCHUS B
CJIOKHOM JIMHAMHUYECKOM OKPY>KEHHH,;

— OrpaHUYeHHbIe MHCTPYMEHTAJIbHBIE BO3MOXKHOCTH JUIS Pa3BUTHS IPOrPAMMHBIX
CPEICTB U pealu3allid HOBBIX MOJENEH, METONOB U IIPUIIOKEHUN TEOpUU
TUIAHUPOBAHUS ABHKCHUS;

— OTCYTICTBME BHPTyaJHM3alMM JaHHBIX, NPUBOASAIIEE K H3OBITOUHOMY
NPE/ICTABICHUIO MOJIETH OKPY)XEHHsT M OBICTPOMY HCUEPIaHHIO OIEepPaTUBHOI
HaMsTH, HEOOXOIMMOM JJIs1 OCHOBHBIX BBIYHMCIICHHH;

— HaJIM4YKMe 3aBUCHMOCTEH OT KOMIOHEHTOB TPEThUX CTOPOH, YAaCTO MPUBOJSIIIUX K
HEOTPEICICHHOCTH W HEJI0CTOBEPHOCTH PE3YJbTAaTOB, a TAaKXKE MOPOXKAAIOIINX
JIOTIOJTHUTENbHBIE TPYAHOCTH IPH KOHPHUTYPHUPOBAHUH LENEBBIX PHII0KEHHUH.
[osicHuM  yka3aHHbIE HEJOCTaTKH HA MNpPUMEpPe MNOMYJISPHBIX OHONHOTEK
ianupoBanust apmwkenns Motion Planning Kit (MPK) [10], OpenRave [11] u Open
Motion Planning Library (OMPL) [12].
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OyHKINN JaHHBIX OMOIHMOTEK, INIaBHBIM 00pa3oM, NMpEIHA3HAYCHBI AJISI PELICHUS
3aja4d JIOKAJIBHOTO IIAHUPOBAaHWSA ABMKEHHUSI W MOJEIHUPOBAHHS HETOJOHOMHBIX
MEXaHHYECKHX CHUCTEM B PEXHME peambHOTO BpeMeHH. MX MaTemMaTndecKui
apceHal B OCHOBHOM 0a3MpyeTcs Ha COMIUIMHT METO/AAX, KOTOPBIE AEMOHCTPUPYIOT
BBICOKYIO 3 (EKTUBHOCTh B MPWIOKEHHUAX YIPABICHUS IPOMBIIIJICHHBIMH
poGoTtamu. OHAaKO JaHHBIE METOJBI HECOCTOSITENBHBI B CIy4asX, Korjaa Tpedyercs
ONPEICTINTh NPOTSDKCHHBIE  OECKOH(UIMKTHBIE TPAacKTOPUHM B  TPEXMEPHOM
OKPYXEHHH CO CJIOKHOHW TOHOJIOTHEW W TUHAMHYECKHM IoBeneHueM. [lomoOHbIe
3a/laud BO3HHUKAIOT, B YACTHOCTH, NIPHU BU3YaJIbHOM MOJAEIUPOBAHUH APXUTEKTYPHO-
CTPOHTENBHBIX MPOCKTOB U TPEOYIOT A(PEeKTHBHBIE CPENCTBA JJIS PEIICHUS 3ajad
IUTAaHWPOBAHUS ABWKEHUS B TI00ANBHBIX TUHAMHYECKHX MOCTaHOBKax. IIpu sTom
apXHUTEKTypa ONOIMOTEK W OCOOEHHOCTH OPTaHM3aIMU MIPUKIATHBIX IPOrPaMMHBIX
uaTepdeiicoB (API) mpenmATCTBYIOT peanusanii B UX COCTABE HOBBIX METOIOB H
QITOPUTMOB IUIAHWPOBAHUS MABIIKEHHUS MJISl DPEIICHWS WHBIX KJIacCOB 3afad.
[IpenycMoTpeHHble B OMOIMOTEKaX BO3MOXXHOCTH MOJU(DUKAIMK JIOKATBHBIX
ANTOPUTMOB KaYECTBEHHO HE MEHSIOT CUTYAIHIO.

Jpyrum HemocTaTKOM OMOIHOTEK SBIISIOTCS CIIOCOOBI OpPraHM3aIMy MPOTPAMMHBIX
uHTep(EHCOB AOCTya K JaHHBIM OKPYKCHHS, KOTOpPBIE 3a9acTyI0 MPENSITCTBYIOT
ux unterpaiuu B nenesbic CAD/CAM/CAE cucrtemsl. JlaHHBIE CHCTEMBI OOBIYHO
ONEpUPYIOT MacIITaOHBIMH CIEHAMH, COCTOSIIMMHU U3 COTEH ThICSY M MUJUIMOHOB
O0BEKTOB C  HMHIUBUAYAJbHBIMH  TCOMETPUYECKUMH M  TUHAMHUYECKUMHU
XapaKkTepUCTUKAMU, W TO03TOMY opraHu3zanus 3()(EeKTHBHOrO JOCTyNa K HHUM
npuodperaeT KIOYEBOE 3HaueHHE. B IMOJOOHBIX CHCTEMax HCIIOJIB3YeTCs CBOE
BHYTpPEHHEE MPEACTAaBICHUE TPEXMEpPHBIX MOJeneil, KOTOpoe MAUKTYeTCsl HX
(yHKIMOHANOM ® TpuKIagHOW crenudukoi. Hampumep, tpexmepusie CAD
CHCTEMBI OAJICP)KUBAIOT PA0OTy C AaHATMTHIECKUMH T€OMETPHUECKUMH KPUBBIMU U
MOBEPXHOCTSIMU, TPAaHUYHBIM M TBEPJOTEJHFHBIM TpeICTaBICHHIMH Tell. CHCTeMBl
BU3yaJlbHOTO  MOJENMPOBAHUS INPOEKTOB OPHUEHTHPOBAaHBI Ha paboTy ¢
YIPOIIEHHBIMHU TTOJIMTOHAJIBHBIMA MOJEIISIMH, TpeIHa3HAYeHHBIMH JJIsI OBICTPOid
pacTepu3alyy CLEH M JOKaJlu3aluu NpocTpaHcTBeHHbIX Komusuid. CAM u PLM
CHUCTeMBl B OOJIBIIEH CTENEHH OMNEPUPYIOT KHHEMATHYECKHMU MOCISMH,
MpeIHa3HaYeHHBIMHU JJI MOAETIHPOBAHUS TEXHONIOTHIECKUX OIepaIui.

B cuny ykasaHHBIX NpUYMH MHTEp(ENC AOCTyHa K JaHHBIM OKPYXKEHHUS JOJDKECH
YUNTBIBATh AJbTEPHATHBHBIC MPEACTABICHUS TPEXMEPHBIX MoJeneil, a TaKxke
JIOITyCKaTh BO3MOXHOCTh HETOCPECTBEHHOI'O HCIIOJB30BaHUS (YHKIMH IENEBBIX
CHCTEM TIpH ONpEAETICHUN CTOJKHOBEHHH M aHAJIN3€ COTVIACOBAHHOCTH OOBEKTHBIX
KoHurypanuii. JlaHHele TpeOOBaHUS MPUBOAIT K HEOOXOMAUMOCTH HUMETh TOUYKH
pacmmpeHus: mporpammHoin cpenbl (hotspots), KoTopsie Obl MO3BOJIUIN HACTPOUTD,
CKOHOUTYpHpOBaTh WM JI0padOTaTh COOTBETCTBYIOIIME KOMIIOHEHTHI ISt
HOJJIEP>)KKY allbTEPHATHBHBIX MOJIETIEH M peau3ainy ONepanui ¢ HUMH.

B camom nene, jkecTkasi TpuBsS3Kka WHTepdeiica K KOHKPETHOW MOJEeNU IIeNIeBOM
CHCTEMBI, BO-TIEPBBIX, TpeOyeT HamucaHus OOJBIIOr0 00beMa aJaNTHPYIOLIETO
KOJla, a, BO-BTOPHIX, NIPUBOJUT K HEPAIIMOHAIEHOMY PAacX0/I0BAHUIO OIEPATUBHOM
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mamsatda. C Jpyrol CTOPOHBI, IMOJHAs HE3aBUCHMOCTH OT TEOMETPUYECKOH H
KMHEMATHYEeCKOI Mozenel Takke IOpOXXKIaeT TPYIHOCTH IIPH HHTETPAlid B
IeNneByl0 cucteMmy. Hampumep, mnpu wucmonb3oBaHmn Oubmmorekn OMPL,
peanu3yome COMIUTHHT METOBI, Ha Pa3paboTIMKa JIOKUTCS OTBETCTBEHHOCTH 3a
NPE/IOCTABIICHUE  PEJICBAHTHBIX METPHUK MHOTOMEPHBIX  KOH(HIYpallMOHHBIX
MPOCTPAHCTB, B KOTOPBIX pEIIAIOTCS IOJNb30BaTelbckue 3amaud. Kpome Toro,
pa3paboTYNKOM JOJDKHBI OBITH pEaM30BaHbl U MPeNOCTaBiICHBl d((HEKTHBHbBIE
CpeicTBa  ONpeneieHUs  CTOJIKHOBEHHMM M aHanmM3a  COTJIAaCOBAaHHOCTHU
KOH(UTypauuii, 4To TaK¥Ke SBISIETCS CEPbE3HOW MPOOIEMON C y4eTOM BBICOKOM
pa3sMEepHOCTH TUIIOBHIX 3a1a4.

Hakonen, 3aBUCUMOCTb OT KOMIIOHEHTOB TPETbUX CTOPOH U MX CHIIBHOE
3allelUIEHHe M0 JaHHBIM M YIOPaBICHHUIO TaKXkKe SBISETCS HEAOCTaTKOM
CYIIECTBYIOIINX OMONMHOTEK TUTaHUpoBaHWsA MABWKeHHA. C OIHON CTOPOHBL,
WCTIONB30BAaHUE [ETaJbHO CIEHU(HUIMPOBAHHBIX W TIIATEIFHO OTIAKEHHBIX
CTOPOHHHUX KOMITOHEHTOB SIBIIIETCSI XOPOIICH MPAKTHKON MpPH CO3TaHUH CIIOXKHBIX
MpOTpaMMHBIX cucteM. OJHAKO OHA OTpaBABIBaCT ce0s, €CIIU TOJIHKO KOMIIOHCHTHI
peanu3yoT He3aBHCHMBIC (YHKIWH, ONEPUPYIOMIHE C EAWHBIM MpPEACTABICHUEM
JNAHHBIX. B TIPOTHBHOM ciydae BO3HHKAaeT HEOOXOOMMOCTh WX IIEPMAaHEHTHOM
KOHBEpTAllMU U corjlacoBaHus. Kpome Toro, ncnosip30BaHHEe KOMIIOHEHTOB Pa3HbBIX
BEPCUH YacTO TOPOXKAAeT KOH(IMKTBL, KOTOpBIE 3aTPYAHSIOT  COOpKY,
TECTHPOBaHUE U JaJbHEHIIee COIPOBOXKACHHUE 1IEJIEBbIX CHCTEM.

Hanpumep, nactpymenTansHas cpena Movelt, Bxonsamas B cocta ROS, moctpoena
Ha OCHOBE Cpa3y BCEX YMOMSHYTHIX OMOJIMOTEK MJIaHUpOBaHUs JIBMKeHUs. [Ipuuem
OMPL  mpemmaraercss B KauecTBE OCHOBHOIO  CpEACTBA  IOCTPOCHHUS
OeckoH(IMKTHBIX TpaekTopui, OpenRave HCMONB3yeTcss Kak CPEACTBO PEIICHUs
oOpaTtHOl KmHemarndeckoil 3amaun, a MPK mnpumensercas mis OvicTporo
pa3pelIeHns] OJMHOYHBIX 3alIPOCOB HAa OCHOBE JBYXHAIPABICHHBIX MAapIIPyTHBIX
ceTeil ¢ OTJIOKEHHBIM ONPEEIIEHUEM CTOJKHOBEHUHM Ha ocHoBe SBL anropurtma.
O4YeBHIHO, YTO CHUCTEMATHUYECKOE IMOCTPOCHHE MPHUJIOKECHUH IUTaHHUPOBAHUS
JIBIDKCHUS C TIOMOIIBIO MAaHHOM WHCTPYMEHTANBbHOH cpembl MpoOJIeMaTHIHO, a
MOJTYYCHHBIC PE3YIIbTaThl MOTYT OBITh HEJJOCTOBEPHBIMH.

MHoOXecTBEHHBIE 3aBHCUMOCTH cpefbl oT sapa ROS, OuOImoTekw ompeneneHus
cronkHoBeHnit FCL, a Take FLANN, MongoDB wu boost co3garor
JIOTIOTHUTEIBHEIC TPYAHOCTH TIPH €€ TPAKTHYECKOM HUCTIOTb30BaHUH.

2. HazHayeHue u obwas opeaHu3ayusi cpeobl

Pa3paboTaHHas HWHCTpyMEHTallbHAas cpelna IpelHa3HAYeHa JUIS POTPAMMHOM
peanu3anuu MoJIeNiei, METOJJOB U TPWIOKESHUH TEOPHH IUTAHUPOBAHHS JBHKCHUSL.
Cpena mnpemoctaBisieT pa3BUTHIA HA0OP TOTOBBIX K HUCIOJIB30BAHUIO MTPOTPaMMHBIX
KOMIIOHCHTOB JIJIsl aBTOMAaTHYECKOTO TIOCTPOCHUSI OSCKOH(IIUKTHBIX TPACKTOPUI B
CTaTHYECKOM M JUHAMHYECKOM TPEXMEPHOM OKPYXEHHH I poOO0Ta, NMEIOIIETO
MIPOM3BOJIFHOE YHCIIO CTENEeHEH CBOOOIBI M (PYHKIMOHUPYIOIIETO KaK Ha OCHOBE
anpUOPHBIX 3HAHWW O CIIeHe, TaK M B HEWU3BECTHOM OKPYXEHHU B PEXKHME
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peansHOoro BpemenH. Cpena peanu3yercsi HE TOJIBKO Kak CIeNHaIH3UPOBAaHHAS
OnbnnoTeka IS pEelIeHHs THIOBBIX 3alay IUIAHUPOBAHMS IBI)KCHHS, HO M Kak
OnbIMoTEeKa MPOrpaMMHBIX KOMIIOHEHTOB JUISl IIOCTPOCHUS NPHIIOKSHUH B Pa3HBIX
HpeIMeTHBIX obyacTsax. VIMEHHO NaHHas BO3MOXKHOCTh NPHHIMIHAIBHO OTINYACT
ee OT YHOMSHYTBIX BbIle perieHud. [Ipu 3ToM nexnapupyeMas yHUBEPCaIbHOCTD
cpenbl  He  mpemsaTcTBYyeT  dddexkTuBHOCTH  pa3pabaThIBaEMBIX  LIEJNEBBIX
MPWIOKECHUH, MTOCKOJIBKY npeaycMaTpuBaeT BO3MOXKHOCTH ruOKoro
KOH(UTYpUPOBaHHS IMPOTPAMMHBIX KOMIIOHEHTOB, WX pPAa3BUTHS, aJaNTalud |
HACTPOWKHU C y4eTOM CrelM(UKHU PelIaeMbIX IIPUKIIaTHBIX 33/1a4.

Cpena cipoeKTHpOBaHA U peajn30BaHa B BUIC KapKaca (apXUTEKTYpHOTO IabiioHa)
Ha OCHOBE TEXHOJOIWH OOBEKTHO-OPHEHTUPOBAHHOTO M  KOMIIOHEHTHO-
OPHEHTHPOBAaHHOTO  NpOrpaMMHpoBaHus.  JlaHHBIE  TEXHOJNOTMH  LIMPOKO
NPUMEHSIOTCS NIPU CO3JAHUM CIIOXKHBIX HPOTPAMMHBEIX CHCTEM C Pa3BHBAacMBIM
(YHKIMOHAIOM U MPHU pa3paboTKe cepuid IPOrpaMMHBIX MPHITOKeHHH. Oxumaercs,
4ro OJjarogaps KapKkacHOW OpraHM3aliH Cpela MO3BOJNUT CYIIECTBEHHO COKPATUTh
CPOKH H 3aTpaThbl Ha CO3J[aHHE NIPUIIOKESHUH 1 IPH ITOM O0OECIICUUT MX HAJCKHOCTD
1 3p(eKTHBHOCTb, HEOOXOAMMBIC IJIsl PEIICHUS NPAKTUYECKUX BBIYUCIHTEIEHO
CIOXKHBIX 3amad. Cpema MPOrpaMMHO peall3oBaHa Ha s3blke Cu++, HMO3TOMY B
JabHEHIIEeM €€ KOMIIOHEHTHl ONMCBIBAIOTCS B TEPMHHAX aOCTPAaKTHBIX U
KOHKPETHBIX KJIaCCOB.

[IpoexTHpoBaHMIO KapKaca MPENIIECTBOBAJIM  HCCIEIOBATeNIbCKUE  PadoTH,
CBsI3aHHBIC C CHUCTEMAaTH3alMedl W KOHIENTyalu3aluuei 3ajad U METOJO0B TEOPUH
IUIAHUPOBAHUsI JIBIKCHHUsI. B paHee omyOIMKOBaHHBIX aBTOpaMu padorax [2, 13]
OBUT POBE/ICH aHAIIM3 COBPEMEHHBIX METOJIOB IUIAHUPOBAHHUS IBIIKEHUS, KOTOPBIH
MO3BOJIMJI BBIJICNIUTh OCHOBHBIE ITIOCTAHOBKHM 33/1a4, KJIIOYEBBIE IOAXOJBI K HX
PELICHUIO, MEPCHEeKTUBHbIE ceMeiicTBa MeTOJ0B M 3((EeKTHBHBIE ANTOPUTMBL. B
JlanbHEMIIeM MbI BBIJIEIISIEM JIBE OCHOBHBIE TIOCTAHOBKH 33/1a4 U CBSI3aHHBIE C HUMH
BBIYMCIIMTEIIbHBIE CTPATeTrHH, & UMEHHO: JIOKAJIbHOE U III00aJbHOE IIaHUPOBAHHE
JBHKCHHSL.

I'moGanbHOE INIAHMPOBaHUE MPEAIONAracT alpHOPHOE 3HAHUE O MOJCIHPYEMOM
OKPY)KCHHUH W IOAPa3yMeBaeT NpEIBAPHUTEIBbHBI aHAIN3 TPEXMEPHOW CLEHBI C
HOCIICAYIONIMM pPa3pellicHHeM MHOXKECTBEHHBIX 3alpOCOB MOMCKa NyTH. JlaHHas
NOCTAaHOBKA  pEaNM3yeTcsl  MOCPEIACTBOM  IPEIABAPUTEIBEHOTO  ITOCTPOCHHUS
MapupyTHOro rpada, OTpPaKalooIlero TOMOJOTHIO MOJCIHPYEMOH  CLICHBL
MapuipyTHBIil ~ TONMOJOTHMYECKUH Tpad) arperupyeT MHOXECTBO JIOKaJIbHBIX
MapIIpyToB B paboueM MpPOCTPAaHCTBE CLEHbI, OLEHKA HX CTOMMOCTH, a TaK¥Ke
JIOTIOJTHUTENBHYI0 MHPOPMAIIHIO, KOTOpasi MOXKET OBITh IMOJIE3HA Uil Pa3pelieHus
HOCIEAYIONIMX 3alpOCOB Ha OCHOBE O3BPHCTHYECKHX IpaBwi. [JobambHOE
IUIAHUPOBAHHWE HA OCHOBE MAapUIPYTHBIX CETeil mpearnosaraeT ObICTPBIA MOHCK
MEepPCIEKTUBHBIX ~ MapIIPYTOB  JBIDKCHHS, KOTOpPbIE 3aTeéM MOTYT  ObITh
npoBepu(UIMPOBAHbl U NPU HEOOXOJUMOCTH CKOPPEKTHPOBAHBI C IOMOIIBIO
ITOPUTMOB JIOKAJILHOTO TUIAHUPOBAHUSI.
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JlokanpHOE IUIAHMPOBAaHWE IOJpa3yMEBaeT paspelieHHe ONMHOYHBIX 3alpOCOB
Movricka OECKOH(IMKTHBIX TPACKTOPHH JJIT KOHKPETHOTO OOBEKTa (TBEPIOTO Tena
WM KHHEMaTHYeCKOW CHCTEMBI), YUYHTBIBas €ro KOHKPETHOE TIe€OMETPHYECKOe
NpEICTaBlICHHE, a TaKXKe HaJIOXKEHHbIC KHHEeMAaTHYeCKHe M JAWHAMHYCCKHE
orpanndeHust. [y mporpaMMHOMN peanu3aliy CPeCTB JOKAIBHOTO INIAHUPOBAHUS
ObUTO BBIOPAHO CEMEHCTBO COMIUIMHI METOJOB, 3apEKOMEHJOBABINUX CeOsl MpH
pELICHUH 33/1a4 B CJIOKHBIX MHOT'OMEPHBIX KOH()UTypallMOHHBIX IPOCTPAHCTBAX.
Jlns pemieHns: MHUPOKUX KIIacCOB 3a/1a4 B JIOKAJbHOW M II0OAbHOM MOCTaHOBKE C
UCIIONIb30BAaHUEM  aJbTEPHATUBHBIX METOJOB M alrOPUTMOB OBbUT IPOBEJCH
OOBEKTHBIH aHaJIN3 TEOPHUH IJIAaHUPOBaHUS JBIKEHUS. OH TO03BOJMI BBIICIUTD €€
KJIIOYEBbIe a0CTPaKIMU, UX B3aUMOCBSI3H, U TEM CaMbIM, ONPEIEIUTh HEOOXOANMBIi
COCTaB, CTPYKTypy ¥ BO3MOXXHBIE TOYKH pacIIMpeHHsi cpensl. B ee oOmieit
CTPYKTYpe YAOOHO BBIAEIUTE TPYIIBI KJIACCOB I MPEICTABICHUS MOACIUPYEMOTO
TpexMmepHOro okpyxenus (maker WorkSpace), st perieHnss BCIOMOTaTeNlbHBIX
3a]a4 B KOHPUTYPAHOHHBIX POCTpaHCTBax 00bekToB (maker ConfigurationSpace)
U Juis paboTsI ¢ rpadamu u mapupyTHeiME ceTsimu (maket DiscreteSpace).

Knaccer makera WorkSpace ompexaenstor uHTepdelcsl aocTyma K oObeKTam
MOJCIIUPYEMOT0 OKPYIKEHHMS, KOTOPOE BKIIFOYAeT B ceOsl M MepeMeIlacMblii 0OBEKT
U HaJOXKCHHBIE Ha HEro KHHETHYECKHE OrpaHHYeHHs. B 3ToM ke makere
pealu3yeTcss THOACHCTEMa KJIacCOB IS ONpENCNICHUS  CTOJNKHOBEHHH ¢
UCIIOJIB30BAaHUEM CTPYKTYpP MPOCTPaHCTBEHHO-BPEMEHHOI nHaekcauuu. [locmennue
NPUMEHSIOTCSL JUIS OBICTPOW JIOKaJM3alUH CTOJIKHOBEHHH M YCKOpEHHs DPabOTHI
OCHOBHBIX anroputMoB. [lockosbky Hekotopeie CAD/CAM/CAE cucteMbl HMEROT
COOCTBEHHBIE  CpEICTBA  ONpPEICICHUS  CTOJKHOBEHUH,  ONEpPHUPYIOIIUE
HEMOCPEJICTBEHHO C BHYTPEHHHUM MPE/ICTABICHUEM JAHHBIX OKPYXXCHUS, KJIacChl
MaKera ONpENelsioT enuHble uHTepdeiichl ans (GOpMUpPOBaHHMS M HWCIIOTHEHUS
COOTBETCTBYIOIINX 3ampocoB. bmaromaps uHTepdeiicam pa3pabOTUMKM IIEIEBBIX
NPWIOKEHUH MOTYT INpPEAOCTABUTH albTEPHATUBHBIC peEAM3allMd  CPEJICTB
OIIpeNIeNICHHs CTOJIKHOBCHHUI.

[Taker ConfigurationSpace cocTaBistOT KIacchl, MpeAHA3HAYCHHBIC JUIS PEUICHHS
33724 B KOHQHIYPaLMOHHBIX TMPOCTPAHCTBaX OOBEKTOB. JlaHHBIE KiIacchl
NO3BOJIIOT  337aTh MHOXXECTBO JONMYCTHMBIX KOHQUTypauuid mias oObekTa
IUIAHUPOBAHUs, CPOPMHUPOBATh U HCIOJHHTH 3alPOCHl ITOMCKA OCCKOH(IMKTHBIX
TpaekTopuil aBrkeHus. CrielManbHble KIIAcChl peliaTeNed pealM3yroT pa3indHble
CeMEWCTBAa COMIUIMHI METOAOB [UIS IUIAHUPOBAHUS [BIDKCHHS B JIOKaJbHOM
MOCTaHOBKE.

INaker knaccoB DiscreteSpace npenHasHadeH Ui NpeACTaBICHHS rpadoB H
peuieHust 3anady moucka myTed B HuX. OOOOIIEHHBIE peaaM3aly KJIAcCOB
MO3BOJISIFOT MCHOJIB30BaTh UX B KauecTBE 0a30BBIX MPU CIHELUANM3aLUK rpadoB B
BUJie OBICTPOPACTYIUX JEPEBHEB M MAPIIPYTHBIX CETe. 3aMETHM, YTO HOCIIEIHIE
MOTYT CTPOUTHCSI Kak B TPEXMEPHOM IPOCTPAHCTBE OKPYKEHHUS, TaK U B
KOH(QUTypallMOHHOM ~ MIPOCTPAHCTBE OOBEKTa IUIAHUPOBAHUS. TeM  caMbIM,
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obecrieunBaeTcss BO3MOXKHOCTh ~ MHOTOIIEJIEBOTO  HCIIOJIb30BaHHs  rpadoBbIX
CTPYKTYp JaHHBIX M aJITOPUTMOB TIOMCKA 0€3 HEOOXOIUMOCTH TyOJIMPOBAHUS KOJA.
[MakeTl HWCMONB3YIOT €AWHBIA HA0Op BCIIOMOTATEIbHBIX THIIOB JIAHHBIX,
NpefHa3HAYeHHBIX B OCHOBHOM JUisi PabOThl C MPUMHTHUBAMHU KOMITBIOTEPHOM
rpad UKy ¥ peann3alii BEeKTOPHO-MATPHUYHBIX ONepaluii.

Hakonen, cpema Bkio4aeT B ce0s MOACHCTEMY KIACCOB JUIS TJI00aNbHOTrO
IUIAaHUPOBaHUsT JABWXKeHus. [loacucrema peanu3yeT OOLIYI0 BBIYHCIUTEIbHYIO
CTpaTeruio, 3aKNIOYAIOIIYIOCS B  IOCIEAOBATENBHON  PEAYKIMH  HCXOJHOM
BBIYHCIIUTEIBHO CJOXXKHOW 3a/laud  IUIAHUPOBAHHS [BIDKCHHS K THUIIOBBIM,
OTHOCUTEIILHO TPOCTBIM 3ajadyaM Toucka B rpadax. Hamm mnpensimymrue
Uccie0BaHus oKa3aiu 3 ()EeKTHBHOCTD U NMEPCIEKTUBHOCTh MOAOOHOH CTpaTeruu
[3, 13, 14]. IlpumeuaTenbHO, YTO YHOMSHYTHIE BBIIIE COMIUTHHT METOJBI,
MapIIPyTHBIC CETH M AITOPUTMBI TCOpPHU TpadoB SBIAIOTCS 3JIEMCHTAMH JIaHHOW
o01wei cTpareruu, a ee mMporpaMMHasi peay3anus 0a3upyeTcs Ha COTJIACOBAaHHOM
UCIIONIb30BAaHUU Pabouero, KOHPUIypalMOHHOTO U AMCKPETHOTO IPEeICTaBJICHHH,
MOJJICP)KUBACMBIX COOTBETCTBYIOIIUMH KJIaCCaMU CpeAbl. [Ipy H3MEHEHUsX B
MOJICTIUPYEMOM  OKPY)KEHHH,  JaHHbIE  MPEACTABICHUS  WHKPEMEHTAIbHO
OOHOBIIIIOTCS C BO3MOXXHOCTBIO OTEPATHBHOTO Pa3pelICHUS] TOCICIYIONINX
3ampocoB  Mapuipytu3auuu.  [logcuctema  rio0aabHOTO  [UIAHUPOBAHUS
BCTPAMBACTCs B LUKI Pa0OTHI IEJICBOM CUCTEMBI U, paboTas B (OHOBOM PEXKHME,
(dopmupyeT U 00pabaThIBacT OuYEpe/b 3AMPOCOB, CBS3aHHBIX C HW3MCHEHHSIMHU B
MO/JICTIUPYEMOM OKPYKEHUH.

Knaccel cpempl TeCHO CBsI3aHbl APYr C JPYrOM U COCTaBISIIOT —CAMHBIN
HHCTPYMEHTapuil Ui OpOTrpaMMHOW  pealu3alii  MPUIOKEHUH  TeOpUH
IUTAHUPOBAHUS JBMKCHUs. [IpeyCMOTPEHHBIC TOYKH pACIIUPEHHS B BHUJE
aOCTpPaKTHBIX KJIACCOB TO3BOJLIIOT aJ[aliTUPOBATh CYNIECTBYIOIUE KOMIIOHEHTBI U
peann3oBaTh HOBBIE C Y4ETOM CHElM(UKU NPUKIAJHBIX 3aad U BO3MOXKHOCTEH
npuMeHeHus 3QPEKTUBHBIX METOJIOB M AJITOPUTMOB.

3. Makem knaccoe WorkSpace

Paccmorpum  Gostee  moapoGHO opranm3anuio makera kiaaccoB  WorkSpace.
MogenupyemMoe TpeXMEpHOE OKpY)XEHHE IpEICTaBiIseT Co00i MHOXECTBO
Pa3sHOPOIHBIX TeOMETpUYeCKHX 00bekToB. C KaxabIM OOBEKTOM  CBSI3aH
VHHUKAIbHBIA WACHTH()HUKATOP, TeoMeTpuyeckas MOJCIb M JIOKaJbHAas CHCTEMa
KOOPJMHAT, ONPEACIIIOIAs ero IMOJI0KEHHE B OKpYKeHUH. [Ipeamonaraercs, 9ro ¢
KaXIIbIM 00BEKTOM MOXKET OBITh aCCOLMHPOBAHA albTCPHATUBHAS FEOMETPUYCCKAs
MOJIeJTb, IPUMEHAEMas, HapUMep, Ui OBICTPOI JIOKATH3aIlMU CTOJIKHOBCHHUN FITU
pacTepu3alliil CICHBL. B nampHedmem paccMmarpuBaeTcs IBa BHUIA OOBEKTOB:
MPOCTBIE TBEpABIE Tella ¥ KHHEMAaTHYCCKHUE CHUCTEMBI B3aMMOCBSI3aHHBIX
TBEPJIOTEIIEHBIX 3BCHBEB.
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Puc. 1. Juacpamma knaccos mpexmepHozo OKpy#CeHUs.
Fig. 1. 3D WorkSpace class diagram.
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3amerum, urto B CAD/CAM/CAE npuIOKEHUSX YacTO MCIOJIB3YIOTCS, TaK
Ha3bIBaeMBbIC, CIIOXKHBIE WM COCTaBHBIE OOBEKTHI, KOTOPHIE HPENCTAaBIAIOTCS
KOMIIO3MLIMEH JOYEpHUX OOBEKTOB M OPTaHU30BaHBl B CaMOCTOSTEIBHYIO
uepapxuto. CioxHBIe OOBEKTBI MOTYT, HampuUMep, OIpPEAeNATb  CJIOH,
COOTBETCTBYIOIIHE ITOITAXKHOMY IUIAHY 3IaHUS WM COCTaBYy €ro KOHCTPYKTHBHBIX
9JIEMEHTOB. B  MaIIMHOCTPOMTENBHBIX OTPACIIX CIOXKHBIE OOBEKTBl YacTo
UCTIONB3YIOTCS Ul ompenesieHnst cOopok netaned. s oOcyxnmaeMbix 3amad
TUTAaHUPOBAHUS IBM)KCHUSI KOMIIO3UIIMOHHAS CTPYKTYpa 00BEKTOB HE BasKHA U Jiajiee
BO BHUMaHWe He MpuHUMaeTcs. [locimenHee He WCKIIOYAET, YTO OOBEKTHI
OKPYXEHHsI MOI'YT UMETh CII0)KHOE T€OMETPHIECKOE TIPEJICTaBICHHE.

[ockonbKy cpena mpeaHasHayeHa Uil pa3paOdOTKH NPHIOKEHHH IUIaHWPOBAaHUS
JIBIDKCHUS, B KOTOPBIX MOXET HCIIOJIb30BaThCsl CBOE COOCTBEHHOE IPEACTaBIICHUE
JaHHBIX OKpY)KeHus, Kimaccel makera \WorkSpace ompenesistoT JHIIb OO
untepdeiic nocryma k HuM. OTBETCTBEHHOCTh 3a peanu3aluio uHTepdeiica
LEJIMKOM JIOKUTCS Ha pa3paborTunka mnpmioxeHus. VHrepdeiic mo3Bomser
n30eKaTh NPUBS3KM K TNPHKIAAHBIM THIAM IAaHHBIX, NPU 3TOM IPEIOCTABIIA
HeoOXoauMbIe 00IIue MEeTOIbl 00X0/1a 0OBEKTOB, TOMYYCHUS UX WHIUBUIYAIbHBIX
TEOMETPUYCCKHX M MOBEICHYECKHX MOJEJeH, a TakkKe TEKyLIero COCTOSHHS.
OO6cynuM BOTIPOCH! OpraHU3aluy HHTEpdeiica Ooee moapoOHO.

3.1 docTyn K 06 beKTaM OKpYXeHUA
Abcrpaktabie kiaaccsl IWorkSpace u IWorkSpaceObject onpenensitor unTepdeiic
JOCTyIa K MOJETHPYEMOMY OKPYKEHHIO.
Unrepdeiic IWorkSpace Bkitouaer B cedsi ClieyroIINe BUPTYaTbHbBIE METOIbI:
e getModellingBounds()-> aabb_t
BO3BPAIACT TPAHHUIIBI MOJIETHPyeMOoro okpyxenust B Buge AABB (AXis
Aligned Bounding Box) napasuie/icume/a. BosBpainaembiit
napajUleNieliine]] MOXKeT OXBaThlBaTh KaK BCIO CLEHY, TaK M JIIOOYH ee
1010071aCTh, BHYTPH KOTOPOH HEOOXOAUMO MOCTPOUTH MaPLIPYTHYIO CETb.
e createObjectlterator()-> abstract_iterator<IWorkSpaceObject>
CO3[]aeT MWTEeparop MJsl OJHOHANPABIEHHOTO 00X0Aa pa3sHOPOJHBIX
reoMeTpuueckux 00bekToB ¢ 06mum uarepdeiicom IWorkSpaceObject.
e getObject( uid_t objectID )-> IWorkSpaceObiject
MPEOCTaBIIAET JOCTYl K OOBEKTy OKPYXEHHA [0 3aJaHHOMY
UACHTHUPHUKATOPY.
e getCurrentState( uid_t objectID )-> IState
MPEIOCTaBIsIET JOCTYI K TEKYIIEMY COCTOSIHUIO OOBEKTa 10 3aJaHHOMY
UICHTH(DHUKATODY.

e resolveState( uid_t objectlD, IState objectState, resolve_state callback_t
resolveStateCallback )-> bool
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O0BEKT C 3aJaHHBIM HISCHTU(PHUKATOPOM YCTAHABIMBACT B MOJIOKEHHUE,
COOTBETCTBYIOIIEE MPUIIMCAHHOMY COCTOSIHUIO B KOH(HI'YPALMOHHOM
npocTpaHcTBe. B KadecTBe MOCIHETHEro MapaMeTpa METOAa BBICTYMaeT
3agaHHas (QYHKIHUS TPUMEHEHHUs PACCYUTAHHBIX TpaHcdopmanuit K
UHIUBHIyalbHBIM oObekTam resolve state callback t( uid_t bodylD,
mat4_t bodyTransform ). B cmoydae 3amaHuss B KauecTBe OOBEKTa
KWUHEMaTH4YeCKOW CHCTEeMbl METOJ| pealM3yeT peUIeHHe MpsSMOn
KHHEMaTH4YeCKO 3a/1auu.
Abctpaktabiii kmace  IWorkSpaceObject omnpenensier cnenyromumii unTepdeiic
JIOCTYNa K MHANBUIYaJIbHOMY OOBEKTY OKPYKEHHUS:
e getID()->uid_t
MOJYYHUTh YHUKANBHBIA UACHTH(PHUKATOp 00BEKTa
e createCollisionShape()->1CollisionShape
CO3[aTh AIBTEPHATHBHYIO TIEOMETPHUYECKYI0O MOJelb OO0BbeKTa Uis
OTpe/IeICHUsI CTOJKHOBEHHIMA
e createStateSpace( aabb_t modellingBounds )->1StateSpace
c(hOopMHUPOBATH MHOKECTBO JIOMYCTUMBIX KOH(PUTypaIuii 00beKTa
Wnrepdeiic  mpenycMmarpuBaeT — JABE  KJIIOYEBble  (QYHKIHMH, a  HMMEHHO:
KOHCTPYUPOBAaHUE  JIbTEPHATHBHOW  TIE€OMETPHYECKOW  Mojaenn  OoOBbeKTa,
npeaHa3HaYeHHOM, Ipexae Bcero, st 3 (HEeKTHBHOTO ONpeIeNICHHs] CTOJKHOBEHUH,
a Takke (OPMUPOBaHHWE MHOXKECTBA JOMYCTUMBIX KOH(QUrypauuii oObekTa s
aHaJKM3a ero COINIACOBAHHBIX COCTOSIHUH M OSCKOH(DIMKTHBIX MEPEXOJ0B MENKITY
HUMHU.
Crnennanshbie kiaccol IRigidBodyObject u IKinematicSystemObject paciupsitor
6a3oBbiit uatepdeiic IWorkSpaceObject, onpenensist oneparyu st TBEPAOTEIbHBIX
O00BEKTOB M KHHEMAaTHYECKHX CHCTeM. B psje ciydaeB HEOOXOIMMO pa3invaTh
MOJTHUIIBI CKOHCTPYHUPYeMbIX 00bekToB Ha 6asoBom ypoBHe IWorkSpaceObject,
no3TOMy B HHTepdeiice MPeayCMOTPEHbl COOTBETCTBYIOIIHE METOMBI IS
MOJTyYSHHUS TIOITUIIOB OOBEKTOB U MPUBEACHHS K HUM OOBEKTHBIX CCBUIOK.
Ab6crpakTabiii kiace 1KinematicSystemObject ciayxuT anst qoctyna K BHyTpeHHER
CTPYKTYpEe KHHEMAaTHYECKOHW CHCTEMbI, TMPEIOCTABISII METOJbl  MOJYYEHHS
OT/EJIbHBIX TBEPAOTEIbHBIX 3BEHHEB U KUHEMATHYECKUX COUJICHEHU:
e getNumberOfBodies()-> int
MOJYYHUTh YNCIIO 3BEHHEB
e getBody( kuid_t bodyID )-> IKSBody
HaWTH 3BEHO 110 UACHTU(DHUKATOPY
e createBodylterator()-> abstract_iterator<IKSBody>
CO3J1aTh UTEPATOP I 00X0/Ia 3BEHHEB
e getNumberOfLinks()-> int
MOJYYUTh YUCIIO COUTICHEHHUI
e getLink( kuid_t linkID )-> IKSLink
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HaWTH COYJICHCHHE IT0 I/IﬂeHTI/I(I)I/IKaTopy
e createLinklterator()-> abstract_iterator<IKSLink>

CO31aTh UTCpaTOp IJId o6xozxa COWJIEHEHUH
HpI/IBeI[eHHLIe METOABI IIO3BOJIAKOT BBIIIOJIHUTH 06XOZ[ 3BEHBEB W COYJICHECHHH
KMHEMAaTHYECKON CHUCTEMBI U NOJIYYUTDh HeO6X0)II/IMI)II7I JO0CTyIl K UX IMapaMeTpam.
Takas Oopranu3zanus Kjiacca nmpecjaeayeT cpa3dy HCCKOJIbBKO ueneﬁ. Bo-nemex, Mmory
OBITh 3aJaHbl ILCJICBBIC IIOJIOKCHHA 3BCHBCB CHCTCMBI, HeOﬁXOI[I/IMI)Ie 1A
(hopMupOBaHKS 3aPOCOB TUTAHUPOBAHUS IBHWKEHHSA. BO-BTOPHIX, yHpommaercs H
yHIpHUIHpYeTCS npoueaypa (hopmupoBanus MHOJKECTB JIOIyCTUMBIX
KOH(I)I/IpraLII/Iﬁ JUIA CJIIOXKHBIX KHHEMAaTHYCCKHUX CUCTCM. B-TpeTI;I/IX, CTaHOBHUTCS
BO3MO>XXHBIM HUACHTUPHUIUPOBATH KOH(UTypaIiH, NPHUBOISAIIHAE K
CaMOIIEpeceUeHIsIM  KHHEMAaTHYeCKHX  CHCTEeM. B-uerBepThlX, Onaromaps
BbIJICJICHHBIM a6CTpaKI_[I/ISIM 3B€HA U COYIEHEHHUs O00eCHEeYUBAETCA BO3MOYKHOCTH
pasBUTUA Cpeabl B HanpaBJICHUU MOAACPIKKHN CpC€acCTB (1)1/131/1‘-1601(01“0
MOICJIMPOBaHUA.

Puc. 2. Ilpumepor mooeneii manunynayuonnvix po6omog: IRB7600 « IRB14000
Fig. 2. Example manipulation robot models: IRB7600 « IRB14000.
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3BEHO KMHEMATHYECKOH CHCTEMBbI MPENOCTABICHO B CPeie aOCTPAaKTHBIM KJIACCOM
IKSBody. OH 103BOJSIET MOJYYHTH OCHOBHBIE ITapaMETPhl 3BEHA, TaKHE Kak
JIOKaJIbHAsl CHCTeMa KOOPAMHAT, Macca, [IEHTP MacC U MaTpHIa TeH30pa HHEPIUH.
Kpome Toro, oH mpemocTaBisieT BO3MOXHOCTh 00XO/1a TOYEK COUICHEHHS 3BEHA,
NpeJICTaBlAeHHbIX a0cTpakTHhiM Kiaccom IKSMarker. Touka counenenust (Wiu
MapKep) SIBISCTCS YHUKAIBHO HICHTUPHUIUPYEMBIM 00BEKTOM, aTPHOYTOM KOTOPOi
SIBIISICTCSI JIOKAJIbHAsI CUCTEMa KOOP/IMHAT, 3a/laHHas B Oa3uce 3BeHA.
Unrepdeiic kiracca IKSBody onpenensier ciieyronye BUPTyaabHbIE METOIbIL:
e getID()->uid_t
MOJYYUTh YHUKAIbHBIA HICHTUPHUKATOP
e getFrame()-> frame_t
HOJTYYHUTD JIOKATBHYIO CHCTEMY KOOPIHHAT
e getMass()-> float
IMOJYYHUTb 3HAUCHHUEC MACChI TCJia
o getCenterOfMass()-> vec3_t
MOJYYUTh KOOPJMHATHI [ICHTPA MAacC
e getlnertiaTensor()-> mat3 t
MIOJIYYUTh MaTPUILly TEH30pa HHEPLIUU
e createCollisionShape()-> ICollisionShape
MOCTPOUTD aJbTEPHATHBHYIO TEOMETPUUCCKYIO MOIEITh
e getMarkerCount()-> int
MOJYYUTh YUCIIO TOYEK COUTICHEHHUS
e getMarker( uid_t markerID )-> IKSMarker
HAWTH TOYKY COWICHEHUSI 110 UICHTUPHUKATOPY
e createMarkerlterator()-> abstract_iterator<IKSMarker>
CO3J1aTh UTEPATOP JUIsA 00X0/Ia TOUEK COUJICHEHHUS
Jl1st mpencTaBieHUs] KHHEMATHUECKHUX CBSI3eH MCTIONB3YeTCs aOCTPaKTHBIN Kiacce
IKSLink, gepe3 unTEpdEiic KOTOPOrO MOKHO MOTYYHTH JOCTYI K 3BCHBSIM H
TOYKaM COYJICHEHHUS KHHEMATHYECKOM rapbl. O}IHa N3 TOUCK COYJICHCHUS
paccMarpuBaeTcs B kKauecTBe Bemyiueii (Master), a npyras — Benomoii (Slave).
Nurepdeiic IKSLiNK Brirouaer B cebst clieayromnuii Habop METOIOB:
o getID()-> uid_t
MOJYYHUTh YHUKAIBHBIA UACHTH(GHUKATOP
e getMasterBodyID()-> uid_t
MOJYYUTh UICHTU(PHUKATODP BEAYIIETO 3BEHA
e getMasterBodyMarkerID()-> uid_t
TMOJIYYHUTh I/I}ICHTI/I(i)I/IKaTOp TOYKH COWICHCHHWA C BEAYIIUM 3BCHOM
e getSlaveBodyID()-> uid_t
MOJIYYUTh UACHTU(HHUKATOP BEIOMOTO 3BEHA
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e getSlaveBodyMarkerID()-> uid_t
TOJTYYHUTh I/I,Z[eHTI/I(i)I/IKaT Op TOYKH COWICHECHHUS C BEAOMBIM 3B€EHOM
e getConstraint()-> IKSConstraint

IMOJIYYUTh OTpaHUYCHUSL KUHEMATHYECKOM CBA3H

Hassanwue knacca / Yucno
CTeNeHer cBOOOABI

Hassanue knacca / Yucno
CTEINEeHER CBOOOIBI

Hassanwue kinacca / Yucio
CTelneHer cBOOOIbI

RevoluteJoint 1

PrismaticJoint 1

CylindricalJoint 2

InPlaneJoint 2

PlanarJoint 3

UniversalJoint 3

3

4

TelescopingJoint 4

Puc. 3. HeKomopbte Klaccovl KUHemamu4ecKkux ozpanuqeﬁmi
Fig. 3. Some classes of kinematic constraints.

CorjacoBaHHOE OTHOCHUTEJIBHOE IIOJIOXKCHHE 3BEHBEB KHHEMAaTHUECKOM mapsbl

OIpPCALIIACTCA  HAJOXKCHHBIMU aﬂrerqueCKHMH OIrpaHUYCHUAMU.

Jnsa  ux

NOJIy4eHHsT MOXKHO BOCIIOJIb30BaThCs BHUpPTyalbHeIM Merogom getConstraint(),
BO3BpAILAIONIMM CChUTKY Ha o0bekT Tuma IKSConstraint. JlanHblit aGcTpakTHBIH
KJacC TpexycMaTpuBaeT METO[bl, He0OXOIMMBbIE JUIS ONpENeNICHUsS MHOXKECTBa
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JOIYCTUMBIX KOH(UIYypanuid KHHEMAaTHYeCKOH Iaphl, a TaKke I INPOBEPKH
KOH(HI'Ypalliy HA COTIACOBAaHHOCTh C HAJIOXKCHHBIMH OTrpaHnueHusMU. Ha ocHOBe
OTpaHWYCHUH, IIOJNyYCHHBIX JUIi OTACJBHBIX KHHEMATHYECKHX Iap, MOXKHO
chopMHpOBaTH ~ MHOXKECTBO  IONYCTHMBIX  KOHurypammid  1ms  Bcei
KHHEMaTH4ecKoi cucreMbl. JlaHHas (yHKIUS €CTECTBEHHBIM 00pa3oM peanu3yeTcs
Ha ypoBHe 0a3oBoro kimacca |KinematicSystemObject.

B cocrtaB cpempl BKIIOYEHBI KOHKPETHBIE KIIACCHI OTpaHMYEHMH, CIy)Kallue I
3aaHKs OJBUKHBIX COSANHEHHUH C PA3IMYHBIM KOJMYECTBOM CTEIEHEH CBOOOIBI
Pa3IMYHBIMA KOMOHMHALMSIMH TOCTYMATENFHOTO M BPAIUATEIBHOTO JBHKCHHUS.
JaHHbIe KITACChl peanu3yroTcs Kak HaciaeAHuku OazoBoro kimacca IKSConstraint
(puc. 3).

3.2 lModcucmema Ans onpedesieHUsi CMOJIKHO8eHUU

CollisionDetector
}

< <interface>>
ICollisionTestlHandler

< <interface>>
ISpaceindexinterface

=

<<interface>>
ISpacelndexStructure

<<interface>>
ICollisionShape

< <interface>> <<interface>>
ISimpleCollisionShape ICompoundCollisionShape|
~ v
’
M = " -
-[ BoxCollisionShape ] \ ConvexHullDecomposition

~

\l AY
F{ SphereCollisionShape ] ‘[ KSCollisionShape

‘l CylinderCollisionShape
\
ConvexHullCollisionShape

\

* TBoundingVolume !

! TCompoundShape |
! _TSubShapeRef !
< <interface> >

BVH

=

e

-

- -

< <interfaces >
BVHSplitStrategy

TBoundingVolume — aabb t  §TBoundingVolume — oobb_f
yn

L}
AABVHMidpointSplitStrategy - < ap ~ —{OOBVHMidpointSplitStrateg
N
AABVHMediansSplitstrategy | 1 v ~ - OOBVHMedianSplitStrategy
’oa
.
AASAHSplitStrategy > DOSAHSplitStrategy

Puc. 4. Juacpamma xnaccos noocucmemvt onpeoeneHust CmoaKHOGeHULL
Fig. 4. Collision detection subsystem class diagram.
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Ioacuctema s OMpeACNCHUsS] CTOJIKHOBEHMI peann3yeTcs Kak 4acTh CPeabl U
OpEACTaBICHA KJIaccaMd Uil  3aJaHusl TCOMETPHMYCCKHX  MOJENeH  THIa
ICollisionShape, kaccamu mpeaCTaBICHHS OKPYKEHUS KaK KOMITO3UINH 00BEKTOB
U ux reoMerpuueckux wmomeneii — StandardWorkSpace u CollisionSpace
COOTBETCTBCHHO, a TaKkKe KIIACCOM pealn3aldd METOJOB  OMpPEACICHHUS
cronkaoBenus CollisionDetector.

K umcmy TmepBEIX OTHOCUTCS YK€ YINOMHHAeMBIM aOCTPaKTHBIA — KIlacc
reomerpuueckux wmoxeneit ICollisionShape, a Taxke Hacmemyemble OT Hero
KOHKpETHBbIC ~ KJacchl — reoMerpuueckux  npumutuBoB  BoxCollisionShape,
SphereCollisionShape,  CylinderCollisionShape, = kmacc ~ MHOrOrpaHHHUKOB
PolyhedronCollisionShape,  kmaccel  mpejicTaBieHHs — MOJMIOHAIBHBIX U

TPUAHTYJIUPOBAHHBIX CETOK PolygonMeshCollisionShape "
TriangleMeshCollisionShape, kmacc BBIMYKIBIX TOJHTOHATBHBIX — 000JIOYEK
ConvexHullCollisionShape. Oo6cyaum BOTPOCHI OpraHu3aiiu "

(I)yHKI_II/IOHI/IPOBaHI/IH MNOACUCTEMBI OTIPEACIICHUSA CTOJIKHOBEHHI OoJiee HOI[pO6HO.

3.2.1 l'eomeTpuyeckune moaenu

Ab6crpaxrasrii kinace 1CollisionShape npennasnaden uis onpeaeneHus uaTepdeiica
JOCTYIIA K albTePHATHBHOMY T€OMETPHUYECKOMY HPEACTABICHHIO 00BEKTa, KOTOPOE
CICAYeT HCIOIb30BaTh I OBICTPOTO OIPENCICHUs] CTOJKHOBEHHI B XOJe
HCIIOJIHEHHUsT  3aPOCOB  IUIAHHUPOBAHMS OBIDKCHUS. 3aMETHM, 4YTO aHHOE
IpEACTaBICHHE HE O0SA3aHO COBMANAaTh C OPUTHHAIBHON reoMeTpueil 00BeKTa.
[ToCKONIbKY HMICHTU(DUKAINAS CTONKHOBCHHUM SIBISIETCS BBIYHCIHUTEIBHO 3aTPATHOM
omepariel, a METOIbl IUIAHUPOBAHHS JBIKCHHS HCIONB3YIOT €¢ B KauecTBe
6a30BOii, B psZe CIydYaeB I[eIeCOO00Pa3HO YIPOCTHUTH TEOMETPHUYECKYIO MOJICIb
obbekra. Hampumep, oHa MOXeET OBITh 3aMEHECHA TMOJHTOHANBHBIM TPAHUYHBIM
OpEJCTaBICHHEM C  MEHBIIMM  YHCIOM  TpaHed  WIM  [PUMHTHBHBIMH
OTPaHUYMBAIONIMME 00BEMaMH, [Tl KOTOPHIX U3BECTHBI 3P PEKTHBHbIEC aITOPUTMBI
HepeceyueHHsI.

Nurepgeiic xmacca ICollisionShape mpeacraBien clieayronMMH BUPTYATbHBIMH
METOaMH:

e getObjectID()->uid_t
MOJy4uTh UaeHTH(HKaTop ucxoauoro oobexra (IWorkSpaceObject)
e getBoundingBox()->aabb _t
Noy4uTh orpannunBaronii AABB napamenenunen
e setTransform(uid_t bodylD, mat4_t bodyTransform)
NPUMEHUTH TPAHCPOPMALMIO K OOBEKTY € 3alaHHBIM HJICHTU(PHUKATOPOM
e getMargin()->float
MOJYYUTh  OLEHKY  TOYHOCTH  TEOMETPHUYECKOr0  IMPEJCTaBIICHHS

(MuHUMaNBHAs TOyOMHAa TIPOHMKHOBEHHS, MIPU KOTOPOW  CIexyer
UICHTH(OUIUPOBATH MTepeceueHrne 00BEKTOB)
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Puc. 5. Anomepnamusnvie 2ceomempuyeckue MoOenu COCMABHLIX MPEXMEPHBIX 0ObEKNO8:
OOBB-0epeso, AABB-0epeso, dexomnozuyuonnoe npedcmasnenue einykiblmu 0060104Kamu
Fig. 5. Alternative geometry models of compound 3D object: OOBB-tree, AABB-tree, convex

hull decomposition.
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IlockonbKy OOBEKT OKPYKCHHS W €ro TIeOMETPHYCCKHE MPeCTaBICHHS
B3aMMOCBSI3aHbl, TIpH OOHAPYXEHUH TMEepPEeCCUeHNH MOTrYyT OBITh  YKa3aHbI
KOH(IIMKTYIOIIHE OOBEKTHI, @ TAK)KE YTOUHEH XapaKTep UX MepeceucHHIA.

Cpena mpegoctaBisieT Habop TOTOBBIX K MCIOJIB30BAHUIO KIIACCOB TEOMETPHIECKUX
MoJelell, KOTOpble MOTYT OBITh BBIOpaHBI pa3pabOTYMKOM B  KadecTBE
AIIbTEPHATHBHBIX TPEICTABICHUH OOBEKTOB OKpYXEHHs. BO BHHMaHHEe MOTYT
NPHHUMATBCS. OCOOCHHOCTH IIEJICBOTO TIPHIIOKCHHUS, CIIOCOOBI TPEACTABICHUS
TPEXMEpPHBIX JAHHBIX, TpeOyeMas TOUYHOCTh JIOKAIH3al[MH CTOJNKHOBCHHM, a TaKKe
HUMEIOIIMECS BHIYUCIUTENbHbBIE PECYPCHL.

Kitaccel reoMeTpuuecKnX MOJENeH OpraHM30BaHbl B BHAC CIMHON HEpapXuH,
Hacnexyemoii ot 6asoBoro kinacca ICollisionShape. AGcTpakTHbIe KITacChl MPOCTHIX
u cocraBubix Mogeneir 1SimpleCollisionShape u 1CompoundCollisionShape
SIBIISIOTCS CICIHATU3ANUSIMEI 6a30BOTO M YTOUHSIOT €r0 METOJBL.

[IpocThie MOJETM TPEACTABICHBI KOHKPETHBIMH KIACCAMH T'€OMETPHYCCKUX
npumutuoB BoxCollisionShape, SphereCollisionShape, CylinderCollisionShape,
KJIaccaMu MHOT'OTPaHHHKOB PolyhedronCollisionShape,
ConvexHullCollisionShape u xmaccamu cerok TriangleMeshCollisionShape,
PolygonMeshCollisionShape. Kak mnpaBuigo, B KauecTBe ajbTEPHATHBHBIX
TEOMETPUYECKHX TPEICTABICHUM UCITONB3YIOTCS MOJNTOHAIBHBIE CETKH. | paHamu
TaKMX CETOK OOBIYHO SBIIIOTCS TPEYTONBHUKH, YETHIPEXYTOJIBHUKHA HITH JIPyTHE
NPOCTBIE MHOTOYTOJNILHHUKH, IS KOTOPBIX OIEpaliid B3aUMHOTO TIepecedeHus B
NPOCTPAHCTBE PEATM3YIOTCS OTHOCHTENIBHO IIPOCTO. Peannsanuy YHOMSHYTHIX
KJIACCOB MHOTOTPaHHHKOB ¥ TOJIMTOHATBLHBIX CETOK PacCUMTaHbl Ha Ooiiee oOmmit
CIydail M JIONMyCKAaloT 3aJaHue TpaHe B BHUIE HEBBIMYKJIBIX MHOTOYTOJBHHKOB H
MHOTOYTOJILHUKOB C JIBIPKaMH.

CocraBHble reomMeTpuieckre Mojenu npejacrtasiensl knaccamu KSCollisionShape
u ConvexHullDecomposition. IlepBsiii pealu3yeT COCTABHYI) I€OMETPHYECKYIO
MOJIeNIb  KMHEMAaTHYeCKOW  KOHCTPYKIMH, BTOPOH —  JCKOMITO3HUIIMOHHOE
Npe/CTaBIeHIE POU3BOJIBHOTO MHOTOTPAHHHKA HA OCHOBE BBIIYKIIBIX 000JI0UEK
[15].

FeomeTpuyeckas MOJENb BCEr0 OKPYKCHHUS PEATM3yeTCss KOHKPETHBIM KITaccoM
CollisionSpace. JlanHblii Kiacc MO3BOJISET BBIMOJHUTH 00XOJ MOJETIENH BCEX
00OBEKTOB, a TAK)KE CHHXPOHH30BATh MX C TEKYIIAM MPEACTABICHUEM OKPYKCHHUSI
KaK pe3yJbTaT Peakiliy Ha MPOUCXOMISAIINE B HEM COOBITHSI.

OO6HoBJIEHHs TeoMeTpruecKux Mojeel B kimacce CollisionSpace peamusyrores ¢
MIOMOIIBIO CIEYIOMIMX METOIOB:

e rebuild()
BBINOJIHSET ITOJIHOE OOHOBJIEHHE MO)ICJIefl JJIs1 BCEX 00BEKTOB OKPYKCHU
e rebuildObject( uid_t objectID )
OOHOBIISIET MOJCJIb 3a1aHHOI'O o0beKTa
e updateObjectState( uid_t objectID )
YCTaHaBJIUBACT MOJCIIb 00BEKTA B 3aJaHHOC ITOJIOKCHUEC
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e removeObject( uid_t objectID )
yAanseT 3aJaHHBIA 00BEKT

3.2.2 OnpepeneHne CTONIKHOBEHUN

OrmnpezeneHne CTONKHOBCHUH B CIIOKHOM MAcIITAOHOM OKPY)KCHHH MPEACTABIISACT
coboil  cepre3Hyl0 IpoOieMy. BbMHCIUTENbHAS — CIIOKHOCTH — ONPEACICHUS
CTOJIKHOBEHHH MOXET OBITh CYIIECTBEHHO YMCHBIICHA IPU HCIOIb30BaHHU
NPOCTPAHCTBEHHBIX MHAEKCOB. OCHOBHOE Ha3HAaYeHHWE WHICKCOB — JIOKAJIM3AIHs
NOTECHIMAJBHBIX CTOJKHOBEHHH 3a OTHOCHTENBHO HeOOJNbIIOe BpeMs Ha, Tak
Ha3pIBaeMoOW, MmMUPOKOH (aze. BrIABICHHBIE BO3MOXKHBIE CTOJKHOBEHHUS 3aTEM
AQHATM3UPYIOTCS. C MCHOJIb30BAaHUEM TOYHBIX M  BBIYHCIHUTENIBHO  CIIOXKHBIX
aNrOpuTMOB Ha y3Koil dasze. Tem campIM, MHUHHMH3HUPYIOTCS 3aTpaThl Ha
OMNpeNeNICHHEe CTOJNKHOBEHHH 3a CYET [ClIeBBIX HETAaTUBHBIX TECTOB Ha
nepeceyeHus, a TOYHBIC aJrOPUTMBI MPUMEHSIOTCS H30UPATENBHO TOJNBKO IS
BBISIBIICHHBIX MMap 00BEKTOB, HOMYCKAIOIINX IEPECCUCHHUSI.

Hdnst peamusai MOJO0OHOW CTpaTerWd TMOICHCTEMa MOAJCPKHUBACT JBa BHIA
OpPOCTPAHCTBEHHBIX  WHIACKCOB.  [IepBBIil  HCMONB3yeT  MPOCTPAHCTBEHHYIO
JICKOMIIO3HUIIHIO BCETO MOJCITHPYEMOTO OKPYKEHHS Ha OCHOBE PETyJISIPHBIX CETOK U
MO3BOJISICT BBIACIUTH MOTCHIUATIBHO NEPECEKAIONIHECS TPYINBI 00BEKTOB, KOTOPBIC
NPHHAUIKAT OJHUM IPOCTPAHCTBEHHBIM sueiikam [16]. JIpyroii Bua MHIEKCOB —
uepapxum orpaHuumBaroimux oovemoB (BVH) (puc. 5), xortopsie cTpositcs
WHIMBUIYAIbHO JUIA KaXIOH TeOMETPUYSCKOH MOJETH OOBEKTa M IO3BOJIIOT
BBIICIUTE MAapbl OOBEKTOB, DIEMEHTHl KOTOPHIX JOMYCKAIOT IepeceucHus. B
KayecTBE OrpaHHMYMBAIOMHUX 00beMOB 00brgHO npumensior AABB u OOBB
napawienenunens [17,18]. PaccMoTpum Bompochl peanu3alid ¥ HPHUMEHEHHS
WHJIEKCOB 0oJiee IO pOoOHO.

WHaekcsl NPOCTPAHCTBEHHOW —JEKOMIIO3UIMHM  CTPOSITCS  JUIL MOJENU  BCEro
okpyxenust CollisionSpace u peanusyrorcs wiaccamu ¢ ob0ummM uHTepdeiicom
ISpacelndexStructure. Jlauubiii uHTepdeEiic omnpenesseT METOABl MOCTPOCHHS,
HHKPEMEHTAIFHOTO OOHOBJICHUS W MIPUMEHEHHST MHIEKCA TPH MOUCKE ONIKaMIINX
coce/iel M JIOKAIM3AlMH CTOJKHOBEHHH HE3aBHCHMO OT aJIrOPUTMHYECKHX U
POTPAMMHBIX 0COOEHHOCTEH ero peanmsanuu. [loBemeHne HHIEKCA IETIETUPYETCS
cootBercTBytomeMy o0wsekty CollisionSpace, koTopslii mommep uUBacT €ro B
COCTOSIHHH COTJIACOBAHHOM C TEOMETPHYECKONM MOJENbI0 OKpYyKeHus.. Ilpu
M3MEHEHHSAX OKPY)KCHHS MHACKC aBTOMATHYCCKHU TIEPECTPABACTCS.

3anpock! MOMCKa CTONKHOBEHHUH BBIHECEHBI B OT/ICIBbHBIA aOCTpaKTHBIN HHTEpdeiic
ISpacelndexSearchlnterface, KOTOPBI HACJIEAYIOT oba KJacca
ISpacelndexStructure u CollisionSpace. 3anpocbl NpeacTaBiICHbI CIEAYHOIINMA
BUPTYaIbHBIMH METOJJAMHU:

e intersectionTest( ICollisionShape object, function<bool(ICollisionShape
neighbour)> callback )-> bool

yCTaHaBIMBaeT (pakT mepecedeHust 3aJaHHOTO 0OBEKTa C OKPYKEHHEM
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e clearanceTest( ICollisionShape object, function<float(ICollisionShape
neighbour)> callback ) -> float
OCYIIECTBIIIET MOWCK KpaTYalIIero pacCTOSHUS MeEXIy 3aTaHHBIM
00BEKTOM H OKpPYKECHHEM
Meron intersectionTest ocymiecTBIsIeT MOKCK OOBEKTOB, KOTOPHIE MOTEHIIHAIBHO
TIEpECceKaroTCa C 3aJaHHBIM. Pe3yibTaThl MOMCKa BO3BpAIIAIOTCS depe3 (yHKIHIO
00paTHOTO BBI30Ba, B KOTOPOH BBIMTOIHAETCA TOYHOE NIEpeceueHe TeOMETPHIECKUX
Mojeneil. DTO TO3BOJIIET BBI3BIBAIOIIEMY KOIY MIPEpBaTh OIEPALHI0 IIPH
OoOHapy>XeHHH TIEPBOTO MEpecedeHUs] M TOBBICUTH I(PPEKTHBHOCTH HCIOTHEHHUS
3ampocoB. AHaNOTHYHBIM 00pasoM Mertoj clearanceTest mpuHHUMaeT B KauecTBe
BXOJIHOTO TMapaMeTpa (QYHKIHMIO TOYHOTO OIpEIETCHUS pPAcCTOSHUS MEXIy
00BbekTaMu. [IpoOMEKyTOUHBIC PE3YJBTATHl HCHOJB3YIOTCSA JUIS TUHAMHYCCKOTO
YMCHBIIICHUS pajiiyca MOUCKA U UCKJIFOUCHHS BBI30BOB BBIUHCIUTEIBHO CIOXKHOM
omepanuu Uil OOBEKTOB, DACIOJIOKCHHBIX Ha 3HAYMTENLHOM YIAJICHUU OT
3aJaHHOT'0 U HC BJIIMAOIIUX Ha KOHEYHBIN pe3yiibTar.
Pa3paboTurky mnpenocTaBisieTcs BO3MOXKHOCTh HCIIOJIb30BaTh ajbTEPHATHBHBIE
pcajim3aigu  MPOCTPAHCTBEHHBIX HWHACKCOB, OCHOBAaHHBIX Ha OKTOACPEBLAX
(OcTree), oxromepeBbsix ¢ penakcanueit rpanui; (LooseOcTree) [19] wu
COPTHUPOBAHHBIX CIHCKaX orpaHuyuBaroinx oovemoB (SeepAndPrune) [20]. Ipu
HEOOXOMUMOCTH  pa3pabOTYMK MOXKET pealii30BaTh COOCTBEHHBIE METOIBI
MPOCTPAHCTBECHHOH JIOKAIN3AIINH O0OBbEKTOB M ONPEACICHAS CTOKHOBSHHUH C YIECTOM
0COOEHHOCTEH pemaeMbIX IPUKIIaIHBIX 3a1a4.
3a peammzamuio y3Kod (a3l ONpeNeNIeHHs CTOJIKHOBEHHH OTBEYaeT KIIacc
CollisionDetector. O obecrneynBaeT perucTparuio 00pabOTIYMKOB CTOJKHOBEHHM
U Ka)XKIOW Taphl TEOMETPUYECKAX MOJENeH, MCIIONB3YEeMBIX B IPEICTaBICHUH
00bekToB okpyxenus u umeronmx tun CollisionShape. Ucnons3oBanue asst 3Toro
XOMI-Ta0NUIBI C KJIIOYOM B BHIE MApbl HIACHTUPHUKATOPOB TCOMETPHUUICCKUX
MoJIeJiell MO3BOJISIET YCKOPHUTh MOUCK U NMPUMEHEeHHe 00pabOTYMKOB MPH aHAIIU3E
OKPYXEHHS, COCTOSIIIIETO W3 PA3HOTUMHBIX 00bekTOoB. Camm 00paboTuuku
HacienayroT obmuit uarepdeiic 1CollisionTestHandler:
e getKey()-> unique_pair<type_index,type_index>
MOJYYHTh YHUKANBHBIA KITF0Y 00padoTInKa
o intersect( ICollisionShape firstObject, ICollisionShape secondObject ) ->
bool
BBIIIOJTHUTH MTPOBEPKY Mapbl 0OBEKTOB HA IIEPECCUCHHE
o distance( ICollisionShape firstObject, 1CollisionShape secondObject ) ->
float
HAWTH pacCTOSTHHUE MEXIy O0BEKTaMHU
O6o6mennast  peammsamust ~ CollisionDetector — mosBonser  pa3paboTduky
MOAACPKMUBATH B IIOACUCTEME OIIPCACIICHUA CTOJKHOBEHUH cOOCTBEHHBIE
TCOMETPHUUCCKUE MOJCIN U PETUCTPUPOBATE IJII HUX COOTBETCTBYIOIIUEC (pyHKHI/II/I
TIepeceUeHrsl W OIpEICIICHUs] PacCTOSHUS. Peanmm3anus DaHHBIX (QYHKIWA Ui
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ONPC/IEICHHBIX THIIOB I'€OMETPHYCCKUX OOBCKTOB HMMEET CBOM OCOOEHHOCTH.
Hanpumep, Kiacchl MHOTOTPAHHHKOB, INOJUTOHANBHBIX W TPEYTOJBHBIX CETOK
HOMHMO  BHYTPEHHETO  MPEACTABICHHS  arperupyloT  BCIOMOTATENbHBII
[POCTPAHCTBEHHBI HMHACKC B BHJAC HEPApXHU OTPAHHYMBAIOIIMX OOBEKTOB,
peamusyemoii mrabiaonHbiM Kiaccom TBoundingVolumeHierarchy. Uepapxuu
OrPaHUYMBAIONINX 0OBEMOB CTPOSTCS SAUHOXKABI IPH KOHCTPYHPOBAHHH OOBEKTOB.
Ilpu u3MEHEHHH TMONOXKEHHS OOBEKTOB HET HEOOXOMUMOCTH IepecTpanBaTh
HepapXUH 3aHOBO, MOCKOJIBKY MPHU JIOKAJIU3AINHN CTONKHOBEHHH COOTBETCTBYIOIINC
TpaHCHOPMALMK MOTYT MPUMEHATHCS HEMOCPEACTBEHHO K OrPaHHYUBAIOIINM
obvemam. st TepecedeHMs BBIMYKIBIX MHOTOIPAaHHHKOB, @ TaKXKe€ OICHKH
BO3MOJKHOM TIJIyOMHBI NPOHHKHOBEHMSI IPHUMEHSCTCS AJITOPUTM PAaCLIMPEHHBIX
nosuronoB [21], sBnsrommiics pasBUTHEM W3BECTHOTO amroputMa [ 'mibepra-
Jlxoucona-Kepru [22].

3.3 Mogenupyemoe OKpyXeHue

Konkpernsiii kinacc StandardWorkSpace mnpemocraBisier THIIOBYIO pealiH3aildio
MO/ICTIUPYEMOT0 OKPYKEHHUsI C UCTIOIH30BAHHEM TaKUX 00BEKTOB KaKk TBEPJOE TEJO,
cBoOoaHO mBmkymieecss B mpoctpanctBe (FreeFlyingObject), mammna Ipto0ounca
[5] (DubinsCar) u Punca-Illenma [6] (ReedsSheppCar), kunemaTwueckas Lelb
(KinematicChain). HWcmonp3yemass B kmacce StandardWorkSpace ¢abprika
00BEKTOB MO3BOJISET Pa3pabOTUUKY J00ABIIATH peaIU3al[ii HOBBIX TUIIOB OOBEKTOB
MU, TeM CaMbIM, pACIIUPSITh BO3MOXKHBIC TIOCTAHOBKH 3a]a4 [UIAHHPOBAHUSI
nBkeHus. [IOCKONMBbKY KJIacC TPEACTABICHHS MOJICITUPYEMOTO OKpPYXEHHS
Hacmenyercsi ot |IWorkSpace, Bce peamusyembie cpemoil (GYHKIWH, BKIHOYAs
METO/Ibl [UIAHUPOBAHUS JIBHKCHUs, DPACIPOCTPAHSAIOTCS M HA HOBBIC THIIBI
00BEKTOB.

4. NMakem knaccoe DiscreteSpace

B ocHOBe 0OJBLIMHCTBA METOMIOB IJIAHUPOBAHUS JIBHXKEHHS JIGKHUT UACS PELYKLIUH
HCXOHOW BBIYUCIUTEIBHO CJIOKHOW 3aJa4yM K 3ajade MoMcKa Mapuipyra B rpade,
pa3pernMoii H3BECTHBIMH aIrOpUTMaMu JIeHKCTphbl Win A* 3a mpueMiieMoe BpeMst
[2,23]. Bepiuunam rpada craBsaTcs B COOTBETCTBHE TOUKU B PabO4eM MPOCTPAHCTBE
OKPY)XEHUsI WM B KOH(UIYypalMOHHOM IPOCTpaHCTBe OOBeKkTa, a pebpam —
OeCKOH(MIIMKTHBIE MEPEeXoIbl MEXIY TOYKaMH. JJeMeHTaM rpada MOryT ObITh
NPUITHACAHBIl JOTIOJIHUTEJIFHBIE AHHBIE O CTOMMOCTH IEPEX0JI0B, PACCTOSHHUAX JI0
NPEeNITCTBUHA  OKPYXKEeHHs, 00 YCHNEIIHbIX MM HEYCHEIIHbIX IpeleeHTax
nepeMelieHHs HEKOTOPbIX 00BEKTOB U T.II.
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Fig. 6. DiscreteSpace class diagram.
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OCHOBHBIM Ha3Ha4YCHHEM TMakKera KiaccoB DiscreteSpace smisiercst 3amaHue
yCIIOBUH M penieHue 3amad Teopun rpaduu. OO00mEHHbIe peann3alii KIaccoB
MO3BOJISIIOT MCHOJIB30BaTh UX B KayecTBe 0a30BBIX MPH CHELHaIn3aliu rpaoB B
BU/ie OBICTPOpACTYIIMX JEpeBbEB W  MapUIPYTHbIX cereil. Tem cambIM
00eCTeYnBaeTCs BO3MOXKHOCTH MHOTOICJICBOTO  HUCIOJIb30BAHHS IaKeTa JUis
npejcTaBicHUs rpadoB ¥ MPOrpaMMHON pealu3aluy aarOpUTMOB MOUCKA MyTeH B
HUX. B yacTHOCTH, cpefia MPenoCTaBIsIeT TOTOBBIC K UCIIOJIB30BAHUIO KJIACCHI JUIS
MPEJICTABJICHUS TAKMX MAaTEMAaTHICCKUX OOBEKTOB KaK JIEPEBO, JIEC U MapIIPyTHAS
ceThb. OOCYIUM HX peau3alliy B BUJIC IA0IOHHBIX KJIACCOB 0ojee MoApoOHO.

4.1 OepeBbs

JepeBrs mpencTaBiieHs! Ma0IOHHEIM KilaccoM 1ree<TData> c¢ mapamerpuzyemMbIM
TunoM y3nos. Kitace peanusyer 6a3oBbIe onepanuy, HEOOXOAUMBIE IS TIOCTPOESHUS
¥ MOI(HKAIIN 1€PEBBEB:
e createNode( Node parent )->Node
cOo37aTh HOBBIH y3€e1 JepeBa
e deleteNode( Node node )
yAAJIUTh y3e1 JepeBa
e moveNode( Node node, Node newParent )
MIepEeHeCTU BETBb JiepeBa
e rotateTo( Node node )
Pa3BEpHYTH AEPEBO OTHOCHUTEINIFHO y3i1a node
e randomNode()->Node
BBIOpaTh CIIy4aiHbIil y3en JepeBa
IIpuBeneHHBIE oOmepanMy yHaJIeHUS Y3JIOB M IepeHOoca BETBEH HEOOXOAMMBI, B
YACTHOCTH, JUIS TIOCTPOSHHUS ONTUMAJBHBIX yTeit RRT* anropurmom [24].
B npyrux cmywasx, Hampumep, npu peannzaiun RRT u RRT-connect anroputmos
[25,26], onepammu TpaHchOpMaIMK HE TPEOYIOTCS M CTPYKTypa MpPEACTABICHHUSI
JepeBa  MOXKET OBITh  CYIIECTBEHHO  YIPONIEHa 3a CYeT  XPaHCHHS
OJTHOHATIPABJICHHBIX ACCOLMAIMHA Y3J7I0B Ha POXUTENICH M MCKIIOYEHHUS OOpaTHBIX
accormanuii. [lomoOHBIH KOMITAaKTHBIH CIIOCOO TPEINCTAaBICHHS JepeBa C
HeoOXonnMbIM ~ HabopoM  0a30BBIX  omepanmuid  peaym3yeTcs B Kiacce
SimpleTree<TData>.

4.2 Jlec pepeBbLEB

Jis peanm3any HEKOTOPBIX AITOPHUTMOB COMIUIMPOBAHUS TPEOYIOTCS ONEpaIiuu
HaJl MHOXKECTBOM JiepeBbeB. I 3THX meJel B cpelie MPeayCMOTPEH IIaOJIOHHBIH
KJ1acc Forest<TData>, arperupyrommi KOJUTCKITHIO YHUKaJIHHO
UACHTUQHUINPYEMBIX IepeBbeB kiacca ForestTree<TData>. Ilocnennuii spnseTcs
HaCJIETHUKOM PacCMOTPEHHOTO BhIlIe Kinacca Tree<TData>. Knacc mpencraBnenust
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Jeca peanmsyer crenU(UUIECKHe Olepalud pasbHeHHs M CIHSHHS JICPEBbCB,
HEOOXOAMMbIE, B YaCTHOCTH [ pEalH3allid AIrOPUTMOB C OTJIOKEHHON
Bepudukarnueit pedep [27]. UnTepdeiic kmacca BKIFOYAET CIICMYOIHE METOIBL

e findTree( uid_t treelD )-> ForestTree
HAWTH IEPEBO 10 YHUKAIEHOMY HIACHTH(DUKATOPY

e createTree()-> ForestTree
CO31aTh ACPEBO

e deleteTree( ForestTree tree )
YIQIUTh AEPEBO

e insertEdge( ForestTree sourceTree, Node sourceNode, ForestTree
targetTree, Node targetNode )
BBITIOJIHUTH CIUSTHHE JepeBbeB SourceTree u targetTree myrem coszmanus
pebpa, Beaymiero u3 y3na sourceNode B y3en targetNode

o deleteEdge( ForestTree sourceTree, Node node )

BBIMIOJIHUTh pa3OuMeHHe JepeBa SOUrceTree myrteM ynaneHus pedpa,
Beaylee B y3en node

4.3 MaplpyTHble ceTu

Jis  TmOCTpoeHMs MapLIpYTHBIX ceTell mpenHa3HaueH IIaOJIOHHBIN  Kiacc
TRoadmap<TVertexData, TEdgeData>, arperupyiomuii KOJUIEKIUH BEPUIMH U
pebep cootBercTByMOMmMX KiaccoB TRoadmap::Vertex u TRoadmap::Edge. B
Ka4eCTBEC MapaMeTpOB mabJjoHa BBICTYIAIOT IIOJIb30BATCIbLCKHUEC THUIIBI JIaHHBIX,
KOTOPBIC UCIIOJIB3YIOTCA JId NPCACTABICHUA anI/I6YTOB, NPUITMCAHHBIX BEPIIMHAM
u pebpam. Jlanueiii ximacc TRoadmap peanusyeT OCHOBHbIE —OIEpAallHH,
HEOOXOTUMBIE TSI TOCTPOCHHS U MOAH(DUKAIINN MapIIPYTHBIX CETEH:
e createVertexlterator()-> iterator<IRoadmapVertex>
CO34aThb UTCpaATOp JIA 06x0;[a BEpUINH
e createEdgelterator()-> iterator<IRoadmapEdge>
co37aTh UTEpaTop it 06xona pedep
e createVertex()-> Vertex
CO3/1aTh BEPIINHY
e createEdge( Vertex firstVertex,Vertex secondVertex )-> Edge
co3zath pedpo
o deleteVertex( Vertex vertex )
YIQIUTh BEPIIMHY
e deleteEdge( Edge edge )
yAaIuTh pedpo
e updateEdgeCost( Edge edge, 1Cost cost )
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YCTaHOBHUTH BeC pedpa
e createPath()->TRoadmapPath<Vertex>
€03/aTh IyTh

o clear()
OYHCTHUTB CTPYKTYPY

[IlabnoHHBIEe KJAcChl MapIIPYTHBIX CETEH M 3JIEMEHTOB CeTH HAaCIeAylTCs OT
coOoTBeTCTByIOIMXCs ~ abcTpakTHeix  KinaccoB IRoadmap, IRoadmapVertex,
IRoadmapEdge. B koneuHOM cueTe, 3T0 00eCIIeYnBaCT BO3MOXKHOCTD 0000IICHHOM
peanu3alyi aarOpuTMOB IUIAHUPOBAHMS [BIDKCHHS HAa YpPOBHE abOCTPaKTHBIX
KJIaCCOB HE3aBUCHMO OT CIIOCOOOB HPEACTABICHHS ceTeil 1 0COOEHHOCTEH HOCTYma
K UX arpudyram.

4.4 NcuncneHue CTOMMOCTM

B 3ajmayax mnoucka ONTHUMaJbHBIX IyTedl OOBIYHO pedpaM MapUIpYTHOH ceTH
MPUIUCHIBAIOT Beca MM CTOMMOCTH MEPEeX0J0B MEXAY CMEXHBIMM BepIIMHAMU. B
3aBHCUMOCTH OT IPUKIAJHOW IOCTAHOBKM CTOMMOCTh IIEPEXOJ0B MOXKET
OTIPEZICTATh pa3Hble KPUTEPHUHX MONCKA. B OONBIIMHCTBE CiiydaeB pemiaercs 3aaada
MOMCKAa HaWmKpaTdaimero mapmpyra B pabodeM NPOCTPAHCTBE, a CTOUMOCTB
MEepexoZoB — JUIMHA MapIipyTa MEXIy TOYKaMH pabodero MpoCTpaHCTBa,
COOTBETCTBYIOLIUMH BEPIIMHAM CETH.

B npyrux cmydasx pemaroTcs 3aJadd MapIIpyTH3alUd C Y4€TOM HHBIX, B TOM
YHClie MHOXECTBEHHBIX KpuTepueB. Hampumep, B pabote [28] craBurcs 3amava
MapIIpyTU3alud 00BbEKTa, B KOTOPOH MPEANIOYTEHHE OTNAETCS MOCTYHATSILHOMY
JBIKCHHIO W MHHHMHU3HMPYETCS BpallaTelbHas cocTaBisiomas. B paborte [29]
paccMmarpuBaeTcsl 3a7ada IMoMcKa 0e30MacHBIX MaplIpyToB, Hanboliee yaaleHHBIX
OT NPEMSATCTBUNA OKPYKEHUSL.

Jns yaudukanum crnocoOOB 3aaHusi KpUTEPUEB ITOMCKA B CPEAe MPETyCMOTPEHbI
COOTBETCTBYIOIINE KIIACCHI ANl NPEACTaBICHUS M HMCUYUCIEHHUS CTOUMOCTEM.
[peamnornaraercs, 4T0 CTOMMOCTH MpEACTaBUMBbI abcTpakTHBIM Kiaccom |Cost, a
abcrpaktHeiil Ki1ace 1CostSpace omnpepensier cUrHaTypsl onepanuii HaJl HUMU:

e null()->ICost
MOJYYHUTh HYJIEBOC 3HAYCHUC CTOUMOCTH
e equal(ICost a, ICost b)->bool
OIepaTop paBCHCTBA
e less(ICost a, ICost b)->bool
OIIepaTop CPaBHEHUS
e add(ICost a, ICost b)->1Cost
OIepaTop CIOKEHUA

Cpenoit nomyckaercst 3aJjaHie yCJIOBHH MHOTOKPHUTEPHAILHOTO MOWCKA, IO3TOMY
abctpakthHele kmaccel 1Cost u  1CostSpace yTOYHSAIOTCS COOTBETCTBYIOIIMMHU
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KjgaccaMu s omepauui  Hany ckanspHeivu - Beamdubamu - (ISimpleCost  u
ISimpleCostSpace) wu  BekrtopusiMu  BenmumbHamu  (ICompoundCost u
ICompoundCostSpace). Ilepsas mapa KiIaccoB peanusyeTcss B BHIEC IMabGIOHOB
TSimpleCost<TValue> wu  TSimpleCostSpace<TValue>, mapamerpusyeMsix
KOHKPETHBIM THUIIOM CKaJ’IHpHOﬁ HepeMeHHOﬁ. BTOpaﬂ rnapa peajin3yceTcda B BUIC
1a0JIOHHBIX KOpTexein TCompoundCost<TValues...> u
TCompoundCostSpace<TValues...>. Tlpu stom B kiacce TCompoundCostSpace
MpeayCMOTpEeHa BO3MOXKHOCTD 3a/IaHNA 6I/IHapHOFO OTHOIICHUA TOMHUHHUPOBAHUSA T10
HapeTo nin CneﬁTepy. Z[aHHLIe OTHOIICHUA PCATMUIYIOTCA COOTBCTCTBYIOIIUMU
wraccamu ParetoDominanceRelation u SlaterDominanceRelation ¢ o6mim
uaTepdeiicom IDominanceRelation.

4.5 MapwpyTtusartopbl

AJITOPUTMBI TIOUCKA ITyTeH PEANU3YIOTCS B KOHKPETHBIX KIIACCaX, HACIEAYEMBIX OT
abctpaktHoro knacca IRoadmapPlanner u momy4arommx JOCTYN K 3aJaHHOM
MapuipyTHOi cetm 4epe3 ero accoumanuto Tuma IRoadmap. Iloumck
ocymectBisiercs ¢ momompio Meroaa findPath( IRoadmapVertex initialVertex,
IRoadmapVertex goalVertex, IRoadmapPath path )-> bool.

Jnst peanu3anyuy 3BPUCTHYECKUX ATOPUTMOB NpeJHA3HAYCH a0CTPaKTHBIA Kiacc
IHeuristicRoadmapPlanner, kotopsiii siBisieTcs crienuain3aiueil 6a30Boro Kiacca
IRoadmapPlanner u gononuutensHo arperupyer obdbekt tuma |CostSpace mms
3aJJaHus] HSBPUCTUYECKON (PYHKIIMHU TPUOPUTU3AIINHI BEPIIHH.

Cpena mpeaocTaBiseT peali3aldil HECKONBKHUX MOMYJISPHBIX aJrOPUTMOB MOUCKA
nyTel, KOTOpble MPEICTaBICHbl KOHKpeTHbIMH Kiaccamu Dijkstra (amropurm
Hetikctpsr [23]), AStar (anroputm A* [23]), LPAStar (anroputm LPA* [30]) u
DStarLight (axroputm D*-light [31]). Tem caMbimM pa3paboTIHKy MPEIOCTABIACTCS
BO3MOXHOCTh BBIOOpa alrOpPUTMa MapIIPyTHU3ALNH, HAHOOJEe MOMXOIIIETO TS
peliaeMbiX TPHUKIAAHBIX 3a7ad W TNPUMEHSIEMBIX METOJIOB IUIAHUPOBAHUS
JIBYDKEHUSL.

Jnsi TnaHupoOBaHWS B JAWHAMHYECKHX MAapIIPyTHBIX CeTsx kiacc TRoadmap
peanu3yeT MexXaHU3M omoBelleHus Habmonareneii Tuna IRoadmapObserver. Cam
MEXaHU3M OMOBEUICHUS Pean3yeTcss B KOHKPETHBIX KIACCax MapIlpyTH3aTOPOB,
HacrmenyeMbix oT 0OazoBoro |RoadmapPlanner, kotopsiii B CBOIO oOdYepens
Hacienayercss oOT wuHTepdeiica Habmogarens IRoadmapObserver.  Tanubrii
uHTepdeiic omnpepenseT CIEAYION[Me METOIbl pEeakIud Ha H3MEHEHHUs B
MapUIpyTHOU CETH:

e onAfterVertexAdded( Vertex vertex )
no0aBiieHa HOBas BEPIIUHA

e onBeforeVertexRemoved( Vertex vertex )
BEpIIMHA OyJeT yaaieHa

e onAfterEdgeAdded( Edge edge )
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no0aBIeHO HOBOE pedpo

e onBeforeEdgeRemoved( Edge edge )
pedpo OyneT yaaneHo

e onAfterEdgeCostChanged( Edge edge )
W3MEHUIICS Bec pebpa

e onBeforeClear()
CTPYKTypa OyzeT ounIicHa

JlaHHBIE METO/IbI PEANTN3YIOTCS] B KOHKPETHBIX KJIACCaX MapIIPyTU3ATOPOB C YIETOM

xapakTepa m3MmeHenuil. Hampumep, B anmropurmax LPA* u D*-light B kauectse
peakIny Ha M3MEHEHHE Beca peOpa OOHOBISIETCS MPHOPUTETHASL OYePe (b BEPILIHH.

5. lMNakem knaccoe StateSpace

Iox cocrosHMeM mwin KoH(QUrypalmed oObeKTa IOHUMAaeTcs HaOop 3HAYCHUI
NapaMeTPoB, OJHO3HAYHO ONPENCISIOIINX IOJOKEHHE BCEX TOUYCK  ero
TEOMETPUYCCKOH MOJENH B TPEXMEPHOM MPOCTPAHCTBE OKPYKeHHUA. OOBIYHO
UCIIONB3YeTCsl MUHUMAIIBHBIA Ha0Op MapaMeTpoB, COOTBETCTBYIOIIUHA KOJIUYECTBY
cTeneHeil cBo0O bl 00BEKTa U ONPEACISAIONINN KOHPUTYPAIIOHHOE MPOCTPAHCTBO
oObekTa. 3ajaya IUIAHUPOBAHUS MYTH (QOpMYNIUpYyeTcsl Kak 3afada MOCTPOSHHS
0ecKOH(IMKTHOI HENpephIBHON TPAEKTOPUU B KOH(PUTYPAIIOHHOM HPOCTPAHCTBE
00beKTa, KOTOpas COCOUHSET 3aJaHHYI0 Iapy TOYEK, COOTBETCTBYIOLIMX €ro
HavyallbHOMY U KOHEYHOMY COCTOSIHUIO.

KoHpurypanumoHHoe TpPOCTPAHCTBO, AOIYCTUMOE  COCTOSIHUE, TpaeKTOpus,
reHeparop KOHGUIypaluid, IUIAHUPOBIIMK M BepUPHUKATOP TpaeKTOpuil —
KJIIOYEBbIE MaTeMaTHuecKre aOCTPaKIMHU, KOTOPbIE MOJI0XKEHBI B OCHOBY CPEJICTB
IUIAHUPOBAHUSI JBIDKEHUSI B COCTaBe OOBEKTHO-OPHEHTHPOBAHHOW  CpEbl.
IogoOHble  aOCTpaKkUMM IPEACTABICHBl COOTBETCTBYIOLIMMH  KJIAacCaMH |
unrepdeiicamu  IStateSpace,  IState,  ISampler,  IProbabilisticPlanner,
TSteeringMethod<TState>. OO6cyauM 0COOEHHOCTH UX peanu3alu  Ooliee
mopoOHO.
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5.1 KoHehucypauyuoHHbIe npocmpaHcmea

Boigenenne — aOCTpakumii  KOH(GHIYPalMOHHOIO  IPOCTPAHCTBA W TOYKH
MPOCTPAHCTBA U HMX MpPEJCTaBICHHE B CPele COOTBETCTBYIOIIMME uHTepdeiicamu
IStateSpace u |State 00yCIIOBJICHBI HEOOXOIMMOCTBIO MOIACPIKATh
aNbTEepHATHBHBIE CIIOCOOBI 3aMaHusl 0000IIEHHBIX KoopauHaT o0bekTa. Hampumep,
TBEpPAOE TEJ0, CBOOOAHO JABMKYIICECS B TPEXMEPHOM IPOCTPAHCTBE, UMEET LIECTh
cTeneHeil CBOOOMBI, COOTBETCTBYIONIMX IOCTYMATENbHOMY M BpAIATEIbHOMY
JBIOKeHUI0. bonee clioxHbIe 00BEKTHI MOTYT UMETh OOJIbIIICE KOJMYECTBO CTCIICHEH
cBoOONBI. Hampumep, cOCTOSHUE MaHHUMYJSIMOHHOTO POOOTa MOXKET 3a]aBaThCs
MHOTOMEPHBIM BEKTOPOM, 3JIEMEHTHI KOTOPOTO OMPENCIISIOT YTJbl MOBOPOTA BCEX
€ro TMOJBWXHBIX IIApHHUPOB. [IpM 3TOM BaXXHO OOCCICYHUTH BO3MOYKHOCTH
0000IIICHHOW pean3aluyl aIrOPUTMOB IJIAHUPOBAHUS JBWXKCHUS U, B YACTHOCTHU
MOMYJISIPHBIX COMILUIHHT aJITOPUTMOB, 0€3 KaKOH-IMOO KOHKPETH3AIMK SBHBIX WIIH
HESBHBIX CHOCOOOB 3amaHuWs OOOOIIEHHBIX KoopawHAaT oOBekTa. HWHTepdeiic
IStateSpace ompenenser HeOOXOAUMBIN IS 3TOTO HAOOp METOMIOB!

e getSpaceDimension()->integer
BO3BpAIacT Pa3MEPHOCTh KOH(PUTYPAIIMOHHOTO MIPOCTPAHCTBA
o distance( IState first, IState second )->real
BO3BpAIL[aeT 3HAYCHUE PACCTOSIHUS MEXAY KOHPHUTYpaIUIMHU
e interpolate( IState start, IState end, real time )->IState
BO3BpAIIACT HMHTCPIOJHMPOBAHHYKO TOYKY IIO SaI[aHHOﬁ HaYaJabHOH M
HeneBoit koupurypanuu u napamerpy time € [0; 1]
e isFree(IState state)->bool
BepUGHUIUPYET 33JaHHYI0 KOH(PHUTYPAIHIO
o isFree(IState state)->(bool,float)
BepudUIMpyeT 3aJaHHYI0 KOHQHUIYypalMi0O M BO3BpAllaeT 3HAYCHHE
paccTostHUS 10 ONMKAHUIIero MPensTCTBUS
e getSteeringMethod()->1SteeringMethod
MPEJOCTABIIET JOCTYII K Bepu(UKaTopy myTeit
e getCostEvaluator()->1CostEvaluator
MNpeAOCTABIIACT AOCTYIl K BBIMUCIUTEIIFO CTOUMOCTH ABUKCHU S
e createUniformSampler()->1Sampler
CO3/1aeT TeHepaTrop KOH(QUTYpaIMii, pPaBHOMEPHO paclpe/eieHHBIX B
3a/TaHHOM 00JIaCTH

BOHpOCBI MPUMEHCHUA NAHHBIX METOAOB IIPpU pE€aIM3allui COMIUIMHI aJITOPUTMOB
MOIPOGHO OOCYKTAIOTCS B CIEAYIOMINX pasjenax. B qaHHOM pasjerne 0CTaHOBUMCS
Ha Crenuanu3anusax 6a3oBoro kiacca IStateSpace, B yacTHOocTH, Ha aOCTPAKTHBIX
kiaccax  ISimpleStateSpace u  ICompoundStateSpace, cinyxamux s
OmpejieJieHUsl MPOCTBIX W COCTaBHBIX KOH(purypauuit. B  omimume ot
ISimpleStateSpace, xmacc ICompoundStateSpace mpeamosnaraer — 3agaHue
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KOH(HI'YPalMOHHOTO IIPOCTPAHCTBA COCTABHOI'O OOBEKTA KaK NPSIMOIo JAEKapToBa
NPOU3BEICHHS  IPOCTPAHCTB  COOTBETCTBYIOIIMX  YacTeH. Brigenenue
NEePEYHCICHHBIX a0CTpakuuil MMo3BOJseT YHH(GULIUPOBATH OCHOBHBIC OIEpallHU
aHanM3a KOHQUrypanmuid, a TakkKe YIOPOCTHTh NPOLEAYypy HX 0OpaTHOro
npeoOpa3oBaHus B paboyee TpeXMEPHOE NPOCTPAHCTBO.

ICompoundStateSpace KOHKPETHU3UPYETCS KJIaccaMH, OTIpEIeIIAFOIIMH
KOH(QHI'YpalMOHHOE IPOCTPAHCTBO KaK IPOW3BEICHUE (HKCHPOBAHHOTO U
MEPEMEHHOTO yucia OIIePaHIOB: TPairStateSpace<TSpacel, TSpace2>,
TTupleStateSpace<TStateSpace...>, VectorStateSpace.

Hampumep, KOHGUrypallMOHHOE MOPOCTPAHCTBO TBEPAOTO Tena, CBOOOJHOE
JBWKCHHE KOTOPOTO B TPEXMEPHOM MPOCTPAHCTBE OMpenesieTcss Tpymmoit
npeobpasopanuii  SE(3) = R3 X SO(3), Moxer ObITh 3aJaHO  cleayroleii
crermanu3aiein  mabiona SE3Space=TPairStateSpace<R3Space,SO3Space>.
Koudurypannontsle OpOCTpaHCTBA KOJNECHBIX MexaHm3moB DubinsSpace wu
ReedsSheppSpace moryr ObiTh OmpeeieHbl MyTeM HACIEMOBaHMSA OT Kiacca
SE2Space=TPairStateSpace<R2Space,SO2Space>, COOTBETCTBYIOLIETO TIPYIIIe
npeo6pasopanuii SE(2) = R? x SO(2).

Hakonen, kmacc VectorStateSpace mno3BosiseT 3azaBaTh KOH(UTYpalMOHHbBIE
MpOCTpaHCTBA JUHAMHUYECKH B XOA€ BbBINIOJHCHUA MPOTpaMMbl, IOCKOJIbKY
MOJJIEp)KUBAaCT  HEOJHOPOAHYIO  KOJUIEKLMIO oOwbekroB Tuma  |StateSpace
NepeMeHHOro pazMepa. B yacTHocTH, naHHAs BO3MOXKHOCTH TI0JIe3Ha TIpH padoTe C
KUHEMAaTHYCCKUMH CHCTEMaMH, OIMCaHHWE KOTOPBIX XpaHUTCS B (ainax wim
(bopMupyeTcst HeOCPEICTBEHHO B XOJIE TT0JIb30BATEILCKON CECCHH.

Jns onpeneneHuss KOHKPETHBIX KJIACCOB KOH(HUIYPalMOHHBIX IPOCTPAHCTB CO
CTPOTMM KOHTPOJIEM COOTBETCTBHS THUIIOB M THOKOH HAcTpOiKoil moBeneHHs
npegHa3HaYeH 1a0JIOHHBIH KJ1acc
TStateSpaceDefinition<T State, T StateSpacelnterface>. ITapamerp mabnona TState
COOTBETCTBYET  KOHKpPETHOMY  Kiaccy KoHdurypanuum tuma  IState, a

TStateSpacelnterface  —  wunaTepdeiicy  mpocroro WIA  COCTAaBHOTO
KOH(HUTYPaIIHOHHOTO MPOCTPAHCTBA ISimpleStateSpace 17001
ICompoundStateSpace.

JaHHBI KJlacc TpeaycMaTpHBaeT arperanuio  KIIOYEBBIX —aJTOPUTMHUYECKHX
KOMIIOHCHTOB, HEOOXOAMMBIX IUIS peam3alnd MeToAoB mHTepdeiica |StateSpace.
[TockonbKy aNrOPUTMUYECKHE KOMIIOHEHTHI OJJHOTO HA3HAYEHHUS IPE/CTaBIICHBI
e/IMHOI Wepapxuell KllaccoB, B KJacCe BO3MOYKHA HACTPOMKA allbTePHATHBHBIX
aJTOPUTMOB  COOTBETCTBYIOLIMX THUNOB. B 1aHHONW  MpOeKTHON  cxeme
JIeTIETUPOBAHMsSL OTIEPAL[MK OTIPEICTICHUSI PACCTOSHHUS MEXAY KOHGUTypaluus MU U
MHTEPIOSALINA TOYECK BBIIOJHSIIOTCS YCTAHOBICHHBIMH OOBEKTaMH  KIIACCOB
TMetric<TState> u Tlnterpolator<TState>. Bepudukarms JTHHEHHBIX CETMEHTOB
NyTH peanu3yercs Ha3HaueHHbIM O0BEKTOM Kiacca TSteeringMethod<TState>.
OmeHka CTOMMOCTH IIepexoja MeXAy KOHQUIYpauus MU  JIeJIeTUPYETCs
COOTBETCTBYIOIIEMY 00BekTy Kiacca TCostEvaluator<TState>, a reHepanus
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KOHQUTYpalii ¢ paBHOMEPHBIM  pampeaelieHueM — OO0BEKTy  Kjacca
TSamplerFactory<TState>.

5.2 NeHepaTopbl KOHMUrypaumm

lenepanns koH(UTrypanmii sBIAETCA KIIOYEBBIM JJIEMEHTOM BCEX COMIUIHMHT
METOJIOB IUIAHMPOBAHMSA ABIKECHUSI M HMMEET CBOM ocoOeHHOCTH. Hampumep, B
pabote [32] mokasaHO, UTO HAWBHBIA METOM, OCHOBAHHBIN Ha CIy4aifHOM BBIOOpE
KOOPJWHAT, COOTBETCTBYIOLINX JHIEPOBBIM yIiIaM, HE 00ECIEUNBACT PABHOMEPHOE
pacnpezeneHue KoHpurypanuid B mpocrtpanctBe SO(3) M HpeiokeH MeToJ Ha
OCHOBE €JMHUYHBIX KBATEPHHOHOB.

[eHepaTopsl B cpefie TIpeACTaBiIeHbl abcTpakTHBIM Kitaccom ISampler, B koropom
ONpeZieJIeH  BUPTYAIbHBIH  METOJ MOJY4YeHHS O4YepenHOH KOH(Urypauuu
generateState()->IState. Merox  momyckaeT — anbTCPHATHUBHBIC — PEATH3ALIHU
TE€HEPATOPOB MCEBAOCTYUYANHBIX YHCEN, KBA3UCIYyYalHBIX MOCIEA0BATENbHOCTEN U
peryisIpHBIX ceToK [1] B HacemyeMbIX KOHKPETHBIX Kilaccax.

Cpena npenoctaBisieT Ha0Op KIacCoOB Uil IOCTPOSHHSI BEIOOPOK C PaBHOMEPHBIM
pacnpeseneHreM s KaKAOTO KOHKPETHOro Kiacca KOH(UIypalmoOHHOTO
MPOCTpaHCTBAa. B YacTHOCTH, MOCTYIHBI T€HEpAaTOp ICEBAOCIYYaMHBIX YHCEIN
UniformRandomGenerator,  reHepatopsl  mociemoBaTeNbHOCTEH  XOJNTOHA
HaltonGenerator u ReverseHaltonGenerator, TCHEPaTOPBI Cobost
SobolGenerator u  Hugeppaiitepa  NiederretierGenerator. Ha  stane
KOHCTPYHUPOBAHUsI ~ TEHEPaTOpOB  YCTAHABIMBAIOTCS  TPAHMIBI  0OIACTH
COMIUTUPOBAHMS.

B peanmzamusax reHepaTopoB INMPEAYCMOTPEHBI BO3MOXKHOCTH 3a/IaHMs 3BPUCTHK
COMIUTMPOBAHMS, MO3BOJLIOMMX (OPMHUPOBATH BHIOOPKH IPEUMYIIECTBEHHO H3
JONMYCTUMBIX ~ KOH(QUrypanuii, HWMEIOINX MEepPCIeKTHBY  CTaTb  TOYKAMHU
KOHCTPYUPYEMBIX HyTeH M CHIKAIOIIMX BBIYHUCIUTEIBHBIE PAacXoAbl Ha IOHCK
NOAOOHBIX TOYEK B PAaBHOMEPHO paclpelelieHHbIX BbIOOpKax. st 3Tmx wenert
ucrons3yercsi  abctpaktHeiii  kimacc  IProxySampler,  kotopsiit  sBissich
HacmemHUKOM ISampler, mpemocTaBiseTr METON MONYYEHHS TEHEPHPYEMBIX
koH(purypauuii. B nporecce 0T60pa nepcreKTHBHLIX KOHPHUTYPAIUA UCTIONB3yETCs
BCIIOMOTaTeJIbHBIH ~ I'€HEpaTop  MCXOIHBIX  KOHWrypauuid, Hampumep, C
pPaBHOMEpPHBIM pacmpesielicHneM, mnoatomy kiacc IProxySampler arperupyer
TpeOyeMbIii utst 3Toro oobekT Thma |Sampler.

A6ctpaktaeiii kimace IProxySampler crermanusupyercss KOHKPETHBIMH KIIacCaMu
RejectionSampler u ProjectionSampler, peanusyromuMy JBe OCHOBHbBIE CTPATEMH
IBPUCTHYECKOTO  COMIUIMPOBAHUS  KOHQHUTypamuid:  TyTeM  OTKJIOHCHHS
HEMEpCIEeKTUBHBIX TOYEK HA OCHOBE 3aJaHHOIO YCJIOBUS MIM IyTeM UX
HoCJIeTyoIeH TpaHC(hOpMaIHH.
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Puc. 9. Pezynomam pabomel eenepamopa moyex 8 KOHQhu2ypayuoHHOM NPOCMPAHCMee
CEMU3BEHHO20 po6oma
Fig. 9. Example of 6DOF robot configuration space sampling.
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IMepBbIil TOIXOM MCIOIB3YETCS Ui TCHEPALMU TOYEK BJIOJIb TPAHMI] [PEISITCTBHI
[33-35] u s orcedeHmss Touek 1Mo obiactu Buaumoctu [36]. Kiacc
RejectionSampler wucnoms3yer ykaszatens Ha QYHKIHIO C  CHTHATYpOi
acceptStateRule( IState state )-> bool ms poBepky COOTBETCTBHS KOH(PUTYpAITHH
3aJaHHOMY YCIOBHIO M IIOPOTOBOEC 3HAYCHHE, OIPEACIIONIee MaKCHMAalIbHOS
KOJINYECTBO TPEANPUHAMAEMBIX MOIBITOK F€HEPAIMH HAIUICKAIIEH KOHPUTYPAIIUHL.
AwnanorngHsiM o0pa3oM, kmacc ProjectionSampler wucmoms3yer ykasarenb Ha
¢yukumro ¢ curHarypoir  transformStateRule(IState  state)->State  mns
TpanchopMauy KOHPUTYpaluy B COOTBETCTBUH C 3a[aHHBIM HPaBHIOM. J[aHHBIH
KJTacC MOYKET HCIOJB30BaThCS IS MOCTPOCHHS TOYEK, Hauboiee yHaleHHBIX OT
npersitctBuii  [37], WM Uit TOCTPOEHHs MNPOEKIMH Ha IMOAIPOCTPAHCTBO
KOH(UTYpaLHii, YIOBICTBOPSIIONINX KHHEMATHUECKUM orpanndenusm [38,39].

5.3 Bepudcumkatopbl nyteun

AbctpakTHbiii kiacc TSteeringMethod<TState> onpenenser eaunbiii uaTEpdEiic
BepH(DUKATOPOB  MMyTeH, TNpEeIHA3HAYCHHBIX IS MPOBEPKH  BO3MOMKHOCTH
0eCKOH(IMKTHOTO  TEepexoAa MeXIy TMapod To4YeK KOH(QUTYypanuOHHOTO
NPOCTpaHCTBa W BepHUKauu pebep MapupyTHOI cetn. MHTepdeic conepxur
CIIe YOI HAaOOP BUPTYaTbHBIX METOJIOB!

o verifyMotion( IStateSpace cspace, IState start, IState end )-> bool

yCTaHaBiIMBaeT (aKT BO3MOXHOCTH OECKOH(IIMKTHOIO Mepexoja H3
KoH(urypanuu Start B koupurypanuto end

o verifyMotion( IStateSpace cspace, IState start, IState end )—>
(bool,IState)
BO3BpallaeT MOCJIEIHIO OeCKOH(QINKTHYI0O TOYKY TpHU TEpexoae u3
KoH(uTypanuu Start B koupuryparnuto end

o verifyMotion (IStateSpace cspace, IState start, IState end )->

(bool,IState[])

BO3Bpall[aeéT MacCUB OECKOH(JIMKTHBIX TOYEK IpU Mepexole U3

KoH(urypanuu Start B koupurypanuto end
B cocraB cpezapl BriIoueH koHKpeTHbiid kinace DiscreteSteeringMethod, koropsrit
Hacienyer untepdeiic TSteeringMethod u peanusyer mpouenypy BepudHUKaiiuu
MyTeM JUCKPETHU3alMH OTpe3Ka C COIYTCTBYIOIIEH MPOBEPKOW MPOMENKYTOUHBIX
Touek Ha ctonmkHoBeHus (puc. 10). Illar muckpeTH3anuu OmMpeaenseTcs 3HaueHHEM
MOTPENIHOCTH, KOTOpPOE  YCTaHABIMBAETCS B  KadyeCcTBE Iapamerpa  IpH
KOHCTPYHUPOBAHUHM  JK3EMIUISIPOB  KOH(QUTYpalMOHHOTO  IMPOCTPAaHCTBA  THIA
IStateSpace. 3HaueHue MOrPEITHOCTH COOTBETCTBYET PACCTOSHUIO MEXTy TOUKAMH,
oTpezIeIsIeMOMY 33/IaHHOM METPHKOI KOH(PUTYpalMOHHOTO NMPOCTPAHCTBA C YUETOM
rabapHuTOB TPEXMEPHOTO OOBEKTA.
Beigenenue abctpaktHoro kinacca TSteeringMethod obecrieunBaeT BO3MOXHOCTB
peanmmzaru  Gosee 3(P(EKTUBHBIX CIIOCOOOB BepHPHKALMU INyTEH C Y4eToM
0COOCHHOCTEH MPUKIATHBIX 33aaa4. Hampumep, B ciiydae MpOCTHIX TBEPAOTEIbHBIX
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O00BEKTOB TOBBICUTH AP (HEKTUBHOCTh BEpUPHUKAIMH ITyTEH MOXKHO C MOMOIIBIO
TEXHUKH IIPOTSHKEK OIPAaHMYMBAIONIMX BBITYKIBIX O0OJIOYEK WM aJTOPHTMOB
HEMpepsIBHOTO ompenenenus croikaoBernit (Continuous Collision Detection)
[40,41].

Puc. 10. Bepuuxayus nymu 05 pazniusnslx MoOeeil O8UINCEHUsL
Fig. 10. Path verification for different types of motion.

5.4 Bbluncnurenb CTOMMOCTHU nepexonos

AJITOPUTMBI TNIAHUPOBAHUSI ABHKSHUS, HAl[CJICHHBIC HA TIOUCK ONTHMAJbHBIX ITyTei
B Ipoliecce uX rnoctpoeHus, B yactHoctd, TRRT [29], RRT* [24] u TRRT* [42],
TpeOyroT 3amaHust (QYHKIMHM JUIS OLEHKH KadecTBa peuieHui. it Tux meseit
cinyxur abcrpaktHeiii  kimacc  TStateCostEvaluator<TState>, wHacnemyrouii
nHTepdeiic  crommoctHoro mpoctpanctBa |CostSpace u  jomosHHTENHHO
ompenensironnii BUpTyaneHbiii Metox evaluate( IState from, IState to )-> 1Cost.
JlaHHBI MeTOX BBICTyIAaeT B pONM (YHKIUHM CTOMMOCTH IIepexola MexIy
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3aTaHHBIMH KOH(DHUTYpaIusIMu U PealTu3yeTcss B KOHKPETHBIX HACIETyEMBIX KiIaccax
BBIYMCHHTENICH. TeM cambIM, Cpellod AOIMyCKaeTcsl MOJAJNEPKKA albTePHATHBHBIX
KPUTEPHEB ONITUMAIIEHOCTH.

Jis moncka ONTHMANbHBIX ITyT€H MO KPUTEPUSAM MIMHBI W yOAIEHHOCTH OT
NPEMSATCTBUHA  peaJin30BaHBl W BKIIOYEHBI B COCTaB  Cpedbl  KJIACCHI
DistanceStateCostEvaluator u ClearanceStateCostEvaluator. [ns 3amaHus
KPUTEPHUEB, ONpEACISIeMbIX  IIONB30BATENEM, MOXET OBITh  HCIOJH30BAH
BCIIOMOTaTEJIbHBIN a0CTpaKTHBIN 11a0IOHHBIH KJ1acc
TStateCostEvaluator<TStateSpace, TCostSpace>, CHCHHANU3AUsI  KOTOPOTrO
BBIMOJTHACTCS B PE3yJbTAaTe 3aJaHUs KOHKPETHBIX KJIACCOB KOH(PUTYpPAIIMOHHOTO W
CTOMMOCTHOT'O MTPOCTPAHCTB.

6. lModcucmema s10KanIbHO20 NMJIaHUPOBaHUs O8UXKEHUSs

6.1 3anpochl nnaHupoBaHUA ABUXKEHUSA

AJITOPUTMBI ~ JIOKAJGHOTO IUIAHUPOBAHWS JBIKCHHS B KOH(UTYpaLlMOHHOM
NPOCTPaHCTBE OOBEKTa peajM3ylOTCS HAa OCHOBe abCTpakTHOTO — Kiacca
IProbabilisticPlanner, xoropslit mpenocrasiser BHelHHI uHTEp(deiic 3ampocoB
ianupoBanus B Buze findPath( IState initialState, 1State goalState, 1Path path )->
PlanningResult. BxonHbMu mmapamMeTpaMy METOa SBIAIOTCS HadyalIbHAS M LeJIeBast
KOH(HTypanuu 00BEeKTa, a BO3BpaLlaeMble pe3yJIbTaThl — CChUIKA Ha MOCTPOCHHBIN
nyTh Tuna IPath u sHauenne nmepeuncmumoro tuma PlanningResult, orpaxaromee
cTaTyc BbINOJNHEHUs 3anpoca mianupoBanusi: SUCCESS — nmyTh ycnemHo HaiizieH,
FAILURE — 6eckoHduukTHBIN yTh He cymectByeT, PROBABLY_FAILURE — nyTth
He Haigen, [INVALID_INPUT — HeBepHO 3ajaHbl BXOJIHbIE JaHHEIE,
INTERNAL_ERROR — BHyTpeHHsIs1 OIIMOKa IPOrPaMMBl.

Haiinennble myTH mpencTaBisiFoTCs abmoHHBIM KiaccoM TPath<TStateSpace>,
HacnenyromuM uHTepdeiic IPath u mapamerpusyeMbIM KOHKPETHBIM —THIIOM
KOH(UTypallMOHHOTO MPOCTPAaHCTBA, B KOTOPOM OHHU crpostcs. Kaxkaplid myTh
MpeCTaBIsIeT coboit YHOPSA0OYEHHYIO KOJUIEKITUIO 0eCKOH(IIUKTHBIX
koHurypanumii. I[lpm 3TOM mNOApasyMeBaeTcs, YTO CErMEHTBl IyTeH MExIy
COCEJIHUMH KOH(UTYpALHAMH, TIOCTPOCHHBIE B COOTBETCTBUH C NPEIONPEICICHHON
UHTEPIOIALUOHHON QYHKIMEH, TakKe HEKOH(INKTHBI.

[NockonpKy 3anpochl TUNIAHUPOBAHUS IBMXKEHUS. 00BEKTa MOTYT OBITh OJMHOYHBIMU
¥ MHOXXECTBEHHBIMH, Kbl manupoBiiuk tuma |IProbabilisticPlanner xpanut
CCBUIKY Ha KOH(UTYypallMOHHOE MPOCTPAHCTBO O0BEKTA, B KOTOPOM Pa3pelIaloTCs
MOAO0OHBIE 3aIPOCH M JUIl KOTOPOTO MOXKET OBITh YK€ Pa3BEPHYTHI A€PEBbs IIOMCKA
WIM MapupyTHas ceTb. JlaHHas CCbUIKA peaju3yeTcs COOTBETCTBYHOLICH
accoluanueil Kjacca U ycTaHaBIMBAESTCs MPU KOHCTPYUPOBAHUH TIIAHUPOBIIHKOB.
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OOl11ast anropuTMU4ECcKasi cCXxema paspelleHuns 3anpoca IaHUPOBAHUS Peallu3yeTcs
HermocpencTBeHHo B kiacce IProbabilisticPlanner, B kotopoM mpoBoamTCs
KOHTPOJbh BXOJHBIX IaHHBIX, NpenoOpaboTka, HEOOXOoIuMas, Hampumep, s
peanu3aly alrOpuTMOB HA OCHOBE BEPOSITHOCTHBIX MApIIPYTHBIX CETeH, cam
HNOMCK ¥ MOCTOOpabOTKa HaWAeHHBIX myTedl i1 ux ontummzauuu. Camu
ATOPUTMBI  PEANTM3YIOTCSI B HACIEAYEeMbIX WM AacCOLMHUPYEMBIX Kiaccax. B
JacTHOCTH, Ha ocHOBe kiacca IProbabilisticPlanner peamusyercs o6cysxmaemoe
HIDKE CEMEWCTBO COMIUTHHT AITOPUTMOB C Da3iIWYHBIMUA 3IBPHCTHYCCKUMH
CTPATErUsAMH TOHCKA.

6.2 lNpocTpaHCTBEHHbIEe MHAEKCHI

OnHolt w3 0a30BBIX ONEpalMid, MCHONB3YEMBIX IPHU pPEATU3aLUN  COMILIHHT
ITOPUTMOB, SIBJISICTCS TIOMCK OJIVDKAMIIMX cocesieil B MPeACTaBICHUH ITOMCKOBOTO
JepeBa.  Jlns  TOBBIIGHHS — MPOU3BOIMTENBLHOCTH  OOBIYHO — HCIOJB3YIOT
MPOCTPAHCTBCHHBIC HMHICKCHI, KOTOPBIE CTPOSATCS HAa MHOXKECTBE TOYEK,
MOJYYCHHBIX B PE3yJIbTAaTe COMIIMPOBAHMS KOH(PUTYPAITHOHHOTO IPOCTPAHCTBA.
Cpena MpenoCTaBIsAeT HECKONBKO TOTOBBIX K  HCIIOJIB30BAaHMIO  KJIACCOB,
peanu3yrimx HeoOXOJUMbIe HHICKCHBbIE CTPYKTyphl, a umenHo: KDTree (kD-
nepeBo [43]), GNAT (Geometric Near-neighbor Access Tree [44,45] ) u VPTree
(Vantage Point Tree [46]). ITockonbky 3arpaThl Ha MOCTPOCHHE HHICKCOB H
WCIIOJIHEHUE 3alPOCOB MOTYT CYIIECTBEHHO BapbHUPOBAThCS B 3aBHCHMOCTH OT
pa3sMEpHOCTH  TPOCTPAHCTBA,  XapakTepa  paclpelneieHHs  JOIyCTUMBIX
KOH(QUTypauuii ¥ anropurMa COMIUIMPOBAHMS, OPraHM3alMs KIJIACCOB HMHIEKCOB
IpeaycMaTpuBaeT BO3MOXHOCTh MOJMEHbI aJbTePHATUBHBIX peanu3anuid. C 3Toi
LEeNbI0  KOHKPETHBIE pEealM3allid  KJIacCOB HHAEKCOB  YHACJIEJOBAaHBI  OT
abctpaktHoro kmacca INearestNeighbourSearchStructure u ero 6asoBoro
uHTepdeiica INearestNeighbourSearchinterface<TStateHandler>,
OTIpEIeNAIONIET0 3aPOCH OMCKa OMKainX coceiei B M3BECTHBIX MMOCTAaHOBKAX!
e nnSearch(lIState state) -> TStateHandler
MOWCK ONKalIet TOUKu
o KkNNSearch(IState state, integer K) -> TStateHandler[]
norck K Ommkaimmx Togex
o rNNSearch(IState state, float R) -> TStateHandler[]
IIOMCK TOYEK, HaXoAA1uxcs B paauyce R or 3aganHoOi Touku
ITockonpKy peanm3anys MPOCTPAHCTBEHHBIX HWHIEKCOB IIPEAINoJaracT 3aJaHue
METpPHUKH, 0a30BBIA KIacC MHIEKCOB OIPEENIIeT COOTBETCTBYIOIIYIO ACCOIHAIINIO
Ha KOH(urypannonHoe rnpoctpanctso tuna IStateSpace ¢ neo6xoanumoit pynkuumei
OTIpeJIeTIeHUsI PAcCTOSHHUS MEXIYy 3aaHHBIMM TouykaMmu. [lapamerp mabioHa
StateHandler umeer THO BepLIMHBI MOMCKOBOIO JAEPeBa WM MapIIPYTHOW CETH,
CBSI3aHHOH C COOTBETCTBYIOIIEH TOYKOH KOH(PUTYpaIIMOHHOTO IPOCTPAHCTBA.
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Puc. 12. KD-0epegbs u VIp-0epesbs, nocmpoenivle Ha MHONCeCMEe 6EPULUH 8ePOSIMHOCMHOU
mapuwpymuoi cemu (PRM) u 6vicmpo pacmywux cryuaiinwix oepesves (RRT-connect)
Fig. 12. kD-trees and u vp-trees built on PRM and RRT-connect vertex set.
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Jns ynoGcTBa peanuzali pa3jiMuHBIX AJITOPUTMOB IUIAHUPOBAHUS ABHXKEHHS B
cocTaB  cpeibl  BKIIOYEHbI mabnoHHble  kiacchl  StateTree<TNodeData>,
StateForest<TNodeData> u StateRoadmap<TVertexData, TEdgeData>, xotopsie,
SBIISISICH CIICLIMAIN3AIIMSIME COOTBETCTBYIOMMX 0a30BBIX KilaccoB Tree, Forest u
Roadmap, HacrmenyroT HeoOxoaumbie omepanuu pabotel ¢ rpadamu. [Tomumo
3TOTO, JTaHHBIE KJIacChl peaau3yroT HacJIelyeMbIi uHTepdeiic
INearestNeighbourSearchlnterface, memerupysi BbIONHEHHE OMEpalMii MOUCKA
OmmKalMx cocefeldl arperupyeMoMy MNpPOCTPAHCTBEHHOMY MHJAEKCY THIIA
INearestNeighbourSearchStructure. Muaekc 0OOHOBISiCTCSI aBTOMATHYECKH MPU
IOOaBIICHUH, YHAJCHHH, MOIU(HUKAIINH DSJCMEHTOB IIOMCKOBBIX JI€PEBBEEB H
MapILPYTHBIX CETEH.

6.3 CeMenCTBO NOKarnbHbIX NIaHUPOBLUNKOB NyTEN

PaccMOTpeHHBIE BBINIE KIACCHI CPEZbl CIyKAaT yAOOHBIM HHCTPYMEHTAPHUEM IS
peai3aliy IOy SIPHBIX AITOPUTMOB IUIAHUPOBAHUS JBH)KCHHS, OCHOBAaHHBIX Ha
NOMCKOBBIX JICPEBBAX M BEPOSTHOCTHBIX MAapLIPYTHBIX ceTsAX. OO0OLmeHHbIe
A0JOHHbIE peaNM3aliy II03BOJITIOT OTHOCHUTENBHO IIPOCTO KOH(UTYpHUPOBAThH
uHTepdeiicel M Kimacchl cpembl sl pa3pabOTKH NPHIOKSHUH W HACTPOHKH
AITOPUTMOB C YYETOM IUIOTHOCTH HOKPBITHS B OKPECTHOCTH BepluuH [47],
KOJIMYECTBA YCIEIIHBIX W HEYCHEWIHBIX MOMBITOK pacnpoctpaneHus [48],
JMHAMHYECKOW O00NacTH COMIHpOBaHUs [26], cyMMapHOHW CTOMMOCTH MyTH U3
KOpH# fepesa [24] u 1.1

Cpena mpenocTaBiiieT pa3BUTOE CEMEHCTBO JIOKAJIbHBIX IJIAHHUPOBIIMKOB IMYTEH,
pearTn30BaHHbIX B BHUJIC COOTBETCTBYIOIINX KJTaCCOB-HACIICTHUKOB
IProbabilisticPlanner. Knaccet RRT u EST peanusyror aJropurMbel Ha OCHOBE
norckoBeIxX jepeBbeB Rapidly Exploring Random Trees u Expansive-Spaces Trees
COOTBETCTBEHHO. AJITOPUTMEI ¢ OHJIaH-ONTHMHU3aIMed nepeBbeB Transition-based
RRT u RRT* peamuzoBanbl B kimaccax TRRT u RRTStar. Anropurmuueckue
BEpCHH, AaJalTHPOBAHHBIC Ui JBYHAIPAaBICHHOIO IIOMCKA, IPEICTABIICHBI
kimaccamu RRTConnect, SBL u BTRRT. Knace IPP peamusyer nuddy3noHHBIH
AITOPUTM C OTJIOKeHHOW mnpoBepkoil Ha cronkHoBenus (Iterative Diffuse Path
Planner). HakoHen, anropuTMbl Ha OCHOBE BEpPOSTHOCTHBIX MAapLIPYTHBIX CETeH,
OpPHCHTHPOBaHHBIE Ha  OOpa0OTKy  MHOXXECTBEHHBIX  3alpOCOB  ITOMCKA,
npezacraBieHs knaccamu PRM u LazyPRM.

6.4 OnTumunsauma nyten

CoryuaifHBIH XapakTep HMOMCKA JOIYCTUMBIX KOH(QUIypaluii 1 TUCKPETHBIH COCO0
HNOCTPOCHUS MyTeH COMIUIMHT aNrOpUTMaMU KpallHE HEraTUBHO BIMSAIOT Ha
Ka4eCcTBO MTOJTy4aeMbIX PpeIeHuiA. EcrecTBeHHBIMH TpeOOBaHUAMY,
NPEIbABISEMBIME K HAWIEHHBIM IIyTAM, SIBISIOTCS WX MHHUMAaJbHAs JIHHA,
TJIAAKOCTh, HAMOOJbIIEe yNaleHHe OT MPEMITCTBUH OKPYXXCHHS U T.II. B cBs3M C
3THM TOCTOOpabOTKa HAWICHHBIX ITyTEH SIBIISETCS BAYKHBIM ATAIMIOM YIYYIICHHUS HX
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KauecTBa, KOTOPBIA MPEAyCMAaTPUBACTCS KIIACCOM JIOKABHBIX IUIAHUPOBIIHKOB
IProbabilisticPlanner.

C 5To# 1eNBI0 HA 3aKIIOYMTEIBHOM 3Talle BBITOJHEHHUS 3alpoca IUIAaHUPOBAHHUS
BeI3bIBaeTCa Meron oOptimize( IStateSpace cspace, IPath path )-> IPath B
HasHAYCHHOM omnTuMm3arope Tyreit Tuma IPathOptimizer. [launubrii meton
BBI3BIBAETCS aBTOMATHYECKH MPH YCIICITHOM BBITIOJHEHHUH MPEABIIYIINX 3TAIOB H,
B YaCTHOCTH, TIPH HAJIWYHH XOTS ObI OJHOTO HalJICHHOTO GECKOH(M)INKTHOTO MYTH.
OntuMmu3alys MyTH BBIIOIHACTCS C TOMOLIBIO AJITOPUTMOB  CIJIa)KHBAHHS,
YKOpauMBaHHUs M TMOCTpOeHHs perpakta [28], peannsyeMbIXx COOTBETCTBYHOLIUMH
kiaccamu PathSmoothing, PathShortening u PathRetractor — nacnenuukamu
IPathOptimizer.

7. Modcucmema 21106a51bHO20 N/IaHUPOBaHUsI O8UXKEHUS

PaccMoTpeHHBIE BBINIE HPOrpaMMHBIE CPEICTBAa Cpelbl O00ECIeUMBAIOT 3aJaHue
YCIIOBUM U pELICHUS 3a7au IJIAaHUPOBAHUS JBUXKCHHS B JIOKAIBHOM CTaTMYECKOH
MOCTaHOBKe. BMecTe ¢ TeM, Ha NpPaKTUKE BO3ZHHKAET HEOOXOAWMOCTH DEIICHHS
Oonee CIOXKHBIX 3a/a4, CBSA3aHHBIX C IIOCTPOCHHEM TIIyTeH B CI0XKHOM
JUHAMHUYEeCKOM OKpyxkeHnu. C 53TOM Lenpl0 B COCTaB Cpedbl BKIHOYEHBI
COOTBETCTBYIOIIME  CPEICTBA,  COCTABILIIONINE  IOACHUCTEMY  IJI00AIBHOTO
IUIAHWPOBAHUS ¥ pealM3ylollye  OOIIyl0  BBIYMCIUTENBHYIO  CTPaTeTHIo,
NPe/IOKEHHYIO U anpoOUpOBaHHYIO aBTOpamMu panee [13,49].

Crpaterust mojpa3zyMeBaeT IOCTPOSHHE €AWHON MapIIpyTHOH CeTH B padouem
TPEXMEPHOM TIPOCTPAHCTBE OKPYXKEHHUS, KOTOpas 3aTeéM HCHOIb3yeTCsl st
NPUHATHS pEUIeHNH O Hamboliee TMEepCIeKTUBHEIX MapmpyTax. OToOpaHHbBIE
MapIIpyThl BEpUOUIHUPYIOTCS U IPH HEOOXOIMMOCTH KOPPEKTHPYIOTCS JIOKAIBHBIM
TUTAHUPOBIIUKOM C y4ETOM T'€OMETPHUH KOHKPETHOTO OOBEKTa W HAJIOKCHHBIX Ha
HEro KHHeMaTW4eckux orpaHmueHuil. IlpencraBienne ceTtw OOHOBISETCA
CHHXPOHHO C COOBITHSIMH, IPOUCXO/SIIIMMH B JWHAMUYECKOM OKpYxKeHUH. st
MOCTPOCHHUS CETH MOT'YT IIPUMEHSATHCS METOABI IPOCTPAHCTBEHHON [EKOMIIO3ULIH,
JuarpaMMbl BOpOHOTo Wid IUIaHbI OKPY’KEHUS, [IOCTPOEHHBIE BPYUHYIO.

[MpuHOunbl opraHu3auuu H (YHKIMOHUPOBAHUS IOACHUCTEMbI O00ECIIEUHBAIOT
BO3MOXXHOCTb THOKOro KOH(HUIYPUPOBAaHUS TJ00AJbHOTO IUIAHUPOBUIMKA U3
KOMIIOHEHTOB, PEaTU3yIOUINX albTepaTHBHBIE CIIOCOOBI MOCTPOEHUS CIy4JalHBIX
JIepeBbEB U MapUIPYTHBIX CETeil, a Tak)Ke OCYIIECTBISIONIMX MX BepUpHUKALUI0 U
KOPPEKIMIO PACCMOTPEHHBIMU BBIIIE aITOPUTMaMHU JIOKAJIbHOTO TNIAHUPOBAHUS.
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Puc. 13. Juacpamma knaccos noocucmemul 21006a16H020 NAAHUPOBAHIUSL

Fig. 13. Global planning subsystem class diagram
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7.1 Tno6GanbHbIA NIAHUPOBLUUK
I'moGanpHBIA IIAHUPOBIIVK BEITIONHSAET B OCHOBHBIC (WYHKIHMH: (OPMHPOBAHHUE
€IMHOW MapHIPYTHOH CETH Ha OCHOBE MPOCTPAHCTBEHHOTO aHAIN3a TPEXMEPHOTO
OKpY)XKEHHSI W pa3pelIeHHe 3alpOoCOB IUIAHHUPOBAHUS IBIDKEHHUS C ITOMOIIBIO
pa3BepHYTOH ceTH. OQQPEKTHBHOE HWCIOTHCHHE MHOXECTBEHHBIX 3alpOCOB
MpeIoiaraeT MOAMEPKKY COTIIACOBAHHOTO MPEACTABICHUS CETH Ha MPOTSDKECHUH
BCell TOJB30BATEILCKOM CECCHU. DTO K€ OTHOCHTCS W K CBS3aHHBIM C HeEH
BCIIOMOTATCIbHBIM JaHHBIM, B YaCTHOCTH, aJbTCPHATUBHOMY T'€OMETPUYCCKOMY
MPEJICTABJICHUID OKPYXCHHUS H TPOCTPAHCTBCHHBIM HWHJACKCAM. B  ciydae
JUHAMHUYECKOTO OKPYXXEGHHS CEeTh M BCIOMOTaTCIbHBIC JAHHBIC JOJDKHBI
OOHOBIISITBCS ~ CHHXPOHHO  C  TPOUCXOMASANIMMHU  COOBITHAMH,  HPHYEM
WHKPEMCHTAJBHEIM 00pa3oM. [lockonbKy mOMOOHBIE OOHOBICHUS —SIBISIOTCS
BBIYUCITUTEIIHFHO 3aTPATHBIMH OTIEPAIUSIMU, OHH BBIMOIHIIOTCS B (QOHOBOM PEKIME.
3a peanu3alMi0 TMEPEYMCIICHHBIX (QYHKIMA B  Ccpele OTBEYaeT  KJacc
manuposinukos |1GlobalPlanner. OcranoBumest Gosee moapoOHO HA MEXaHHU3ME
COOOIIEHNH, C IOMOILNBI0 KOTOPOTO IPOHUCXOMAT OOHOBJIEHHS B MOACUCTEME
rII00aTBHOTO TTAHUPOBAHHUS.
CooOl1eHNs TUMU3UPYIOTCS M MPEACTABISIIOTCS CIEAYIOIINM HAaOOpOM KIIaccoB,
HacieayeMbix oT aberpaktHoro IGlobalPlannerRequest:
e RequestAddObject
CO3/1aH HOBBIH OOBEKT
e RequestRemoveObject
00BEKT yajeH
¢ RequestUpdateObiject
W3MEHHIIIOCH TIPEICTAaBICHUE 00BEKTa
e RequestObjectStateChanged
M3MEHHUIIOCh COCTOSIHUE 00bEKTa
e RequestFullUpdate
TpeOyeTcs MOoTHOEe OOHOBJICHNE BCEX HACUUTHIBAEMBIX JTAHHBIX
OOHOBIJIEHUE BCTIOMOTATENbHBIX JaHHBIX Pealln3yeTcs KilaccaMd 00pa0OTINKOB KaK
peaknys Ha TONy4eHHbIe cooOmeHus. JlaHHBIE KJIAacChl HACIEAYIOT OT
abcrpaxtroro IPathPlannerUpdateReceiver crienyromiue metopr:
e getUniqueName()->string
BO3BpalIacT YHUKAITEHOE UM 00paboTInKa
e dependsOn( string receiverName )-> bool
yCTaHOBIUBAET (DAKT 3aBUCHMOCTH OT JPYroro oopadOTYHMKa ¢ 3aJaHHBIM
NUMCHEM
o fullUpdate()
BBITIOJTHSET MOJTHOE OOHOBIICHUE
e smartUpdate( IPathPlannerRequest request )
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BBIMOJIHACT HHKPEMCHTAJIbHOC OOHOBJICHHE B 3aBUCHMOCTH OT THIIA
CoO00IIEeHNS

OO6paboTunK COOOIICHWI aBTOMATHYECKH PETHUCTPHUPYETCS B  IHCIETYEpE
coobmieHnit mpu KOHCTpyHpoBaHUH. CoOOIIeHHS TONalaloT B O4Yepenpb JUCTIeTIepa
1 3aTE€M PacChUIAIOTCS BCEM 3apeTHCTPHPOBAHHBIM 00Pa0OTYHKAM.

Jus mopmepxku (GYHKIHMHA TII00AIBHOTO IUTAHUPOBAHHSA B IIEIEBOM IPHIOKCHHH
HEOOXOIMMO pa3padoTaTh KIIACC IOJIB30BATEIBCKONH CECCHU C MpeHonpeaeICHHBIM
urrepdeiicom IGlobalPlannerSession u crienyronmmMu BHPTYyalsHBIMH METOIaMH
KOH(QHUTYPHPOBAHUS TOACUCTEMBI INIAHUPOBAHUS
e getConfig()->GlobalPlannerConfig
BO3BpAIAET HACTPOMKHU NOJCUCTEMBI IUTAHUPOBAHUS
e getWorkSpace()->IWorkSpace
IIPEAOCTABIAET JOCTYII K OKPYKEHHUIO
e getCollisionDetector()->CollisionDetector
BO3BpAIIACT aHAJINU3ATOP CTOJIKHOBEHUH
e getSpacelndexFactory()->ISpacelndexStructureFactory
MPEIOCTABIICT JOCTYII K (pabpHKe MPOCTPAaHCTBEHHBIX HHACKCOB
e getLocalPlannerFactory()->1ProbabilisticPlannerFactory
MPEJOCTABIIACT TOCTYI K (habpHKe JOKAIbHBIX TUIAHHPOBIUKOB
e getGlobalPlannerFactory()->1GlobalPlannerFactory
MPEJOCTABIIACT TOCTYI K (habpHKe I00aNTbHBIX MIAHUPOBIIHMKOB
e OnSessionStart()->bool
BBIITOJIHACT H606XOI[I/IMLIG HeﬁCTBHﬂ IpH CTapTe CECCUU
e OnSessionStop()
BBIITOJIHACT HGO6X0}II/IMBIC JZ[CI>'ICTBH$I IpH 3aBCPIICHUN CECCUN
L{eneBoMy MpPHUIIOKEHUIO MTPU 3TOM JIOCTYTIHBI CIEIYIOLUIME METO/IbI, OIIpeIesieMble
IGlobalPlannerSession:
e Start()->bool
Ha4YMHAcT CECCCHUIO
e Stop()
3aBepuIacT CECCUro
e getSessionID()->uid_t
BO3BpAIIA€T YHUKAIBHBIA HACHTH(PHUKATOP CECCHUI
e getPathPlannerQuerylnterface( uid_t objectID )->
PathPlannerQuerylinterfaceHandler
MpeIoCTaBIsIeT HHTep(delc MorcKa My TH JIJIS 3aJJaHHOTO 00BeKTa
e processRequest( IGlobalPlannerRequest request )
YBEAOMIIACT O COOLITHAX B JAUHAMHUYCCKOM OKPYKCHUHN
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IpocneanM MOCIETOBATEIBHOCTS BBI30BOB METOJOB B XOZA€ PAGOTHI MOACHCTEMBI
r106aIbHOTO ITaHUPOBAHKS. 3aIlyCK MOACHCTEMBI HHULMUPYETCs: MeTogoM Start(),
KOTOPHI BBIMONHACT BEPU(PUKALMIO HACTPOEK C MOCICAYIOIIMM CO3TaHHEM
manuposiuka tuna IGlobalPlanner. Jlannas omepaitiss BBITOJHSAETCS IMyTEM
obpamieHHsT K COOTBETCTBYMoIIei (abprke, IOCTYymHOH B pe3ynbTaTe BhI30BA
merona ceccuu getGlobalPlannerFactory().

Ilpn  KOHCTPYHPOBaHMHM TJIOOANBHBI  IUIAHMPOBIIMK  CO3MACT  IHCIICTYEP
COOOIICHUH, UHUIIMUPYET CO3JAHUE U PETUCTPAIMI0 00pabovMKOB coobmieHuil. B
CaMOM TUIAaHUPOBIIUKE Pa3BOPAUYUBACTCS KIIII TCOMETPHICCKUX MOJeNel 00BhEKTOB
okpyxenust CollisionSpaceCache u k31 06pabOTYHUKOB 3alPOCOB TMOHCKA IYTH
ObjectQuerylnterfaceCache.

Ha cnenyromem mare BoibiBacTes meton fullUpdate() mucneruepa coobuenuit,
KOTOPBI  BBIMOJHACT TMPHHYAUTEIbHOC OOHOBJICHHE BCEX HACYHTHIBAEMBIX
BCIIOMOTATEJbHBIX JaHHBIX, MOCIIE Yero HHUIMUpyeTcst coobitue OnSessionStart(),
YBEIOMIISIOIIEE TPHIOKCHHE 00 YCIEITHOM 3aITyCKEe CECCHH.

VBeoMIIeHHE MOJICUCTEMbI 00 H3MEHEHHAX B OKPYKEHHH OCYIICCTBISIETCS ITyTeM
BbI30Ba MeToza processRequest( IGlobalPlannerRequest request ), mpuaumaromiee
B KauyecTBe MapaMerpa COOTBETCTBYIOIIEC THIM3HPOBAHHOE COOOIICHHUE.
Coo0leHUsT MOMEIIAOTC B OYEpEeAb IMCICTYCpPa M YIPABICHHE BO3BPAILACTCS
OCHOBHOMY MOTOKY MpOrpaMMHOro mpuioxenus. OO6pabotka cooOueHui
HPOKCXOAUT B (POHOBOM DPEKMME B COOTBETCTBHU C MOPSIKOM HX IIOCTYIUICHHS.
Hucnerdep Geper u3 odepenn IEpBOE MOCTYIMBIICE COOOLICHHES M YBEOOMIIET O
HEM BCEX 3aperMCTPUPOBAHHBIX OOPabOTYMKOB C yYETOM 3aBHCHMOCTEH. Jlist
Kaxaoro obpabotumka BbeI3biBacTcs meron SmartUpdate( IPathPlannerRequest
request ), mociie 4ero cooOIIeHNEe YHUUTOKAETCS.

s WCIOJHEHHsT 3alpoCOB IUIAHHPOBAHHS JBIDKEHHS [PEIHA3HAYCH KIIAcC
GlobalPlannerObjectQuerylnterface, Buemnuii uatepdeiic KOTOporo npeacTaBieH
enuHcteeHHsiM MetomoM findPath( IState initialState, I1State goalState, I1Path path
)-> PlanningResult. lanmbrit kmacc arperupyer KOHQUTYPaIMOHHOE TPOCTPAHCTBO
tuma IStateSpace u nmokampHbli mnanupoBmuk tuma |ProbabilisticPlanner s
pelIeHHs] COOTBETCTBYIOIIMX 3a1ay IUIAHUPOBAHUS C IMPHIMCAHHBIM OOBEKTOM
OKpykeHHsI. VHCTAaHIIMUPOBAaHKWE KIIACCA OCYIIECTBISCTCS B PE3yJbTaTe BhI30BA
merona ceccuu getPathPlannerQuerylinterface( uid_t objectlD ) ¢ yka3anHbM
uneHrudukaropom o0bekra. MHCTAaHIUMpPOBAHUE BieYeT 3a COOON BBIMOIHEHME
CIEAyIOIUX AeHCTBUHA. Bo-mepBBIX, OCYHIECTBISIETCS. MOMCK OOBEKTa 110
YHUKaJbHOMY HAeHTHU(uKaTopy mocpeactBoM metona IWorkSpace::findObject().
Hnst Hal/ICHHOTO o0ObeKTa BBI3BIBACTCS METO
IWorkSpaceObject: :createStateSpace() u KOHCTPYHPYETCS 9K3EMILLIP
KOH(QHUTypanMOHHOTO TpocTpaHcTBa. Jlamee mO 3agaHHOW AacconWanuy Ha
TEOMETPUYECKYI0O MOJIENb OKPYKCHHSI, HAXOMANIYIOCS B K3IIe TJI00aIBHOTO
[UIAHUPOBINUKA,  (OPMHUPYIOTCS ~ TCOMETPHYECKHE  OTPaHHYCHHUs  Kiacca
GeometricConstraint. Janee, MyTeM BBI30BA MeTona CeCCHn
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getLocalPlannerFactory() cozaercst JIOKaTbHBIH TUTAHUPOBIIIHK,
aCCOLMMUPOBAHHBII ¢ KOHQUTYPALIMOHHBIM IIPOCTPAHCTBOM OOBEKTA.

IlocTpoeHne myTH OCYIIECTBISETCA CcleayrommM obpasoMm. I[lo oOkoHYaHUH
00paboTKN BceX cOOOMmeHUH ouyepenp Aucnerdepa Omokupyercs. [lamee crpostes
OTpaHMYMBAIONINE ITAPAJUICJICTIUIICABl TeOMETPUUECKOH Moaend o0beKkTa B
HaYalbHOM M KOHEYHOM IIOJIOKEHHAX, KOTOpble MepenalTcs II00aabHOMY
IUIAHUPOBILYKY JUIS TOUCKA NIPEABAPUTEIILHOTO MapIIpyTa.

Bepudukaumsts ¥ KOpPpeKIMs ~ MapLIpyTa  OCYLIECTBISICTCS  JIOKAJIbHBIM
IUIAHUPOBIIMKOM,  KOTOPBIA  BBINOJNHSACT  IIOCTPOCHHE  PE3yJbTHPYIOLIETO
0EeCKOH(QIMKTHOTO TYTH B  KOH(QUIYpallMOHHOM  MpPOCTPAaHCTBE OOBEKTa.
[IpenBaputenbHO  OTOOpaHHBI MapIPYT IO3BOJISIET OTPaHUYUTH  00JIACTh
COMIUIMPOBAaHMS W  TEHEPUpOBaTh  KOHQUIYpallMM C  paclpeiesieHHeM,
obecrieynBaOIMM 0o0Jiee BHICOKYIO IIOTHOCTh B TPYAHOIIPEOJOIUMBIX 00NacTIx
okpyxeHus. J{Jst 9THX Lieneil reHepaTop rayccoBa paclpeelieHus] IPUMEHSIETCS B
OKPECTHOCTSIX KIIOYEBBIX TOYEK MapuipyTra. Paamyc OKpEecTHOCTH M KOJIMYECTBO
UCIIBITAHHH ONMPEACIISIOTCS, UCXOI U3 OLIEHOK PACCTOSHHS 10 MPETSTCTBUH.

7.2 TlocTpoeHne MapLUpPYTHOWU ceTu

YHOMSHYTYI0 BBIIIE BBIYHCIUTEIBHYIO CTPATErdio INIOOAJbHOTO IIAHUPOBAHUS
peanuzyetr kiacc TopologicalPlanner, sBusiomuiics HacaeIHHKOM —Kiacca
IGlobalPlanner u wucnonp3yromuiics MO-yMONTYaHUIO MPH OTCYTCTBHU JAPYTHX
QIBPTEPHATHBHBIX  peaym3anuid.  CrpaTerns  OCHOBaHAa  HAa  W3BJICUCHUH
NPOCTPAaHCTBEHHOH, METPHYECKOH ¥  TOMOJIOTHYECKOH  WH(pOpMamuu  u3
TE€OMETPUYECKOTO TPENCTABICHHUS OKPY)KCHHS, TIOCTPOCHUH MAapIIPyTHOH CETH B
HEM ¥ COTTIACOBAHHOM HCIOJIb30BAHUH CETH MpH Noucke myTei [3,13,14].
Peanuzanns CTpaTerun oJipa3yMeBaeT (opMupoBanue CTPYKTYpBI
MPOCTPAaHCTBEHHO! 3aII0JIHEHHOCTH BCETO 00beMa OKPY)KEHHS B BHJIE OKTOAEPEBA C
NPUIACAHHBIMU OKTaHTaM CTAaTyCaMH HAaIllOJHEHHOCTH. JlaHHAs CTPYKTypa MOJKET
paccMarpuBaThCsi B KadeCTBE YIPOLIEHHOTO TI'€OMETPHUYECKOTrO MpeICTaBIICHUs
okpyxenus. OKTOJEpPEBO JOINOJHIETCS METpUYecKod HuHpOopMaluei myrem
NPUIKACHIBAHUSL CBOOOJHBIM OKTAaHTaM 3HAYEHUIl PacCTOSHHUN OT WX LEHTPOB JIO
npenatcTBuid. Metpuueckas HWH(OpPMALUS HCIOJB3yeTCs sl KIacTepH3aluu
CBOOOJHBIX OKTaHTOB B BHJE CBI3HBIX oOmacTeil mpocTtpancTBa. I[locnemnue
uieHTUGHUIUpYIOTCs Kak "30HB" M "mepexonbl" TakMM 00pa3oM, UYTO 30HBI
3aHMMAlOT OCHOBHBIE CBOOOJHBIE OOJACTH M COCOUHSIOTCS JpPyr C JAPYroM
nepexozamMu. B pe3ysipraTe BoccTaHABINMBAETCS TOIOJIOTHSI CBOOOIHBIX oOsacTel 1
(opmupyeTcst equHAs MapIIpyTHas CeTh OKpPYXEHUs B BHUie Tpada, BEpIIUHEI
KOTOPOTO COOTBETCTBYIOT 30HaM, a pebpa — mepexomamM Mexay HuMH. s
NPUHATUS PEelIeHuH O Haubojee INEepCHEeKTHBHBIX MapIIpyTax 3JIEMEHTHl CeTH
cHa0xaroTcsi MHpOpManMell O KOOpAMHATaX LEHTPOB BBIAEIECHHBIX 00JacTeH,
PacCTOSTHUU 10 OJIIDKANUIIEro MPesTCTBUS U AJIMHAX TEPEX00B MEXIy CMEXHBIMU
30HaMHU.
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Jns mporpaMMHOW peanu3aiii BBIYUCIUTENIBHOM CTPATETHH HMCIOJIb3YEeTCs JBa
BCIIOMOTraTesbHbIX Kiacca: SpaceOcTree, npeaHazHa4eHHbBIH Uit (OPMUPOBAHUS
CTPYKTYpPBI IPOCTPAHCTBEHHON 3aronHeHHOCTH,  SpaceTopology, ucmons3yemsbrii
JUTS IPEICTABICHUS OITMCAHHON CIIeTINATN3UPOBAaHHON CETH.

Kiace SpaceOcTree moanepuBaeT IpeacTaBIeHNE OKTOACPEBa 3aIIOTHEHHOCTH H
WHKPEMEHTAJIBbHO OOHOBIIET €r0 IMpH W3MCEHEHHUSX, CBI3AHHBIX C M0OaBICHUEM,
ymajgeHneM W MoanpuKammer — oOBeKTOB  OKpykeHus.  OmHOBpEMEHHO
MEPECUUTHIBAEMbBIC 3HAUCHUS PACCTOSIHUN IO MPEMSATCTBHI MO3BOJISIOT BBIICIHUTH
CBOOONHBIC O00JACTH TyTeM OOBCIUHCHUS CMEKHBIX CBOOOJHBIX OKTAaHTOB H
UICHTU(HKAIIMKA WX B BHUJC 30H U MEPEXOJ0B, MPEICTABUMBIX KJaccaMu Space u
Gate coorBeTcTBeHHO. MapHIpyThl, COCAUHSIONINE IICHTPHI WHIUACHTHBIX 30H U
MIEPEX0JI0B, BBIICICHBI B OTJCIBHBIN Kitacc Route.

30HbI, MEPEX0bl U MapIIPYThl arperupyroTcs kiaccom SpaceTopology, kotopsiit
obecrieyMBaeT WX NOAJEPKKY B JOMOJHEHHWE K TpadoBOMY INPEICTABICHHUIO
MmapmipyTHoii  cetn  kiacca  TopologicalGraph. TIlocmemnumii  HaciexyeT
paccMoTpeHHbIH Bbile madaoH TRoadmap ¢ Hauiexaiei crienuanu3amnuei THIoB
BEPIIHNH U pedep Kak KIACCOB 30H, MEPEX0I0B H MapUIPYTOB.

Jlyist cornlacoBaHHOTO OOHOBJICHHUS DJIEMCHTOB MAapIIPYTHON CETH MPH U3MEHEHHSIX
B OKpPYKCHUH HCTIOTB3YIOTCS KJIaCCHI 00paboTINKOB cooOmeHnit
SpaceOcTreeCache u SpaceTopologyCache. anHble Kiacchl 00ECIIEYHBAIOT
3¢ (exTHBHOE WHKpPEMEHTaIhbHOE OOHOBJICHHE COOTBETCTBYIOIINX MPOU3BOIHBIX
JAHHBIX B pe3yNbTaTe 00paOOTKH THITH3UPOBAHHBIX COOOIICHUH.

3aknroyeHue

Takum 00pa3oMm, paccCMOTPEHBI NPHUHIMIIBI OPraHM3aluud ¥ (QYHKIMOHUPOBAHUS
pa3paboTaHHONW WMHCTPYMEHTAJbHOW Cpensl sl HPOrpaMMHOH  peanu3aliiu
MoJielield, METOJOB W NPWIOKEHWH TEOpHH IIIaHUpoBaHWsA JBIKeHMs. Cpena
NPE/IOCTaBIIsIET PA3BUTHIH HA0OP TOTOBBIX K HCIIOJNB30BAHHIO HPOIPAMMHBIX
KOMIIOHEHTOB I aBTOMATHYECKOTO IOCTPOEHHsS OECKOH(MIMKTHBIX TpPaeKTOpHUi
g poboTa, TepeMeniaeMoro B CTaTH4eCKOM M JAWHAMHYECKOM TPEXMEPHOM
OKPY>KECHUU.

Opranuzanus cpeasl B BUJAE 00BEKTHO-OPHEHTHPOBAHHOTO Kapkaca oOecrednBaeT
pa3BuTHe, ajanTauuMio U ruOkoe  KOHGUrypHpoBaHHE  pa3paboOTaHHBIX
MPOTPAMMHBIX KOMIIOHEHTOB B COCTaBe IIEJIeBBIX NpuiIokeHuil. braromaps
BBIJICICHHBIM HHTepdeiicaM pa3HOTO YpPOBHA M NPEAYCMOTPEHHBIM TOYKaM
paclMpeHus cpela JOOIyCKaeT MHTETPaldi0 €O CTOPOHHUMHU MPUKIAIHBIMU
CHCTEMaMH.

Oxupaercs, 9To pa3paboTaHHAsS MHCTPYMEHTAJIBHAS CPela, a TAaKkXKe CBSI3aHHBIA C
Heit METOA TIOCTPOCHHUA IICJIEBBIX l'lpI/IJ'IO)KeHI/If/'I r7100aIbHOTO TIJTAaHUPOBAHU A
JBMOKCHUS TMO3BOJIAT CYHICCTBEHHO COKPATUTHL CPOKU W 3aTpPaThI. B HaHLHeﬁmeM
IUIAaHUPYETCSl anpoOMpoOBaTh Cpely B XOAE pPAa3BUTHA CHUCTEMBl BH3YalbHOTO
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Abstract. In this paper, we discuss principles of the organization and functioning of the
software framework intended for development of models, methods and applications of
motion planning theory. Developed within an object-oriented paradigm the framework
includes a wide variety of ready-to-use components that provide the functionality required for
automatic search for collision-free trajectories for robots moving in both static and dynamic
complex 3D environments. The proposed software design provides extensibility, adaptation
and flexible configuration of the developed program components as a part of target
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AHHOTammsi. B crathe ommchIBaeTCS NPAKTHYECKUH OMNBIT Pa3pabOTKU IEpCIEeKTHBHOM
CHCTEMBI BH3YaJIbHOTO IUIAHHPOBAHUS TPOEKTOB HAa OCHOBE OOBEKTHO-OPHEHTHPOBAHHOTO
Kapkaca. Vcronp3yemblil kapkac MpEACTaBIsIeT cOOOH CHUCTeMy KIIaccoB M MHTep(deiicos,
NpeIHa3HAYeHHBIX IJISI TPOTPAMMHON peanu3allii MOfeneil, MEeTOJOB W HPHIOKEHHI
TEOpUH pachucaHuil. brarogaps HanMYUIO TOTOBBIX KOMIOHEHTOB ISl PEHICHHS THITOBBIX
3a]a4, a TaKKe NMPEIyCMOTPEHHBIM MEXaHM3MaM HMX KOH(UIYpHPOBAHUS ¥ paCHIUPEHHS,
CO3/]aHH€e MPUIIOKEHUH OCYIIECTBIAETCS OTHOCHTENBbHO MpocTto. IIpuMeHneHne kapkaca
MO3BOJIMJIO peajM30BaTh B IIEJIEBOM CHCTEME HEOOXOAMMBIH (YHKIMOHA HPOEKTHOTO
IUNIAHUPOBAHUs, a TAKXKe OOECHEYUTh €ro IMOCIEAYyIoIlee pPa3BUTHE ITyTeM O0O0OOIICHHs
YCJIOBHH 33124 ¥ pacIIUpPEeHNsl apceHasa alrOPUTMOB, IPUMEHSIEMBIX JJIs UX PELICHHUS.

KiroueBbie ci10Ba: TeOpHs paclicaHuil; KaJICHIapHO-CETEBOE INIAHUPOBAHUE; IPOrpaMMHast
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1. BeedeHue

Co3nanue TpoTpaMMHBIX TPUIIOKEHUH TEOPUH PACIHCAHHWNA MPEACTaBISET COOOM
CEPbE3HYI0 TIPOOIEeMy, IOCKOIBKY TpeOyeT CO CTOPOHBI pPa3padOTINKOB Kak
MaTeMaTHYECKOW KBaIM(UKAINH, HEOOXOANMON IS (hOpMaTU3aIiH TIPHKIIATHBIX
3a/1a4 ¥ NOCTPOCHUS (P (PEKTUBHBIX aITOPUTMOB PEIICHNUS, TaK U 3HAHUI U ONBITA B
o0yacTH TPOTPAaMMHOW HWHXKCHEPUH, HEOOXOOMMBIX i IMPOSKTHPOBAHWSA,
peanu3any ¥ HHTETPAUH CIOKHBIX TPOTPAMMHBIX CHCTEM.

VuupepcansHble MaremaTHaeckue OuOmworeku [1, 2, 3] MO3BONAIOT peuInThH
HEKOTOpBIC THIIOBBIE 3aJaddl TCOPHH PACIHCAHUA HW3BECTHBIMH AallTOPUTMAaMH,
OJTHAKO IIIOXO MPUCIOCOONEHBI TS MPHUKIAAHBIX 3afad, YCIOBUS KOTOPHIX MOTYT
BapbUPOBaThCSI B MPOIECCE JBONIIOLUHU IICJICBOTO MPHIOKEHHS. B MOJ00HBIX
cllydasX BONPOCHI BBIOOpa WM peaiu3allid — AJITOPUTMOB,  PEIICBAHTHBIX
BBIUUCITUTCIILHON CJIOKHOCTH —pElIacMOil NPUKIATHONW 3aJaud, CTaHOBSTCS
HanboJsee KpUTHIHBIMHE [4].

C Jpyroii CTOpOHBI, MPaKTHKA pa3pabOTKA MPOrpaMM 3aHOBO IS KaXJIOro
TMPUIIOKCHUA TaKKE ABJIACTCIA HerHeMJ’IeMOﬁ B CHUJIYy 3HAYUTCJIBbHBIX PECYpPCOB,
HeO6XOI[I/IMI)IX AJiA peain3alii COBPEMEHHBIX MO[[eJ'Ieﬁ n aJlropuTMOB TCOpUU
pacncanuid. Emie Oonbminx 3atpaT TpeOyeT KOH(UIypHUpOBaHHE M ajanTanus
pa3paboTaHHBIX MNPOTpaMM Uil COTJVIACOBAaHHOW paboThl B COCTaBe LEJIEBOTO
MPIIOKEHUS BMeCTe C TpadUIeCKUMH U MHPOPMAITHOHHBIMH KOMITIOHEHTAMHU.
[Moxxon, mpeaiokeHHbIH B paboTe [5], mpeanonaraeT co3faHWe W BCECTOPOHHEE
MPUMEHEHHE EIWHOW TPOTPAaMMHO-HHCTPYMEHTAIFHOW Cpensl Uil peai3aiuu
MoJIesieii, MeTOIOB M TPHUJIOKCHUH TEOPUH paciucaHuii. JlaHHas cpema codyeTaeT B
cebe GyHKINU MaTeMaTHIeCKOH OMOIMOTEKH U IPOTPAMMHOTO HHCTPYMEHTAPHSL.

C oOmHOH CTOpPOHBI, TaKO€ COYETAHHE IMpEINoiaracT HaJMdue TOTOBBIX K
WCIIOJIE30BAaHUIO TIPOTPAMMHBIX KOMITOHGHTOB IS 3aJaHUSl YCIOBHH W PEIICHHS
TUTIOBBIX 3a7a4 TEOPUHU PACIHCAHUHA W, B YaCTHOCTH, WHIYCTPHAIHHO 3HAUYUMBIX
3aj1a4 BBICOKOI pa3MEepHOCTH B IMOCTAHOBKE MPOEKTHOro ruianuposanus Generally
Constrained Project Scheduling Problem (GCPSP) [6, 7]. Tlockonbky MHOTHE
3aJjauyd TEOPUH PACIHCAaHUH PEeIylUPYIOTCS K TAHHOH OOOOIICHHOHM MMOCTAaHOBKE,
cpelia MpeaoCTaBIsIeT HEOOXO0AMMbIC TOYHBIC U TIPUOIIKECHHBIC CPEICTBA PEIICHHS.
C nmpyroit CTOpOHBI, OpraHU3aIVs WHCTPYMECHTAILHOW Cpelbl B BHAEC OOBEKTHO-
OpHUCHTHPOBAaHHOTO  Kapkaca  o0ecreyuBaeT  IOBTOPHOE  HCIIOJNB30BAHUE
UMEIOLIUXCA KOMIIOHEHTOB IIpM IPOrPaMMHOM pEaM3allid HOBBIX MOJEIEH,
METOJIOB U NPWIOKEHUH TEOPUU PACIMCAHUNA IIPU OTHOCUTENIBHO HU3KUX 3aTpaTax
Ha 10paboTKy. [Ipm 3TOM BO3MOXKHOCTH Pa3BUTHA, aaNnTalMd W KOHQHUTypamuu
KOMIIOHEHTOB HE IIPEMATCTBYIOT TOCTPOSHHIO 3(GEKTHBHBIX MPHIOKEHUH,
PEICBAHTHBIX YCJIOBUAM U CJIOKHOCTU PCHIACMBIX MMPUKIIAJHBIX 3a/1a4.

JanHpie (axkTophl TpemoNpeAeTIN  BRIOOP HPOTPaMMHO-HHCTPYMEHTAIbHOI
Cpeasl B KauyeCTBE OCHOBHOTO CPEACTBA IS MOCTPOCHHSI CHCTEMBI BHU3YallbHOTO
IUITAaHUPOBAHUA TIPOCKTOB HAa OCHOBE paHEEC CYHICCTBOBABIICTO ITPUIIOXKCHUA
BU3yalbHOTO MojeiaupoBanusi Synchro [8]. DyHKIMU HCXOAHOTO MPUIIOKEHUS,
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TJIABHBIM 00pa30oM, OrpaHHYMBAIUCH BO3MOXXHOCTSMHU BH3YaIH3alUU MPOCKTHBIX
IUIAHOB W KaJICHAAPHO-CETEBBIX TpaUKOB Ha JguarpaMMe [aHTa W B OKHax
MPOCMOTpa TPEXMEPHBIX CIeH. Takke NPUIOKEHHE TMPEAOCTABIUIO CpEACTBa
BepuduUKauu rpaguKoB, BBISIBICHHS MPOCTPAHCTBCHHO-BPEMCHHBIX KOH(IUKTOB U
TeHepalyy COMYTCTBYIOIINX OTIETOB U BHIEOMATCPHAIIOB.

Ipuanun pa6otel  SYNChro cocTosi B KOHCOMMTAIMU  KaJICHIAPHO-CETEBBIX
rpa)uKOB, UMIIOPTUPYEMBIX U3 TPATUIMOHHBIX CHCTEM YIPABICHHS IPOCKTAMHU,
takux kak Oracle Primavera, Microsoft Project, Asta Powerproject, u TpexmepHBIX
MoJieNiel, TOATOTOBICHHBIX B nomysipHeIXx CAD-cnuctemax, Takux kak AUutoCAD,
Revit, Sketchup, Microstation. B pesymprate T1OMOOHONH KOHCOJNHAAIUH
(opmupyercss egWHas MPOCTPAHCTBEHHO-BPEMEHHAas MOJETh IPOEKTa, KOTOpas
3aTeM MOJKET HCIIONIB30BAThCS JJIs BU3yalW3allld, aHanm3a W Bepuduxanuu. [Ipu
0oOHapy>KeHHH MPOCTPAHCTBEHHO-BPEMEHHBIX KOH(IHKTOB KaJICHIAPHO-CETEBOM
rpadUK MPOCKTa MOXET OBITh CKOPPEKTUPOBAH CPEACTBAMHU MPUIOKCHUS WIHA C
WCIOJIb30BaHUEM CTOPOHHUX CHCTEM B pe3ylbTare »J3KCIopTa W HMMIOpTa
IMMPOCKTHBIX JTaHHBIX.

OTcyTCcTBHE CPEACTB TIOCTPOCHHUS PACHUCAHHMA SBISUIOCH MPUHIUITHATBHBIM
HEIOCTATKOM HCXOJIHOTO MPHJIOKEHUS, MOCKOJIBKY JIF00ass KOPPEKIIUs KaJeHIapHO-
ceTeBoro rpaduka Tpd OOHAPYKEHWH KOHGIMKTOB MOIJIa ITOTCHI[HAIHHO
HApPYIIUTh €r0 COTJIACOBAHHOCTH. B 3TOM ciiyuae TpeOOBaOCh 3KCIOPTHPOBATH
KaJCHIApHO-CETEBO Tpaduk B CTOPOHHEE MPUIOKECHHE COOTBETCTBYIOMICH
(hYHKIIMOHATBHOCTH, CTPOMTh B HEM COIJIACOBAaHHOE pacClMCaHHWe, a 3aTeM
umnoptupoBars rpaduk B Synchro. ITockonbky Takas MOCIIEIOBATENBHOCTh HE
rapaHTHPOBaJa OTCYTCTBHE HOBBIX IPOCTPAHCTBEHHO-BPEMEHHBIX KOH(IMKTOB B
pesynbpTHpyIOImeM rpaduke, TpeOOBAIMCH MHOTOKpAaTHBIC IeicTBUSA. Hammune
Pa3BUTBHIX CPEACTB MOCTPOCHHS PpACIUCAHWi npeBpaTwiao Obl  Synchro B
MOJHOIICHHYIO CHUCTEMY YIPAaBICHHS TMPOSKTAMH, MPHYEM C BO3MOKHOCTIMHU
MHOTO()aKTOPHOTO TIAHUPOBAHUS U BU3YaJIbHOI'O aHAIIH3A.

B cratee ommceBaeTCSs TPAKTUYECKHH OIBIT  SBOJIOIMOHHON pa3paboTKu
MEPCICKTHBHON CHCTEMBI BH3YAJIBHOTO IUIAHUPOBAHHSA IIPOSKTOB HA OCHOBE
CYIIECTBYIOIIETO MPHUIOXKEHUST SYNnchro ¢  HCmosib30BaHMEM  MPOrPaMMHO-
WHCTPYMEHTAIBHOU Cpenbl I peanu3alud Mojelied, METOJ0B U MPUII0KEHUI
TEOPUH PACIHCaHUN, KOTOPBIH MOXET OBITh BOCTPEOOBAaH IPHU CO3MAHUHU APYTHX
npuioxkeHunil. B pasmene 2 KpaTko paccMaTpHBalOTCA  OOI[HMEe  BOMPOCHI
OpTraHM3aIlil  IPOTPAMMHO-WHCTPYMEHTAJIbHON Cpeasl B BHAE OOBEKTHO-
OPHUEHTUPOBAHHOTO KapKaca W METOAOJOTHH IMOCTPOCHHs TMPWIOKEHUH TEOpUHU
pacnucanuiil Ha ero ocHoBe. [Iporecc pa3pabOTKH IEIEBOW CUCTEMBI BU3YallbHOTO
TUTAHUPOBAHUS TPOEKTOB O0CYykImaercs B pasnmene 3. Hekoropsie pe3yibTaThl
BBIYUCITUTEIBHBIX OSKCICPUMEHTOB TPEACTABICHBI B pasfene 4, B KOTOPOM
MPOBOJUTCS CpPaBHEHUE ITIOKa3aTesell A(QPEKTHBHOCTH MOCTPOSCHHON CHCTEMBI C
MOMYJISIPHBIMA CHCTEMaMH YIIPABICHHUS MPOCKTaMHU. B 3aKIIFOYCHHUH TOABOASTCS
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WUTOTH TIPOBENICHHOI pabOTHI M MAIOTCS PEKOMEHIAINH TI0 pa3paboTKe M Pa3BUTHIO
MIPUJIOKEHUN TEOPUH PACIIMCAHUI HA OCHOBE KapKaca.

2. OpeaHu3ayus u Ha3Ha4YeHue KapKkaca

PaspaboTanHbIif Kapkac HpencTaBisieT co0oil cHcTeMy KIIAaccoB (B NanbHEHIIEM,
YUYHUTBIBAs €ro MPaKTHYECKYIO peai3aliio Ha s3bike Cut++, OyIeM HCIIOib30BaTh
NPHUHATBIE TEPMHHBI «KIIACC», «KOHKPETHBIH Kiacc», «aOCTpakTHBIH Kiacc» M
«aHTepdeiic»). B oprammsanmm kapkaca (cM. pUCYHOK 1) BBIZETHM CIICIYIOIIHE
TPYIIIBI UM TTaKEThl KJIACCOB!

maker  KimaccoB  pemareneit  (Solvers),  peammsyromux — o0uue
anroputMuueckue cxemsl pemienus 3amad GCPSP (Schedulers), a taxke
9BPUCTHKH [UTS TOMCKa MIPUOTMKEHHBIX pemenuii (Heuristics);

maKket KJIaCCOB MaTeMaTHYECKUX 00BEKTOB (Mathematics),
MpelHa3HaYeHHBIX JUIS 3aJaHusl YCJIOBUH U TIONY4YEHUS Pe3yJIbTaToB
pemeHns 3agad B 0000menHoit mocranoBke GCPSP;

makeT KJIaccoB MaTeMarmdeckoi pexykuuu (Reductions), obecreunBaromux
CBEJICHHE MPHUKIATHBIX 3aJa4 COCTABICHHS DACIMUCAHUI K MOCTAHOBKE
GCPSP u coOTBETCTBYIOIIYIO MHTEPIIPETAINIO IPUKJIATHBIX JAHHBIX;

MakeT KJIACCOB MpUKIagHbIX aaHHbix (Project Data), ucmonb3yembix st
MpPEJCTAaBICHUS YCIOBUH M PE3YJIbTAaTOB pEIICHHS 3a7ad MPOCKTHOrO
ranupoBanusi RCPSP B paciipeHHBIX TOCTaHOBKaX.

Application
Visualizations Integrations I

ke — —
ke — —

T
|
|
Framework
v
Project Data

A
|

Reductions Mathematics I Solvers

Puc. 1. Opeanuszayus ob6vexmuo-opueHmuposaHHo2o Kkapkaca 0 paspadomxu RPUIOICEHU

meopuu pacnucanuil.

Fig. 1. Organization of the object-oriented framework for development of scheduling theory
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[NakeTh 1 KIacchl Kapkaca mogpoOHO paccMarpuBarTes B [5]. 3amerum, 4To YacTb
U3 HHUX peanusyercds B  BHAE KOHKPETHBIX  KJIACCOB,  JOIYCKAOLIUX
HEIMOCPEJICTBEHHOE KOHCTPYHpOBaHHE OOBEKTOB. Jlpyras 4YacTh IpeIcTaBIsieT
co0oit nHTEpdelichl WM abCTpaKTHBIE KIACChl, KOTOPHIE M0 CYLIECTBY ONPEICIISIOT
TOYKM DAaCIIMpPEHMS KapKaca M IO3BOJIOT NPEJOCTaBUTh HX aIbTEPHATHBHBIC
peanmzanuu. [IpumedaTensHO, 4TO HEKOTOpHIE (YHKIMM KapKaca, B YaCTHOCTH
o0Inue anropuTMHYECKHE CXEMBbI, PEaIN3yIOTCs Ha YpOBHE aOCTPAaKTHBIX KIIACCOB
06e3 KOHKpeTH3allMM 4YacTHBIX YCIOBHH pEHIaeMbIX 3a4ad M NPHUMEHIEMBIX
anropuTMOB. Takol CHOcOO OpraHM3alMd W pealn3alid KapKaca SBISIETCS
panHOHAIBHBIM C TOYKH 3PEHHUS TOBTOPHOTO MCIIOIb30BaHNS KOMIIOHCHTOB.
CraenaeM HEKOTOpBIE KOMMEHTApUH, MOSCHAIOIINE MIPEACTABICHHYIO OPraHN3aIHio
U OIPEICISIONINE METOAOJIOTHIO TOCTPOCHMS LENEBBIX NPHIOKEHHH HAa OCHOBE
kapkaca. [IockonbKy Teopwsl paclMCaHUM OXBAaTHIBAET IOBOJBHO MHOTO KIACCOB
3a/ad CO CBOMMM aJrOpUTMaMH, B COCTaB KapKaca BKJIIOYEHBI, IPEXJE BCEro,
KOMITOHEHTBI JUIsl PelIeHUss 0000LIeHHbIX 337a4 IUIAHWPOBAHUS B MaTeMaTHYECKH
He#TpanpHOll moctaHoBKke GCPSP, B KOTOpOil ONMpeeNatoTces JHIb THII ISICBON
¢GbyHKIMM 1 BUJ anreOpandeckux orpaHuueHuil. Jys Toro 4ToObl BOCIIONB30BATHCS
peliaTensiMy, BXOJAINUMHE B makeT SOIVers, tpebyeTcs mpeaocTaBuTh COOCTBCHHbIC
peanu3alyy JaHHBIX a0CTPaKIHH, HAacllelys UX OT COOTBETCTBYIOLIMX HHTEp(deiicoB
nakera Mathematics. Tem He MeHee, MOCKOJBKY MHOTHE 3afadyd TEOPHU
pacticaHuil peqyIupyroTes K 3agadaM npoekTHoro ruranupoBanns RCPSP, Gomnee
MPOCTBIM  CHOCOOOM  Pa3padOTKM NPHIOKECHHH OKas3bIBaeTCd HWHTEPIPETAIHS
YCIOBUM MCXOAHBIX NPHUKIAIHBIX 3aad B TepmuHax RCPSP, pewmenue ux
MMEIOIINMHUCS CPEICTBAMH M KOHBEpTAlMs pPE3yJbTaTOB B MPEICTABICHUE
ucxomubix 3amad. Ilaker kapkaca Project Data comepxut HeoOxomumbiii HaGop
KJIACCOB JUUISI 3aJIaHMsl YCIOBHH 3a7a4 MPOEKTHOTO IUIAHUPOBAHMUSA B PaCIIMPEHHBIX
MOCTAaHOBKAX, 4YTO [ENaeT TaKyl CXeMy pa3pabOTKH NPHIOKEHHH ITOBOJIBHO
npocroil. bonee TOro, mpu CO3JaHUM CUCTEM IIPOEKTHOIO IUIAHUPOBAHUS U
YIOpaBJIEHUS 3TOT IAaKeT ONpeneiseT Pa3BUTYI0 MOJENb JAHHBIX, KOTOpas MOXET
OBITH ITOJIO’KEHA B OCHOBY BCEW CHCTEMBI. B 3TOM cilyuae NMpHUMEHUMBI U CPEICTBa
COCTaBIICHHs  paclUcaHMii, TockoibpKy maker Reductions npenocrasiser
HEOOXOMMMBIE peann3aliy LENeBbIX (QYHKIMH M anreOpanvdecKux OrpaHHYCHUH,
mopoxaaeMbIX moctaHoBkamMu RCPSP.

Takum oOpazoM, pa3paboTKa THIIOBOTO TPHIIOKEHHS C (YHKIHIMH HPOEKTHOTO
TUTAaHWPOBAHUS MOKET OBITh CBEZIEHA K CIIEAYIOIINM paboTam:

e ucronp3oBaHue makera Project Data mns mpencraBieHUs M XpaHEHHS
MIPOEKTHBIX JaHHBIX, a TAKXKe JUIA 3aJJaHNs yCIOBUH 3a/1a4 IUTAHUPOBAHMS,

e KOH(QUIypHpOBaHME KJIACCOB peIlaTenell COOTBETCTBYIOIIMMHU IIEJIEBBIMU
(hyHKIHMAMHU, OTPAaHWMYCHUSAMHU W 3BPUCTUKAMHU AJIS 3(PPEKTHBHOTO pemieHus
3a/1a4 IUIAHUPOBAHUS;

e paspaboTka  rTpaduueckoro  uHTepdeica - MOJb30BaTENs  LEJIEBOTO
NPWIOKEHUS JUIS BBOJA, PEJAKTHPOBAHUS, BH3yalM3allMM IPOECKTHBIX
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JAHHBIX, B TOM YHCJI€ C HCIOJB30BAHUEM TEKCTOBBIX OTUETOB, TPA(HKOB,
JarpaMu.
B wacTHBIX cay4asx MOTYT MOTPEOOBATHCS JOMOTHUTEIBHBIC YCHIIUS IS PA3BUTHUS
HMMEIOIINXCS TTAKETOB:

e pacmupenue naxkera knaccos Project Data ayist npecTaBieHus crienuaibHbIX
YCIOBUI I[UIAHMPOBAHUS M HX CBEICHHUSA K PACIHIMPEHHON IOCTAHOBKE
RCPSP;

e pacmmupenue makera kimaccoB Reductions mis mpuBeeHUs! crenuanbHBIX
YCIOBHM TUIAHUPOBAHUS K OOOOLIEHHOW MAaTeMaTHYECKOM ITOCTAHOBKE
GCPSP;

e pacummpeHue makera KiaccoB SOIVers must peanu3aniy HOBBIX QITOPUTMOB H
9BPUCTHUK C y4ETOM OCOOCHHOCTEH MPUKIATHBIX 3a/1ad.

3. Pa3spa 6omka u passumue cucmemsbl eusyasilbHO20
ny1aHuUpoeaHus rnpoeKkmoe

Pa3zpaboTanHblii Kapkac ¥ CBsi3aHHass C HUM METOJOJIOTHS  pa3padoTKH
MPOTPAaMMHBIX TPHIIOKEHHH TEOPHH paclicaHuil ObUIN YCIIEIHO anpoOHpOBaHbI B
XOJ/le TIOCTPOCHHMSI CHCTEMBI BH3YyalbHOTO IUIAHHUpOBaHWs mpoekrtoB Synchro [8].
CucreMa CTpOMIach Ha OCHOBE paHee CYIECTBOBABILETO IPHUIOKEHUS BU3YalIbHOTO
MOJICTIMPOBAHUSI C OCHOBHBIMU (YHKIMSIMH, IIEPEUHUCICHHBIMUA BO BBeleHUH. Ha
pPHCYHKE 2 TpHBEACH CHUMOK OJKpaHa, WUIIOCTPUPYIOIIMHA TIJaBHOE OKHO H
OCHOBHBIC JIEMEHTHI rpaduyeckoro uHTepdeiica nmoap3oBaTens cucreMsl Synchro,
BKJIIOYAs JHarpamMMmy ['aHTa 1 OKHa IPOCMOTpPa TPEXMEPHBIX CLICH.

et Faunditon Excatnn

Puc. 2. ['asnoe okHo epaguueckoeo unmepgeiica noivzosamens cucmemst Synchro.
Fig. 2. The main window of the graphical user interface of the Synchro system
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Kak orTmewanochk BhINIE, OTCYTCTBUE COOCTBEHHBIX CPEICTB IOCTPOCHHUS
pacnucaHuii SBJSIOCH OJHUM W3 TJIABHBIX HEIOCTATKOB MPHIIOKEHUS, MOCKOJIbKY
OTPaHUYUBAIO TIOJIE30BATENsl B Pa3peUICHUM OOHAPYKCHHBIX KOH(JIHMKTOB B
pe3yJibTaTe COTJIACOBAaHHOW KOPPEKIMH KaJleHJapHO-ceTeBoro rpaduka. Hammuue
MOJOOHBIX CPEICTB IpeBpamiaio OBl TPHIOKEHHE B IOJHOLCHHYIO CHCTEMY
YIpaBJICHUS TPOEKTAMH, IPUIEM C BO3ZMOKHOCTSIMH BH3YAJIIFHOTO MOICITHUPOBAHMUS
1 MHOTO(AKTOPHOTO TUTAHUPOBAHHSI.

Yder pa3nu4HbIX (PAKTOPOB OCYIIECTBICHHS IPOCKTHOW NEATEIFHOCTH TaKkKe
SABISUICS ONHUM W3 TNPUHOWIMHANBHBIX  TpeOOBaHWU, TPEIBSIBIIEMBIM K
pa3BuBacMOMYy  TpWIOXKeHHIo. [Ipum  coCTaBIEHWH  pAacUCAHUUA  JIOJKHBI
YYUTBHIBATHCSI HE TOJBKO BPEMEHHBIC YCIOBHSA, OTHOUICHUS NpPEAIICCTBOBAHUS,
pecypcHBIE OTpaHWYEHHs ¥ KalleHIApHBIC MpaBWiIa, XapakTepHBIE I 3amad
npoekTHoro IuraHupoBarnss RCPSP, HO u cnemmduueckume TpedoBaHHS
MPOCTPAHCTBCHHO-BPEMEHHOM  COTJIACOBAaHHOCTH  MPOEKTHBIX  paboT,  HX
(hMHAHCOBOTO M JIOTHCTHUYECKOTrO obecreueHus. JlaHHble TpeOOBaHMSI BaKHBI IS
MacIHITa0HBIX WHAYCTPUAIBHBIX MPOrPaMM, B KOTOPBIX PUCKU TEXHOJIOTHUYECKHUX U
OPraHU3AI[HOHHBIX OINHOOK YPE3BHIUANHO BBICOKH, a CPOKH U OFOJIKETHI JKECTKO
orpanuueHbl. [Ipumepamu cnenuduyeckux TpeOOBaHUN MOTYT CIYKHTh YCIOBHUS
MIPUBJICYEHUS] MHBECTUIIMOHHBIX CPENICTB, OTPAHUUEHHUS 10 TTOCTaBKaM MaTepUajoB,
MpaBUiIa Pa3MENICHHS M HCIOJB30BAaHUS 00OpYHOBaHHSA, OCOOCHHOCTH MOHTa)Ka
JJIEMEHTOB KOHCTPYKIIMI BO3BOIUMOTO COOPYXCHHS, YCIOBHS Pe3epBHUPOBAHUS
pabounx 30H MPHU OPTaHU3AINH MPOCKTHBIX padoT.

3aMeTHM, 4TO 1O Mepe Pa3BUTHA LEIEBOH CHCTEMBI HAO0Op OTPAHUICHUH MOXKET
MepecMaTPUBATECS B CTOPOHY OOOOIIEHHS W PACIIMPESHHS, MOATOMY CPEICTBa
COCTaBJICHUS PACIUCAHUN MOJDKHBI OBITH peaTn30BaHBl HaISKAIINM 00pa3zoM,
JIOITycKask TOJIJEP>KKY HOBBIX THIIOB OTPaHUYCHHUH 0e3 KaKuxX-TH0O Cephe3HBIX
W3MEHECHHH CYIIECTBYIONINX MPOTPAMMHBIX KOMIIOHECHTOB.

JanHble TpeOOBaHUS YAAJIOCh YAOBICTBOPUTH C IMOMOIIBIO MPEICTABICHHOTO
KapKkaca JJIsl TIOCTPOCHHS TPWIOKEHUH Teopuu pachucaHmii. Kapkac He TOJBKO
MPEJOCTABIII TOTOBEIE K HCITOIB30BAHUIO MPOTPAMMHBIC KOMIOHEHTHI IS 3aJaHHS
YCIOBMH M pemeHus 3aJad MPOEKTHOTO IUIAHMPOBAHUSA, HO M 00ecHedni
BO3MOXHOCTh JT0OaBIIEHUSI W TOJAJEPKKH HOBBIX BHJIOB OTPaHUYCHHN B paMKax
OIMCAHHOM BbIIIE METOJIOJIOTHH.

PaccMoTpuM  mpoliecc  3BOJIOIMOHHONW  pa3pabOTKU  CHUCTEMbI  BH3YaJbHOTO
TUIAHUPOBAHUSI IPOEKTOB SYNchro Gosee mompoGHo.

Tak Kak Kapkac BHEIpPsUICA B CYLIECTBYIOIIEE MPUJIOKEHUE, a HE UCIOJIb30BaJICS
JUIA  CO3MaHWsS HOBOM  CHCTEMBI, BO3HHKIA HEOOXOAWMOCTH  Pa3BHUTHUS
YHACJIEIOBAHHOM  MOJENM JaHHBIX. 3aMeTHM, 4YTO mpuiIokeHue Synchro
pean30BaHO B PaMKax 0OBEKTHO-OPHEHTHPOBAHHON MapagurMel Ha s3bike Cut+ u
UCTIONB3YeT OOBEKTHO-OPHEHTUPOBAHHYIO MOJENh JAHHBIX JUIS IPEACTAaBICHUS
mpoekTa, paboT, CBsI3eH, KaJeHIapeH, pecypcoB, TPEXMEPHBIX OOBEKTOB CIICHHI.
VpolueHHas peanu3alus JaHHBIX KOHLUENTOB C UCIOJIb30BAHUEM OTPaHUUEHHOTO
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Habopa aTpuOyTOB AMKTOBAIACh (YHKIMSMH BH3YaJIbHOTO MOJEIUPOBAHUS, IS
KOTOPBIX JIOCTATOYHO HMMETh IaHHbIe, MOJIeXKAIINe OTPHCOBKE Ha AMarpamme
lanTa Win B OKHaX MPOCMOTPA TPEXMEPHBIX ClieH. B yacTHOCTH, B Kiacce paboT
OTIPE/ICISLTMCh aTPUOYThl MMEHH, UIMTEIBHOCTH, BPEMEH Hayalla U KOHIA, OJJHAKO
OTCYTCTBOBAJIM CTPYKTYPhl WHIWBUAYaJIBHOTO HCIOJB30BaHUA pecypcoB. Kiace
KaJCHIapeil peaar30BhIBAN MPOCTYI MOJENIb pabodyel HENIeNu ¢ HUCKIFOYCHUSMHU,
HO HE MPUMEHsI 0oJiee OOIIYI0 MOJCIh PETYJISIPHBIX W UCKIIOYUTEIBHBIX MPABUIL.
Kmacc pecypcoB HCHONB30BajCs, TJIABHBIM 00pa3oM, B KaudecTBe Jejerara
TPEXMEPHBIX OOBEKTOB CIICHBI, OJHAKO HE IMPEAyCMATPUBAN 33JaHUC PECYPCHBIX
aTpuOyTOB, TaKMX KaK THUI, CTATyC BO30OHOBUMOCTH M KOJHUYECTBO JOCTYITHBIX
S/IMHHII.

B cuny ykazaHHBIX MPUYHH OBLIO TPUHSITO PEIICHUE 3aMCHUTH COOTBETCTBYIOIIHE
KJIACChl TPUJIOKEHUSI KAPKACHBIMH peanu3anusiMi. Takas 3amMeHa He SBIISUIACH
TPYIOEMKOH M B OOJBUIMHCTBE CIy4acB 3aK/II0Yanach B KOPPEKIHMH HEKOTOPBIX
Ha3BaHUII METOMOB MOCTyMa K aTpuOyTaM KiaccoB. J[is mojaepikaHus MpexHe
(YHKIIHOHATIBHOCTH BU3yalbHOIO MOJCIMPOBAHUS U PEATHU3AUN HOBBIX (DYHKIHUI
MPOEKTHOTO UIAHUPOBAHMUS, KIIACC MPOEKTOB Project, arperupyromuii TpexMepHbie
JaHHble (OOBEKTHI, TEKCTYpbI, Kamepbl, AaHWUMalUH), ObUI YHACIEIOBaH OT
COOTBETCTBYIOIIETO KJIacCa KapKaca, arperupyroliero HeoOXOMUMBIC MPOCKTHBIC
JTaHHbIC. AHAJOTUYHAS CXeMa KOHCOJMIAIUU MPUMEHEHA B KJIacCe PEeCypcoB, UTO
MO3BOJIMJIO OOBEIMHUTH JaHHBIC, HEOOXOIMMBIC JJI1 PECYPCHOTO IUIAHHUPOBAHUS, U
JaHHBIC, HeO6XO[[I/IMI>Ie JJIA UX CBA3U C TPEXMCPHBIMUA O6'beKTaMI/I.

[Tpu onucaHHOW cxeMe HaclieIOBaHUs B MPUIIOKEHUH Synchro crano BO3MOXKHBIM
COCTABJIATh paCMUCaHMs HEMOCPEIACTBEHHO CpEICTBAMHM Kapkaca. B wacTHOCTH,
MoABUJIaCh BO3MOKHOCTH pacue€Ta KPUTHUYCCKOTO NYTH MW OICHKH BPEMCHHBIX
PE3epBOB B MOCTAHOBKE 3a7[auyd MPOCKTHOTO IUIAHHUPOBaHUs 0e3 pecypcoB. Takke
CTajli  AOCTYITHBI AJITOPUTMBI COCTAaBJICHUA paCHHC&HI/Iﬁ B pacHIMpEHHBIX
MOCTaHOBKaxX. BakHo, 4To [yl MOAOOHBIX Iieneil He moTpeboBanach pa3paboTka
JIOTIOJTHUTENIbHBIX KOHBEPTEPOB HCXOMHBIX JAHHBIX M PE3YJbTATOB PACYUETOB,
MOCKOJIbKY aJrOPUTMHYECKHE peanu3aiuu SOIVers paccuutanbl Ui paboThl C
MPOCKTHBIMHM JaHHBIMU TPU HajJexamieldl KOHGHUrypaluu KOMIIOHEHTOB Project
Data, Reductions u Mathematics.

Just  3agaHusi  JOMOJIHUTENBHBIX I[apaMEeTPOB  IJIAHUPOBAHMWS, BBIMOJHEHUS
AITOPUTMOB M BU3yaJM3allMd PacyeToB MOTPEOOBAIOCH PACHIMPUTH Tpaduueckuii
untepdeiic nonp3oBarens. B 4acTHOCTH, B OKHO MapaMeTPOB MPOEKTa J00aBICHBI
QJIEMCHTBI JII YCTAHOBKH INUIAHUPYEMBIX OaT Hadajla W 3aBEPHICHHUA IIPOCKTA,
HCO6XO}II/IMHX JJI4 COCTABJICHUA paclucCaHusd W pacue€Ta BPEMEHHBIX PE3CPBOB
pabor. B oxHO mapamMerpoB paboT 100aBIEHBI JJIEMEHTHI JJSi YCTAaHOBKH
BPEMEHHBIX OTPAHUYEHUI, KOJUYECTB UCIOIb3YEMBIX PECYPCOB, 3aIEPKEK MEXKITY
B3aMMOCBSI3aHHBIMU paboTamMu. B muasore 3amaHus Onmuii MpeayCMOTPEH pa3ielt
HACTPOEK JUIsI QJTOPUTMOB COCTABJICHHS PACIHMCAaHHA, KOTOPBIA IO3BOJISET,
HaIpUMep, YCTAaHOBUTH MPaBHIa BBIPABHUBAaHUS JaT pabOT, IOPOTOBBIC 3HAYCHUS
BPEMEHHBIX pE3EpPBOB JUI1 HUHTEPIpPETallMd pabdOT KaK KPUTHYCCKUX U
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CYOKpUTHYECKHUX, CIIOCOOBI pa3pellieHns] HapyILICHHBIX OrpaHWYEHHH B IIpolecce
aKTyaJlu3aluy MPOEKTHBIX JaHHBIX. HakoHel, B aHenb MHCTPYMEHTOB J00aBiieHa
KHOITKA JUIs 3aITycKa nepecyera pacnucanus. Ha pucynke 3 nmpencraBieH SKpaHHbIH
CHHUMOK MPUIIOKEHHs: SYNCNro ¢ OnMMcaHHBIMU Pa3BUTHIMH (YHKIUSAME IPOCSKTHOTO
IUTAaHAPOBAHUSL.

3aMeTUM, YTO PEBU3UM TOIBEPITIHUCH M CPEACTBA BH3YAIHM3alUU PE3YJIHTATOB
pacdetoB. B quarpamme ['aHTa MOsSBUIIACH BO3MOXKHOCTh OTOOPA3UTh KPUTUICCKUN
MyTh, HATIO)KCHHBIE BPEMEHHBIC OTPAaHHYCHUS, a TaKXKe (PaKTUUECKHE B3aMMOCBS3H,
OTIpeNIeNIAIONIIE JAaThl ITIAHUPYEMBIX padoT. B Tabnuiry mpoeKTHBIX padoT (ciueBa OT
muarpaMMmbl [aHTa) 100aBieHBI CTOJOLBI CO 3HAYCHHUSAMH BPEMEHHBIX PE3EpPBOB,
KOTOpBIE B COYETAHUU C YHHUBEPCATbHBIMH CPEJCTBAMH COPTHPOBKU M (DUIbTPALUH
MO3BOJIAIOT ~ IIOJIB30BATEN0  BBIAEINUTH  OTHOCHTEIHHO  HEOOIBINOE,  HO
HCKITIOYUTEIBHO BaYKHOE MOJAMHOXECTBO pabOT, BIMSIOIIMX HA XOJ M YCIEIIHOE
3aBEpIICHUE BCETO MPOCKTa K IUIAaHUpyeMoii nate. JlaHHas BO3MOKHOCTh OCOOCHHO
BaXHa JJIsd praBHeHI/Iﬂ MaCIJ_ITa6HI)IMI/I I/IH}IyCTpI/IaJ'H)HI)IMI/I HpOI’paMMaMI/I, B
KOTOpLIX I[eTaHbHLIﬁ KOHTpOJ'II) BBITIOJTHCHU S Ka)K,Z[Oﬁ HHI[HBHZ[yaHLHOﬁ pa6OTLI HC
MPEJICTABIISICTCS. BO3MOYKHBIM.
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Puc. 3. Itagnoe okno epaguueckozo unmepdghetica nonvzosameins cucmemst Synchro ¢
DA3BUMBIMU 803MOHCHOCAMU NPOEKMHO20 NAAHUPOSAHUSA.
Fig. 3. The main window of the graphical user interface of the Synchro system with advanced
features for project planning

ITockonbKy MIaHUPOBAaHUE PECYPCOB SIBISETCS OJHMM M3 KIIOYEBBIX JJEMEHTOB
NPOEKTHOTO yNpaBieHus, B rpaduyeckuii uHTepdeiic mnonb3oBaress ObUTH
no6aBiensl rpadukn NOTpeOIeHHs PECypcoB, KOTOPHIE MO3BOJISIOT TOJIL30BATEIIIO
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HACHTH(GHUIMPOBATh KOHQIMKTH B KaJeHIApHO-CETEBOM TpaduKe, CBSI3aHHBIC C
IPEBHIIICHHEM JOCTYIIHOTO KOJHMYECTBAa EOMHMI[ TOr0 WJIM HHOIO pecypca.
CreHepupOBaHHBIE IPHIOKCHUEM PACIUCAHUS SBISIOTCS COITIACOBAHHBIMH B TOM
CMBICJIC, YTO HPH KOPPEKTHO 3aJaHHBIX YCJIOBHAX HAJO)KCHHbIC OrpaHHYCHHS, B
TOM YHCJIE U PECYpPCHBIE, OKa3bIBAIOTCS yOBIETBOPEHHBIMH. OHAKO NpH 3aJlaHUU
WM KOPPEKIMU KaJIeHIapHO-CETEBOT0 rpadiika HEMOCPEICTBEHHO IOJIb30BATENIEM
YacTh OrPAaHWYEHUH MOXeT OBITh HapylnieHa M HEeO0OXOIUMBI CpEeACTBa HX
uneHtnpukanuu. Ha pucynke 4 mnpuBenéH npumep rpaduKoB HOTpeOICHUS
pecypcoB IO BpEMEHH, IPHYEM CJIEBa IMPEACTAaBICHBI KPUBBIE, YCTAaHABIMBAIOIINE
NPEBBIIICHHE JOCTYITHOTO KOJIMYECTBA PECYPCOB B TpaduiKe, a clipaBa — KpPHUBBIC
HOJIHOCTBIO COTJIACOBAHHOTO TpaduKa.

Planned Uliisation for &l resources Planned Utilisalion for @l resources
20000% 20000%

150,008 150.00%

100,008 10005

. [] o

000% 1 00

Puc. 4. Ilpumepor epaguros nompedieHuss pecypcos 8 Heco2nacO8AHHOM (Clesa) u
C02NACOBAHHOM (CNPABA) KANEHOAPHO-Ceme8oM epaguxe.
Fig. 4. Examples of resource utilisation charts in the uncoordinated (left) and coordinated
(right) calendar-network schedule

B Scheduling Report X

Puc. 5. I[lpumep omuéma o nocmpoeruu KaieHOapHO-cemeso2o epaguxa.
Fig. 5. An example calendar-network schedule construction report
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Haxonen, s Bepudukanuu ycrnoBHH 3aad MNpPOEKTHOTO IUIAHUPOBAHMS U
TeHepalMyi OTYETOB ObLI pa3paboTaH M J100aBJIECH B CHCTEMY COOTBETCTBYIOLIMHA
MHCTpyMeHT. Ha pucyHke 5 moka3aHo OKHO /I IPOCMOTpa TEKCTOBBIX OTYETOB, B
KOTOpPOE BBIBOJATCSl OOIIME CTaTUCTUYECKHE IaHHBIE O NPOEKTe (KOJIMYECTBO
pabot, pecypcoB, B3aMMOCBS3€l, KaleHIaped W T.N.), MapaMmeTpsl MPOEKTHOTO
TUTAHUPOBAHMUS, a TAKKe HEKOPPEKTHO 3a/JaHHBIC YCIOBHS, CBA3aHHBIC C HATHIHEM
UKIAYECKUX B3aMMOCB3€H MeXTy pabdoTamu, NPEBBIIICHHEM IOTPEOIIEMBIX
pecypcoB HMHIMBUAYAIBHBIMH pPa0OTaMH, IIEPEONPENCICHHBIMA BpPEMEHHBIMH
YCIIOBHSAMU.

Ilepeuncnennsie Bbime (QyHKINH KaJeHIAPHO-CETEBOTO IUIAHMPOBAHUS SBISIOTCS
TPagUIMOHHBIMH  JUII CHUCTEM  YIpaBIEHUS TpoekTamu. lcmonp3oBaHHUe
KOMIIOHCHTOB KapKaca JIMIIb YIPOCTIIIO M YCKOPHJIO WX peai3alfio B COCTaBe
[ENIeBO cUCTeMBI Synchro, KoTopas B pe3ynbTate o0bequHIIa B ceOe PyHKINOHAT
BU3YyaJIbHOT'O MOJICJIMPOBAHUS U ITPOSKTHOTO IJIAHUPOBAHMS.

Bwmecre ¢ TeM, ¢ KoHconmmanued MPOEKTHBIX TAHHBIX TOSBIIIACH KaueCTBEHHO
HOBBIC BO3MOXXKHOCTH IS pEUICHHS 3afad IUIAHHUPOBAHHS B PaCIIUPECHHBIX
MOCTaHOBKaX C y4€TOM HPOCTPAHCTBEHHBIX (hakTopoB. Takumu (akropamu MOTYT
ObITh paboure 30HBI, KOTOpBIE B Clly4ae IEPECEYCHUs] WM MeperpyKeHHOCTH
MOPOXKAAIOT KOH(JHMKTH Ha MPOEKTHOW IUIOMIQJAKE M MELIAIOT OCYIIECTBICHUIO
npoeKTHBIX pabdot [9]. Jpyrumu mpocTpaHCTBEHHBIMU (aKTOPaMH, BIUSIOMIAMHA Ha
peanuzyeMocTh Tpaduka, MOTYT OBITh KOJUIM3UH pPa3MeEIaeMoro o0OpyHoBaHUS,
KOH(IUKTHOCTH TIAHUPYEMBIX ITyTeH JOCTaBKH MAaTEPHUAIOB, OTCYTCTBHE OTIOp WIIH
MoZIBeCOB mpu MoHTaxke KoHctpykuui [10]. Maremaruueckas dopmanusamus
3aJ]a4d TPOEKTHOTO TIAHWPOBAHUS C YYETOM IEPEUUCICHHBIX MPOCTPAHCTBEHHBIX
(haxTOpOB, a TaKKe METOJ €€ pelieHus IPUBOAITCs B padote [7].

BaxHO, 9TO IaHHBIC MPOCTPAHCTBEHHBIE ()AaKTOPHI TOJDKHBI YIUTHIBATHCS BMECTE C
IPYTHMH BHIAMH OTPAHWYCHHH B paMKax OOIIeH BBIYHCIUTEIEHOW CXEMBI
COCTaBIICHUS paclucaHusa. BBeneHHBIN Kiacc 3aad MPOEKTHOTO IIAHHPOBAHMUS, a
TaKXkKe TMPHMEHsAeMas CXeMa IOCICIOBATEIbHON TUCTIETYCPU3ANH O3BOJIIOT
OCYILIECTBHUTH 3TO B pe3yNbTaTe 3aJaHuUs CIICHUAIBHBIX YCIIOBHHA U TIPUBEACHUS HX K
0000meHHoN Maremaruuyeckoil mnocraHoBke GCPSP. C »3Toif menbio B maker
kapkaca Project Data Obiim n00aBie€HBI HEOOXOAMMBIE KITACCHI IPEICTABIEHHS
pabounx 30H W TPEXMEPHBIX OOBEKTOB, a B peanusanuu Kiacca Project yurews
HOBBIE MPOCTPaHCTBEHHbIC YCIOBUs. J[Isi TaHHBIX YCIOBHH ObUIM pa3paboTaHbl U
BKJIFOUCHBI B makeT Reductions coOTBETCTBYOIIHE KIIACCHI NPHBEACHHUSI K
anredpandecKuM OrpaHHYCHHsIM 001Iero Buaa B paMkax nocraHoBku GCPSP. Jlns
NPUOpUTE3allMK PpadOT C Ha3HAYCHHBIMH pabO4YMMH 30HaMH ObUla pa3paboTaHa
HOBasi 3BPUCTHKA, YyUYHUTHIBaomas TpeOyemblii o0beM paboueid 30HBI, a ee
peanu3alys BKIIOYCHA B COCTaB makera Solvers. 3amerum, 4To ISl MOAOOHBIX
1esei MO>KHO OBIIO OBl MCIIONIB30BaTh U CTAHIAPTHYIO 9BPHUCTHKY, OCHOBAHHYIO Ha
YPOBHSIX IOTPEOJICHNsI PECYPCOB, OJTHAKO MHTEpIpETaLUst 00beMa paboueil 30HbI B
KauecTBe pecypca He Beeraa KoppekTra [11].
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PaccmaTpuBannch BO3MOKHOCTH HCIIOJIB30BAHUS APYTHX BBIYHCINTEIBHBIX CXEM H
QITOPUTMOB TPOEKTHOTO IUIAHWPOBAHUS, B YACTHOCTH, IAPAJUIEIBHOM CXEMBI
TeHepaluy PAcIUCAHUM, OJHO- W MHOTOIPOXOJHBIX CXEM, CXEM COMIUIMPOBAHUS
[12]. HecmoTpst Ha X MOIEPIKKY KapKacoM, B IEJIEBOM cHCTeMe OBUT MCIIOB30BaH
KOMIIOHEHT, PEaIU3yIOIIUN alropuTM IOCIEA0BaTeIbHON AUCHETYepU3aluu C
paclMpeHHbBIM Ha0OpOM 3BPUCTHK. B CHIy HEBBICOKOW BBIYUCIUTEIHHOMN
CJIOKHOCTH JIaHHBIM aJTOPUTM XOpOIIO ceds 3apeKOMEHIOBAJl IPU PELICHUH
IIMPOKOTO Kjacca 3a]ad MPOEKTHOrO IUIAHHUPOBAHHUS BBICOKOW pasmepHocTH [7],
YTO SIBJIAJIOCH MPHUHIMIHAIBHBIM TpeOOBaHMEM K pa3pabaThiBaeMON I1eIeBOH
cucreme. [lonmepxka BO3MOXKHOCTEH BBIOOpA CIEIMANIN3UPOBAHHBIX aJTOPHUTMOB
JUISL pEIIIEHNS] YaCTHBIX KJIACCOB 3374 ObLIa MPHHSTA HEIeIeCO00pa3HOM.

3aMeTuM, 4TO MCIOJIb30BaHNE OOBEKTHO-OPUEHTHPOBAHHOI'O KapKaca 3HaYUTEIbHO
YIPOCTWIIO pa3BUTHE NpuiokeHHs. CaM KapKac NPEJOCTaBHI T'OTOBBIE KIIACCHI
MPOEKTHBIX JAHHBIX W peIlaTeNy 3a1ad IOCTPOCHHUS paclicaHui B 000OIIEHHOH
nocranoBke GCPSP. Apanrtanus Kapkaca K COOTBETCTBYIOLIMM IPUKIIAJHBIM
3ajayaM CBeJlach JIMIIb K peanu3aldd KiaccoB B makere Reductions mis
MOJIEP)KKH CIIEIMAIBHBIX THUIIOB yCJIOBHH, BO3HHKAIOIINX B 33Ja4aX IPOEKTHOTO
IUIaHupoBaHus. TpynozaTpatel (B CTPOKaX MPOTPAaMMHOTO KOZA) peaTM3alliy
JIAHHBIX KJIaCCOB MpHBEAEHbI B Tabiuue 1.

Ta6n. 1. Oyenxa mpyodozampam pazeumusi NPUIOHCEHU.
Table 1. An estimate of labor costs of application development

Tun orpannvenus Koa-Bo cTpok Hoas ot obmiero
Kofa KOJI-Ba CTPOK
VYuer npeaiiecTBOBaHUs paboOT 211 0,16%
VYder kaneHmapei 374 0,28%
SIBHBIEC BpEMEHHbIE OIpaHUYCHHS 170 0,13%
OO0s13aTebHbIC BPEMEHHBIC OTPaHIMYCHUS 153 0,11%
BeipaBHHBaHME Hayalla I KOHIIA paboT 97 0,07%
VYder UCrob30BaHus PECYPCOB 669 0,49%
Ydyer ucrnosib30BaHus Pab0YHX 30H 2033 1,5%

Takum oOpa3om, peanm3anys KaXIOTO W3 THIIOB OTPaHHUYCHMH 3aKI0Yanach B
CO3JaHMH OJHOTO HOBOIO KJacca, OIMChIBaeMOro B cpeiaHeM 530 crpokamu
MpoTrpaMMHOTO Koaa, 9to cocTasiser 0,39% or obmiero konmm4ecTBa CTPOK Koza
MHCTPYMEHTAJIBLHOU CpenbI.

4. CpasHumenbHbIU aHanu3 npou3zeooumesibHoCmu cucmembl

JocturHyras OOIIHOCTH B MPOTPAMMHOM peai3alyy aJrOpPUTMOB COCTABIICHHS
pacnuCcaHMii, a TaKXe IMpUHATas NapaMeTpu3alus YCIOBUH 3a7ad IIPOEKTHOTO
IUIAHUPOBAHMSI B PACUIMPEHHBIX IIOCTAHOBKAX MOTYT CYIIECTBEHHO BIMSATH Ha
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MPOU3BOIUTENBEHOCTD LIEJICBOH CHCTEMBI. [103TOMY Ba)KHBIM OBIIIO YOEIHUTHCS, YTO
HeraTuBHBIA 3(QdeKkT oT 000OIIEHHOW peanr3aluy MPOTrPAMMHBIX KOMIIOHCHTOB
Kapkaca He CTOJIb CYLIECTBEHEH U pa3paboTaHHas CHCTeMa BU3YalbHOI'O
IIaHupoBaHusi Synchro MoXeT KOHKYpHUpOBAaTh C HOMYJISIPHBIMH CHCTEMaMH
YIIPaBICHUS TPOEKTaMH IIPU PEIICHUN MHIYCTPHAIBHO 3HAUYMMBIX 3a7a4 BBICOKOH
Pa3sMEpHOCTH.

OreHKa IPOU3BOIUTEIEHOCTH CUCTEM TPOU3BOMIIACE 110 KPUTEPHUIO 3aTPAaue€HHOTO
MPOLIECCOPHOTO BPEMEHM Ha COCTABICHWE pACHHCAaHUA B 3aBHCUMOCTH OT
pa3sMEpHOCTH 3a1add (Yucla TEPEeMEHHBIX M OrpaHWYeHHi). B kadecTBe TecToB
HCTIONB30BAJINCh CHHTE3UPOBAHHBIE HAOOPHI TPOEKTHBIX [aHHBIX C Pa3HBIM
KOJIMYECTBOM paboT M CBsI3€H MeXmay HUMH. II0CKONBKY CHHTE3MPOBAaHHBIC IUIAHBI
UMenH (PUKCHPOBAaHHBIE COOTHOIICHHS INTyOHHBI X KPATHOCTH CBSI3€H, Pa3MEpHOCTH
3aJad B KaJOM TECTOBOM HAOOpe OIpeAensIach JUIIb YuciIoM padot. IlnaHbr
peaNbHBIX HHAYCTPUAIBHBIX TPOEKTOB MCIIOIb30BAIUCE JIMIIb JJIS ITOITBEPIKICHUS
MOJIYYSHHBIX PE3yNbTaToB. TecTHpoBaHHE IPOBOAMIOCH HA OJHOM M TOM IKe
KOMIIBIOTEPE ¢ TUMOBOH KoHpurypamueit (mporeccop: Intel Core i7, xonuuectBo
anep. 4, o0bém oneparuBHoil mamsatu: 16 I'b, onepauuwonnas cucrema: MS
Windows 10 x64), mostomy ajs MPOBOANMOTO CPaBHUTEIBHOTO AHAIH3a CHCTEM
3Ha4YEHHE UMEJIU JIMIIb OTHOCUTENbHBIE [T0Ka3aTeIH NPOU3BOAUTEIEHOCTH.

350

300

250 // s SyNCH IO
200 A

CeK.

150 / B
100 ¢
/ / s [)

50

0 - T T T T T |

0 20000 40000 60000 80000 100000 120000 140000
Kon-so pa6ot

Puc. 6. 3asucumocmo npoyeccopHoco epemeru cocmaesilenusl pacnucanusl 6 nocmanoexke
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Fig. 6. The dependence of computation time of schedule construction in CPM formulation on
the problem dimensionality

TlepBasi cepus MCTBITAHWN TpeaHA3HAYANIACH JJIS aHAJIM3a MPOU3BOIUTEIBHOCTH
CUCTEM B 3aBUCHUMOCTU OT pasMEPHOCTHU 3aJia4 IUIAHUPOBAHHA B IIOCTAHOBKE
pacuera kputndeckoro mytu (CPM). Jlns kaxmoro tecta B HabOpe COCTaBISLIOCH
pacnrCaHuEe C TIOMOINBIO IIATU PA3JIMYHBIX CHCTEM, BKIIIOYasd SynChrO, u
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3aMepsUIOCh 3aTpadeHHOE IIpoleccopHoe Bpems. IlocKonpKy HCIOIB3yeMble B
9KCIIEPUMEHTaX CUCTEMBI YIPABICHHUS MPOCKTAMH SIBIIIOTCS KOMMEPUYECKUMH U UX
YIOMHWHAaHWE B pE3ylbTaTax CPaBHUTENBHOTO AaHANIWM3a 3alpeniacTcss B
COOTBETCTBHM C JIMIEH3MOHHBIMU COTJIAIICHUSIMH, MBI IIPUCBOMIIM JaHHBIM
cucremMaM cumBonindeckue uMeHa A, B, C, D. Pe3ynbraTsl HCHIBITaHUH KaueCTBEHHO
He MEHSUIMCH IIPU Mepexosie K HOBOMY TECTOBOMY HaOOpy, IMOSTOMY Ha PUCYHKeE 6
NPUBEJICHBl THIOBbIE TpadMKH 3aBUCUMOCTH MPOLIECCOPHOTO BPEMEHH OT
KojMyecTBa  paboOT B NPOEKTHOM  IUIaHe.  3aMeTHM, 4YTO  KpHUBas
MPOU3BOUTENBEHOCTH IS CUCTeMBI D 0OpbIBaeTCsl IpH TOCTHKEHUH Pa3MEPHOCTH
TECTOBBIX JaHHBIX, cocTaBitromeii 64000 paboT. DTo CBA3aHO C HEBO3MOXHOCTHIO
JAaHHOM CcHUCcTeMBI 00pabaThIBaTh INPOEKTHBIE IUTAHBI Oonbinel pasmepHocTtH. C
POCTOM pPa3MEpHOCTH 3aJad IUIAHUPOBAHMA cucTeMa Synchro nemMoHCTpupoBaia
HaWTydIINe PEe3yNIbTaTHI.

Bropast cepust wucnpITaHMH TIpeAHa3Ha4dalach AN AHAJIOTMYHBIX IIeded, HO
paciucaHue CTPOWJIOCh B IOCTAHOBKE IIPOEKTHOTO IUIAHHPOBAHUSA C YYETOM
pecypcoB RCPSP. [TockoibKy CHCTEMBI peamu3yloT MPHUOIMKCHHBIC alTOPUTMEL,
MMEIOIINE PA3HYI0 BBIYMCIUTENBHYIO CIOXXHOCTh M OOECHEUMBAIOIINE DPAa3HOE
Ka4yeCTBO HAHIEHHBIX PEIICHHWH, CPAaBHUTENBHBIH aHAIN3 MPOU3BOIUTEIEHOCTH
3/1eCh HE BCETa KOPPEKTEH.
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Fig. 7. The dependence of schedule search time on the dimensionality of the plan
(considering resources)

Ha pucynke 7 mpencraBieHbl — XapakTEpHBIE — pe3yNlbTaThl  CPaBHEHUS
MPOU3BOIUTEIEHOCTH TIOITYJISIPHBIX CHCTEM yIpasieHus npoekramu. Cucremsl C u
D He yuwacTBOBaNM B JaHHOM WCIBITAHWM 110 TNPUYMHE OTCYTCTBHS B HHX
COOTBETCTBYIOLINX ANTOPUTMHUYECKHX CpeACTB. bonee TiaTenpHbIN aHanu3
MOKa3bIBAaCT, 4YTO alTrOPUTM, peallM30BaHHBIH B cucTeMe A, IEMOHCTPHUPYET
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JMHEHHYI0 CIIOKHOCTH OT pa3sMEpPHOCTH 3ajadd, a B ABYX JPYTHX CHCTEMaXx,
BKITFO4Yasi SYNnchro — kBaapaTH4HY0. OTO 00BSICHIETCS TEM, YTO MEePBBIH aIrOpUTM
CTPOUT COTVIACOBAHHOE pacliCaHue IMyTeM PEeIleHHMs 3aJja4d B IIOCTAHOBKE pacueTa
KPUTHYECKOTO IYyTH, a 3aTeM —— [OCJEJ0BaTebHO BBIPABHUBACT YPOBHH
MOTPEOIIEHUS PECYpCOB. DTO MOXKET OBITh BBHITIOIHEHO 32 JIMHEHHOE BpeMs, OIHAKO
KauecTBO HAHIEHHOTO peIIeHHus B o0OIeM ciydae OyneT XyxkKe BCICICTBHE
BO3MOXKHOTO YBENMYCHHS JUINTEIBHOCTH IIPOCKTOB 3a CYET BBIPaBHUBAHHS
pecypcoB.  bomee  KkauecTBeHHbBIH  pe3ymbTaT  (MEHbLIAs  JUIMTEIBHOCTD
IUIAHUPYEMOT'0 IIPOEKTa) IOCTHIaeTCs IPU IMOMCKE ONTHMAJbHOTO PACIUCAHMA
NPHOJIIDKEHHBIMU METOJaMH, HallpUMeEp, ¢ HIOMOIIBIO PEAIM30BAHHOTO B 0OBEKTHO-
OPHEHTHPOBAaHHOM  KapKace KJIaCCHYeCKOro ajropuTMa  MOCJIEHI0BaTEeNbHOM
JCIIETYEPHU3ALH, KOTOPBII UMEeT KBaJPaTUUHYIO CIIOKHOCTB, IIOCKOJIBKY BBIOOD
NPUOPUTETHON padOTHI Ha KaXJOM LIare TpedyeT NPUMEHEHHUS IBPUCTHUK JUIS BCEX
pabot B akTMBHOM cmucke. [lo cpaBHeHuIo ¢ cuctemoii B, Takxke peanusyroreit
ITOPUTM IIOWCKA PACIUCAaHUs KBAJIPATUYHOM CIIOXKHOCTH, pa3paboTaHHas cUcTeMa
JIEMOHCTPUPYET JIYUIIYIO IPOU3BOAUTEIBLHOCTD.

Tem camblM, mpemocTaBisisi LIMPOKUE  (YHKIHOHAJIBHBIE  BO3MOXHOCTH,
pa3paboranHas cucreMa Synchro He ycTymaer IO NpPOHM3BOAWTEIBHOCTH
TMOMYJIAPHBIM CUCTEMaM YIipaBJICHUA IMPpOCKTaMH npu peuIcHun 3ajga4d
IUIAHUPOBAHUS B aHAJIOTUYHBIX IOCTAHOBKAX U aHAJOTHYHBIMH METOAMH.

5. 3aknroyeHue

TakuMm 00pasoM, MpUMEHEHHE OOBEKTHO-OPHEHTHPOBAHHOTO KapKaca IO3BOJIHIO
HE TOJIBKO YCKOPUThH Pa3pabOTKy CHCTEMbl BH3YallbHOTO ILIAHHPOBAHUS IIPOEKTOB,
HO H o0ecredmsio ee IHHAMHYHOC (YHKIHOHAIBHOE pa3BHTHE, NPHYEM C
OTHOCHTEIFHO HEOONBIIMME 3aTpartaMu. Ba)kHO, 4TO caMH KIJIACChl Kapkaca He
OpeTepreind Kakux-1ub0 W3MEHeHWH, a Ui paclupeHus (QYHKIHHA CHCTEMBI
norpeboBayach  JIMIIb  peain3amis — CICHHAIM3MPOBAHHBIX  KIACCOB  C
npefonpeneieHHpIMH - uHTep(eiicamu. ['nmaBHeIM  o6pa3oM, nopaGoTka ObLia
00ycIllOBJIeHa HEOOXOJMMOCTBIO O00O0OIIEHMsI YCIOBHH pelIaeMbIX 3anad |
HaCTpOﬁKH AITOPUTMHUYCCKUX KOMIIOHEHTOB. 3BOHIOI_[I/IOHHI)IC BO3MOKHOCTHU CPECIbI
MO3BOJIMITA CO BPEMEHEM MOJIEPXKAaTh Pa3BUThIE HAOOPHI BPEMEHHBIX YCIOBHIA,
B3aMMOCBsI3€H 3a/a4, MOJENel TPHUBJICUYCHHUS PECYPCOB, MPOCTPAHCTBEHHBIX
OTPAaHHUYEHUH U, TeM CaMbIM, 00ECIIeYNTh KOHKYPEHTHBIE MPEUMYIIECTBA IEJIEBOH
CHCTEMBI HaJl TPAIULUOHHBIMH CUCTEMaMH1 YIIPABJICHHS TPOCKTAMH.

IIpoBenéHHBIE CepUU DKCIIEPUMEHTOB IMOKa3ald, 4YTO JOCTUTHYTas OOIIHOCTH B
peaimn3anun IIPpOTrpaMMHBIX KOMIIOHCHTOB HE IpEmATCTBYET BBICOKOI
NPOU3BOAUTEIILHOCTH, KOTOpas OKa3ajach COIMOCTABUMA C  AHAIOTMYHBIMH
NOKa3aTesIMHU MOMYJISPHBIX CUCTEM YIPABICHHUS IPOSKTAMH.

Vemenrnast anpoOaitis Kapkaca B X0ofe pa3pabOTKH, COMPOBOXKICHUS, PA3BUTHS H
KOMMEPYECKOT0 HCIOJb30BAHMUS II€JIEBOH CHUCTeMbl Synchro Ha NPOTSIKESHUU
JECSTH JIeT MOKa3ala MPaBHJIBHOCTh MPUHATHIX MPOCKTHBIX PEIICHHi, a Takxke
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MEPCHEKTHBHOCTG HCIOJIB30BAHUS KapkKaca s HBOJIOIMOHHON pa3paboTKu
MIPUJIOKEHUN TEOPUH PACTICAHUH.
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Abstract. The article describes the practical experience of developing a prospective visual
planning system based on an object-oriented framework. The used framework is a system of
classes and interfaces intended for software implementation of models, methods and
applications of scheduling theory. Due to the availability of ready-to-use components for the
solution of typical problems as well as the mechanisms for their configuration and extension,
development of applications becomes a relatively simple process. The application of the
framework allows to implement the necessary functional for project planning in the target
system as well as to provide its subsequent evolution by generalizing the statements of the
problems and expanding the arsenal of algorithms used to solve them. The described
experience can be claimed when building other applications of scheduling theory. The paper
discusses the general issues of organizing a software toolkit in the form of the object-oriented
framework, a methodology for creation of scheduling theory applications on its basis, as well
as a process of developing a target system for visual planning of projects based on the
methodology and the framework. Results of computational experiments comparing the
performance of the developed system with some popular project management systems are
also presented in the paper. Recommendations on the development and evolution of
scheduling theory applications based on the framework are summarized in conclusion.
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AnHoTtanus. B nmaHHOH cTaThe NEMOHCTpHpYeTCs LeNecoO0pa3sHOCTh NMPUMEHEHHs s3bIKa
MOZICTTMPOBaHUS MporpaMMHoO-annaparHbix cucteM AADL u ero pacmupenus Error Model
Annex s omucaHus TpeOOBaHMH OE30MAaCHOCTH MpPOEKTHpyeMoW cucTeMbl. Hambomee
BOKHBIM aCHEKTOM 3JeCh SIBISIETCS BOSMOXKHOCTH OIMCaHMs TpeOOBaHWH O€30IacHOCTH B
TEepMUHAX, HCIIONB3yeMbIX B TEOPHHM OE30MAaCHOCTH, TAaKHWX, KaK MapKOBCKHE IEMH HIIN
JIOTUKO-BEPOSITHOCTHBIE (DYHKILIMH, T.K. 33 TOJBI Pa3BUTHS TEOPHHU OBLIO HAKOILIEHO OONbIIOe
KOJIMYECTBO BEChMa IIOJIE3HBIX PE3y/bTaToB. PasiMdHbIC MOAXOIBI K OILEHKE O€30I1aCHOCTU
CHCTEM HE KOHKYPHUPYIOT, HO JOHOJHSIOT ApYr Ipyra, TaKk YTO HAJIM4YHE HEKOTOPOH
YHUBEPCAIBHOCTH B ONHMCaHMU TpPeOOBaHMII 0E30MACHOCTH SBISIETCS BECbMa ILICHHBIM
Ka4eCTBOM.

KiroueBble cJioBa: MOICIMPOBAaHUE NPOIrpaMMHO-aNIapaTHBIX CUCTEM; 6€3OHaCHOCTL;
aHalin3 AepeBa HeHCHpaBHOCTeﬁ; aHajgu3 BHUJOB M TMOCJCICTBHIA OTKa30B, MapKOBCKI/Iﬁ
aHaJIn3.
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Jnsa uurupoBanus: 3eneHoB C.B., 3enenoBa C.A. MogenupoBaHue MTPOTPaMMHO-
anmapaTHBIX CHCTeM M aHau3 ux Oe3omacHoctu. Tpymst UCIT PAH, Tom 29, Bemm. 5, 2017 1,
crp. 257-282. DOI: 10.15514/ISPRAS-2017-29(5)-13

1. BeedeHue

BypHoe pa3eutne TexHuku B XX Beke MOCTAaBUIIO BOMPOCHI 3aIIUTHI YEIOBEKA OT
BCEBO3MOXHBIX MpoOseM (aBapuil, TEXHOTCHHBIX KaTacTpod) CBS3aHHBIX CO
CIOKHBIMU ~TEXHUYECKUMH CHCTEMAaMU. YBEIHUEHHE KOJIMYECTBA TEXHMKH,
YCIOXKHEHUE KaK BHYTPEHHErO CTPOEHMs, TaK M BHEIIHUX CBA3€H TEXHHUYECKUX
CHUCTEM 3aTpyIHSeT TOWCK TPOONEMHBIX «TOHKHX» MeCT H  Tpedyer
ABTOMATH3MPOBAHHBIX METOJIOB OIIEHKH HAJEKHOCTH WU OE30MaCHOCTH CHCTEMBL.
Kpome Toro, B cmimy Tex e MPHUYMH OTKA3bl M aBapHUU YacTO BJIEKYT OobIIve
SKOHOMHYECKHE U JIOICKHME TIOTepH. Bce 3TO mpuBeNo K BO3HUKHOBEHUIO
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COBEPILEHHO HOBBIX AWCUMIUIMH — TEOPUM HAAEKHOCTH, TEOPUH OE30MaCHOCTH,
teopun xuBydectd [3], [8], [15], [21], [22], [26].

TepMHUHBI HaTEKHOCTH, OE30MACHOCTH, KUBYUECTH XOTA U OIM3KH, OJHAKO MMEIOT
0OJIbILME CMBICIOBBIE OTIIMYHA:

®  HAOeNHCHOCMb — CIOCOOHOCTh CHCTEMBI B HOPMAaJIbHBIX YCIOBHSX
paboTaTh 6€30TKa3HO;

®  Oe3onacHocmv — CIIOCOOHOCTH CHCTEMBI (PYHKIIMOHUPOBATH HE IIEPEXOIS
B OIIACHOE COCTOSIHUE;

®  Dicusyuecms — CIOCOOHOCTH CHCTEMBI ()YHKIIMOHUPOBATH 101
BO3JCHCTBHEM MTOPAKAIOMINX (PAaKTOPOB, BOSHUKAIOIINX B PE3y/IbTaTe
KaKHAX-THO00 IKCTPAOPIUHAPHBIX COOBITHH (B3PHIB, ITOXKAp, 3eMIITPSICCHUE
U T IL).

W3 oTHX ompeneneHW BHIHO, YTO MOHATHA HAAEKHOCTH W 0E30MaCHOCTH
CTPYKTYPHO OYEHb IOXOXHW, Pa3Inine MEXIy HUMH COCTOHMT B TOM, YTO B OCHOBE
MOHATUS HAIEKHOCTHU JIS)KUT MOHATHE OTKa3a, a B OCHOBE NMOHATHSA 0€30IIacHOCTH
— TIIOHATHE OIACHOTO CcOCTOsHUSA. ONBIT TOKa3blBaeT, 4YTO pa3Iuuus B
OTIpeNIeNIeHUsIX CYIIECTBEHHBI IUIS pPeajbHBIX CHUCTEM, TaK, HaJeXHas CHUCTeMa
MOXKET OBITh M ONAacHOW, M HexuByded. KopaOib, KOTOpBIN IUIaBaeT HE OIMH
JIECATOK JIET, IPOXOJUT BCE PEMOHTHI U TEXHHYECKH UCIIPABEH, MOXKET 3aTOHYTh MPH
XOpOIIIeil 1Morojie 3a HECKOJIbKO MHUHYT IPH HOJYYEHUU MPOOOMHBI — 3TO HPUMEp
HaJIeXKHOI, HO HeXHBYUel cucTeMsl (KpyleHue Termioxona «Aamupan Haxumos» B
1986 roay [6]). Hdpyroi mpumep — cKiaj OOCMPHUNACOB: TPYAHO IPEACTABHTH,
KaKoil OTKa3 B HEM MOXET IPOM30HTH B HOPMAJIBHBIX YCIOBHAX, T.€. 9Ta CHCTEMa
HaJIe)KHa, HO MEXIY Te€M, OYEBHIHO, YTO TaKas CHCTEMa CTAaHOBMTCS OIIACHOI B
cirydae B3pbIBa O0OETIPHUIIAcOB.

B mHameil crpaHe TeopuM Ha/IE)XHOCTH, OE30MACHOCTH M JKMBYYECTH CIIOXKHO
CTPYKTYPUPOBAaHHBIX CHCTEM TMOJYYIJIN CBOE Pa3BHTHE B IOCIEBOCHHBIC TOJIBI.
HccnenoBanneM HaHHBIX BONPOCOB 3aHMMANINCh Kak uHxeHepsl (leaxos B.K.,
PsOournn U.A., CesepueB H.A.,, WnpmyeB A.B., m 1p), Tak W MaTeMaTHKH,
(I'menenxo b.B., benses 10.K., Koanenko N.H., Kamranos B.A., Conosses A.Jl.
u ap.) [2], [3], [4], [7]. [8], [9], [10], [26]. B macrosieit pabore MBI yIIOMSHEM JBE
METOJI0JIOTHH, UCTIONB3YIOIINECS B TAHHBIX TEOPHSIX (CM. pa3aen 2).

Pa3MepsI 1 CII0KHOCTh COBPEMEHHBIX CHCTEM TaKOBBI, YTO UX PYYHOM aHAIU3 OBLI
Obl 4YpE3BBIYAIHO TPYJIOEMKHUM M JIOPOTOCTOSIIIUM, & B HEKOTOPBIX CIydasX H
MPOCTO HEBO3MOXHBIM. TakuM 00pa3oM, NpPUBICYEHHE aBTOMATH3WPOBAHHBIX
CpPEeICTB W, Kak CIIEACTBHE, pa3paboTka (OPMaTbHBIX MOJENEeH CHCTEMBI,
CTaHOBUTCS HACYIIHOW HEOOXOTUMOCTBIO.

OmHUM U3 COBPEMEHHBIX CpEJACTB OIMCAaHMS apXUTEKTYPbl MPOrPaMMHO-
anmapaTHbeIX cucteM sBisieTcss  Architecture Analysis & Design  Language
(AADL) [18], [33]. [us crienmdukanmi Moaend cO0eB CHCTEMBI MPETHA3HAYCHO
crienranbroe pacumpenne Error Model Annex [34] sizpika AADL.
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PaspaGorunku cramgapra AADL mnpemocrasimsior uHCcTpyMeHT OSATE [31],
KOTOPBIH TTO3BOJISIET PENaKTUPOBATh M aHAIM3upoBaTh AADL-Monenu, B 9aCTHOCTH
BBIIIOJIHATE OTACIBHBIC aCIIeKTHI aHamm3a puckoB [17]. OxHako, ciieyeT OTMETHTS,
yto OSATE mnpemocTaBnser JHIIb HEKOTOPYIO 0a30BYI0 IMOIIEPKKY S3BIKA, a B
IUIaHe aHaJiu3a MOfeNeil B OCHOBHOM II0JIaraeTcsi Ha CTOPOHHHME WHCTPYMEHTBI,
takue kak OpenFTA [30] mis ananu3sa aepesa HencnpaBHocTedl 1 PRISM [24] nns
mapkoBckoro anaimuza. OSATE npousBoxut pazdoop AADL-monenu ¥ MOArOTOBKY
HEoOXOMMBIX BXOAHBIX JAHHBIX JUIS 3allycka BHENIHEro aHanmuzaropa. B psne
ciy4aeB (yHKIMOHaNbHOCTh aHanmn3a puckoB B OSATE wumeer cepbesnbie
OTPaHHWYCHUs, HapuMmep, oOpadaThIBACTCSI TOIBKO OIMH YPOBEHB BIIOKCHHOCTH
KOMITOHEHTOB MOJIENH, @ TAKXK€ OTCYTCTBYET MOJJEpPKKa KOMOMHALMI pPa3INIHBIX
c00eB B KOMITOHEHTE.

B Hacrosimeil crarhe MBI TNPEACTAaBISIEM ANTOPUTIMBI MOITHO(YHKIIHOHAIBHOTO,
JWIIEHHOTO  yKa3aHHBIX HENOCTAaTKOB, aHaJW3a pPHCKOB: aHalW3 JiepeBa
HEUCIIPABHOCTEH, aHAJIN3 BHIOB M MOCJIEACTBUI OTKA30B, MApKOBCKHUiT aHamm3 [32].
AnroputMel peamu3oBaHel B paspabareiBaeMoM B HWCII PAH wHCTpy™meHTe
MASIW [1], [23], [29] ans momiep» KU aBTOMAaTH3UPOBAHHOTO MPOCKTHUPOBAHUS U
aHaJIM3a MPOrPaMMHO-AIIAPATHEIX CUCTEM.

OcHOBHas 4acTh CTAaThbH IMOCTPOEHA ClIeAyIOINM oOpa3oM. B paszaene 2 man 0630p
METOJIOB OLICHKH 0e30macHOCTH. B pasmene 3 mpencraBieHbl BO3MOKHOCTH S3bIKA
AADL nnst onucaHust apXUTEKTYpbl CUCTEMbI U JUIS CHeNU(HUKAIMHE MOJIEIH cO0eB
cucteMbl. B pasmene 4 TpHBOISTCS aNrOPUTMBI aHAllM3a PUCKOB Ha OCHOBE
onucannii AADL. B pasznmene 5 paccMOTpeH mpumep MOACTUPOBAHUS U aHAIN3a
0€301acHOCTH CHCTEMBI TIepeadu JaHHBIX. B pa3nene 6 moaBOsTCS UTOTH CTAThU.

2. AnemeHmsbI meopuu 6e3onacHocmu

2.1 Jlornko-BepoOATHOCTHbLIN aHanu3

OCHOBHBIM METOJIOM JIOTHKO-BeposiTHOCcTHOrO anamusa (JIBA) [7], [9], [10], [13],
[19], [25] sBnsleTcst compspDKEHHE METOJOB MAaT€MAaTHUECKOM JIOTUKH M TEOPHH
BEPOSITHOCTH.
OOmass cxemMa MOXeT ObITh OIKCaHa cleayromuM oopasom. MHcexons wu3
[OCTABJICHHOM Ienu (M3y4eHHe HaJe)KHOCTH, OE30IIaCHOCTH) UL HCCIIELyeMOit
CHCTEMBI ONPEACISIOTCS BBICKA3bIBaHUsI 00 3JIEMEHTaxX CHCTEMBI M BEPOSTHOCTH
TOrO, 4TO JaHHOE BBICKa3blBaHHWE BEpHO (HeBepHO). Hampumep, s UMeromierocs
COCIMHUTENILHOTO MPOBOJA BBICKA3bIBAHUE MOXKET 3BYy4YaTh KaK «IIPOBOJ LEI» WU
«npoBoz 00opBaH». BeposTHOCTP MCTHHHOCTH TAaKOTO BHICKA3bIBaHUs Oepercs 3
coO0paxKeHHi TEXHMYECKOTO M ONBITHOTO Xapakrepa. Ha 3ToM 3Tane nepByro 4acTh
aHANM3a COCTABISIET CTPYKTYPHU3AIMs CHCTEMBI, MPUBOMSIIAS K BBIICICHHUIO
OTHENbHBIX JJIEMEHTOB, BBICKA3BIBAHWSI O KOTOPBIX MPHOOPETAIOT Xapakrtep
TepMHUHAIBHBIX. Tak, MOXHO TOBOPUTH 00 OTKa3e MJIM OTMACHOM COCTOSHHH IETI0TO
010Ka He BJaBasCh B MOMPOOHOCTH €ro0 YCTPOWCTBA, €CIIH MMEIOTCS OCHOBAHHS
paccMarpuBaTh JAHHBIN OJOK Kak eJWHOe Iejoe. BaKHO 3aMeTHTh, 4TO 06 OTHOM
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ANIEMEHTE CHCTEMBI MOYKHO CIENaTh HECKOIBKO BBICKA3BIBAHUH («IIPOBOA 000PBaH»,
«IIPOBOJ TIEPETOPEN», «IIPOBOI TEPEKYIIeH KyCayKaM{ 3JI0yMBIIUICHHUKOM»), Y
Ka)XJIOTO M3 KOTOPHIX OyZIeT CBOSI BEPOSTHOCTh HCTHHHOCTH.

Haiee, rcxons u3 oOmel CTPyKTYpHl CUCTEMBI, TEpMUHAIBHBIC BBICKA3BIBAHUS 00
OTACTHHBIX €€ JJIEMEHTAaX OPTaHM3YIOTCA B JIOTHICCKYIO (OPMYIY, KOTOpas yxke
Oyzer TOBOPHTH 00 OTKa3e/OMacHOM COCTOSHHHM CHCTEMBI B IelioM. To ecTb B
MaTeMaTHIeCKOM BHJIE IPOIMUCHIBACTCS JIOTHKA BO3ZHHUKHOBEHHS OTKAa3a/OIIacHOTO
cocTosiHUsl. BakHO MOHMMAaTrh B3aMMOCBSI3M TEPMHMHAJIBHBIX 3JIEMEHTOB B CMBICTIC
3aBUCHMOCTH WJIM HE3aBUCHMOCTH MX BEPOSTHOCTHBIX XapakrepucTHk. He Bcerma
MOXKHO  CYMTaThb  BEPOSTHOCTH  HMCTHHHOCTH  TEPMHHAJIBHBIX  3JIEMEHTOB
HE3aBHCUMBIMU, 3TO CO3Ja€T JIONOJIHUTEIbHBIC TPYAHOCTH.

Ha cnenyromem stamne jgorndeckas popmysa 0TKa3a/OnacHOTO COCTOSIHUSI CHCTEMBI
JokHa ObITh  mpeoOpa3oBaHa B BEpOSATHOCTHYIO — (yHKuuio. Dakropsl,
YCIIOKHSIFOIIME ATOT MPOIECC: HEMOHOTOHHOCTb JIOTUUECKON (PyHKIUH, TOBTOPEHHUE
apryMeHTOB (TEPMHUHAJBHBIX JJIeMEHTOB) M Jp. [lns ympouieHus OOBIYHO
UCTIONIE3YIOTCA PA3INIHBIC AITOPUTMBI OPTOTOHAIH3AIUH.

JIoruko-BEepOSITHOCTHBIA aHaJINU3 IIMPOKO HCIOIB3YeTCs] B CaMOJIETOCTPOCHHH,
YacTo B BUJAE pa3IMYHBIX YNOpolleHWud u Momaudukanmid. [IpuMepoM Takoii
MoanHKaIMK SBISETCS aHanu3 JepeBa HeucnpasHocted [12], [16], [27], korma
normyeckas GyHKIHS CTPOUTCS JJIST KAKOTO-TO OJHOTO COOBITHS BEPXHETO YPOBHSL.
OTTankuBasch OT 3TOTO COOBITHA, HCCIEAOBATEIb-aHAJIUTHK IIOCTEIIEHHO
CIyCKaeTcs Ha HIDKEIEKAIlue YpPOBHH, BBIUCKHBAs BCEBO3MOXKHBIC MPUYHHBL,
MPUBOIAIINE K COOBITHAM BEPXHUX YPOBHEH, M, TAKHM 00pa3oM, CTPOS UCKOMYIO
JIOTHYECKYI0 (DYHKIIHIO.

Jocrouncrra JIBA:

®  MPOCTOTA U AOCTYIHOCTH ISl TIOHUMAHHS;

®  HaISAJHOCTE,

®  He CIHUIIKOM OOJIBIION 00bEM;

®  BO3MOXHOCTH MCIIOJIb30BaHUSI PA3INYHBIX YPOBHEH aOCTPaKIHH;

®  BO3MOXHOCTH aBTOMATH3AIMH 3HAYUTEIHHON YacTH aHaJH3a MMPH HATNIHA
(hopMaEHON MOJIETH CHCTEMBI.
Henocrarku JIBA:

®  OTCYTCTBHE NOHSITHUS BpDEMEHH B ONMCAHUHU JIOTHYECKOW (QYHKIINH U, KaK
CJICJICTBHE 3TOT0, HEOOXOJMMOCTb CTPOTOTO PETTIAMEHTUPOBAHHUS BCEX
COOBITHI U TPYIHOCTH OIUCAHMS CIENN(UIESCKUX CUTYAINH, 3aBUCSIITIX
OT BpeMeHH (TIOBTOPHBIE OTKAa3bl, IIEPEMEKAIONINECs OTKa3bl, HaJO0KEHUE
OJTHUX COOBITHH Ha JApYrue, CaMOBOCCTaHABIMBAIOIIUECS CHCTEMBI);

e  TPYZHOCTH IOCTPOCHHUS BEPOATHOCTHON (DYHKIIMH B HEKOTOPBIX CITydasx
(TIOBTOpHBIE TEPMHUHAIBHBIE CHMBOJIBI, HEMOHOTOHHAS JIOTHYECKas
(hyHKIHSA).
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2.2 BeposAITHOCTHbIEe aBTOMaTbl U MApKOBCKUeE Lienu

Jlpyroit moaxon K OIEHKE HaJEKHOCTH/OE30MaCHOCTH/)KUBYUYECTH CHUCTEMBI —
HCIIONIB30BaHNE TEOPHHM MapKOBCKHX Tpoieccos [11]. 3mecs HeoOXomuMo BBECTH
OJTHO TIOHATHE M3 TEOPUH KOHEYHBIX aBTOMATOB.
Bepoamnocmueii unu cmoxacmuueckuti agmomam — 3TO KOHEUHBI aBTOMAT, B
KOTOPOM HET BXOAHBIX W BBIXOAHBIX CHMBOJIOB, a MEPEXOIBI MEXKIYy COCTOSHISIMA
OCYILECTBIIIOTCS C 3aJaHHOW BEPOSTHOCTHIO.
Hccrnenyemass Ha mpenMeT 0€30IaCHOCTH CHCTEMa MOKET OBITH ONFICaHa B BUAE
BEPOSITHOCTHOTO aBTOMAaTra, COMEPKAIIeT0 OCOOBIe COCTOSHHUS, COOTBETCTBYIOIIHE
OTKa3zaM (WJIM OIIaCHBIM COCTOSIHHSIM). BeposTHOCTH mepexonma B Takoe COCTOSHHE
— 3TO BEpOATHOCTH BOSHUKHOBEHHUS OTKa3a/0MACHOTO COCTOSHHUS.
Bo MHOrmX ciydasx MOXHO CYHTaTh, 4YTO OyAyIiee TEXHHYECKOH CHCTEMBI
OTIpeNeNIIeTCS €€ TEKYIIHM COCTOSTHHEM, TaK YTO TOCTPOCHHBIA BEpOSTHOCTHBIN
aBTOMAT SIBISIETCS. MApKOBCKOW IEMBbI0 M K HEMY INPUMCHHUMBI BCE PE3YIBTATHI
TEOPUH MapKOBCKHX LIETICH.
MapxkoBckuii ananu3 [11], [14], [20] ueneBoii cucTeMbl AaeT AOCTATOYHO MOJIHYIO
nHpOpMAIUIo 0 e HaJeKHOCTH U OezomacHocTH. OCHOBHAS mpoliieMa B TOM, YTO
TIOJTy4IeHHAs! MOJIEJIb MOXKET ObITh O4CHb 00BEMHOM.
JlocTonHCTBa MapKOBCKOTO aHAJIH3A:

®  HaJWYHE MOHATHUS BPEMCHHOM MOCICIOBATCILHOCTH COOBITUI B CaMOA

MOJCIIHU U, BCIICACTBHUEC 3TOI'0, BOSMOXXHOCTh OLICHKH ITIOBCACHUA
CHUCTCEMBI B PA3HBIC MOMCHTBI BPDEMCHU;

®  MPOCTOTA ONMHMCAHUS IUKIHYCCKUX COOBITHIA;
e  BO3MOXXHOCTb aBTOMAaTH3al[MH{ 3HAYUTEJILHON YacTH aHaju3a npu
HaJIMIAA (OPMATHLHON MOJIEIIA CHCTEMBI.
Henocrarku MapKoBCKOTO aHaNIM3a:

e  (QOJBIIONH 0OBEM MOJIENH;

L4 JO0CTAaTOYHO CIIOXKHBII MaTeMaTHIeCKUM armapar.
Kax BUHO, HU MapKOBCKI/Iﬁ aHaJIu3, HU HOFI/IKO-BepOSITHOCTHLIﬁ aHaJIn3 HC UMCHOT
HCOCIIOPUMBIX MPEUMYILICCTB APYT MEPEA APYTOM, U NOJDKHBI MCIOJB30BATHCA KaK
B3aWMHO JOIIOJHAIOIIHC.

2.3 Cneuyndmyeckue metoabl aHanmsa

Kpome o6mmx meTtomoB aHanmm3a 0€30MacHOCTH, Takux Kak, JIBA u mMapkoBCKuit
aHaJln3, UMEETCS OOJIBIIOEC YHCIIO CIEHH(PUUSCKUX METOMOB, HAMPABICHHBIX Ha
AHaJIN3 KOHKPETHBIX WHXKXCHEPHBIX peHIeHI/H\/'I. 9TI/I METOJAbI HCCOMHCHHO IIOJIC3HBI,
TaK KaK XOpOIIO YYHTHIBAIOT CHENHU(UKY CHTyallil, HO OHH HE oO0mamgaroT
OOIIHOCTBIO, UTO CYXaeT 00JIACTh UX MIPUMEHCHHSI.
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3. A3bik MoOenupoeaHusi apxumekmypbl AADL

Szeik AADL (Architecture Analysis and Design Language) [33] B Hactosiiiee Bpemst
Je-(hakTo SBISIETCS CTAaHAAPTOM UL MOAEIMPOBAHUS APXUTEKTYPHI U TPEOOBAHUH
mo 0e30macHOCTH B aIPOKOCMUYECKOH oOmactu. B maHHOM paszmene  Mel
MIPOIEMOHCTPUpPYEM, Kak Ha 0a3ze BBIpasUTEIbHBIX Bo3MOkHOCTeH AADL MOXHO
aBTOMATU3MPOBAaTh PA3JINYHBIC BUABI aHAJIH3a OC30MIaCHOCTH, U MPOMLTIOCTPUPYEM
MPOLIECC MOJEIHMPOBAHMS AapXUTEKTYpbl M TpeOoBaHMII 1O OE30MaCHOCTH Ha
npuMepe pparMeHTa peajbHOH CHCTEMBI.

3.1 MogenupoBaHue apxXuTeKTypbl

SAzeik  AADL  mpenmHasHadeH [Uis  (OpPMaNbHOTO — ONMHCAHUS — apXHUTEKTYPHI
IporpaMMHO-aNmaparHeix cucreM. B AADL umerorcs BCTpOCHHBIE CpeACTBa VIS
OIMCAHUS CIENYIOMIMUX CYIIHOCTEH U OTHOILEHUM MEKIy HUMU:

e  Ha anmapaTHOM YpPOBHE: AJIEMEHTAPHOE YCTPOKUCTBO, MPOLIECCOD, MaMsITh,
HOPT, IIMHA;

e  Ha QYHKIMOHAJIBHOM YpOBHE: IPOLECC, HOAIPOrpaMMa, COSUHEHNE
(xaHan nepeaadn MHGOPMAIIHN);

®  ©CThb BOBMOXKHOCTb OIIMCATh CUCTEMY Ha HEKOTOPOM BHPTYaJIbHOM

aOCTpaKTHOM YPOBHE: BUPTYaJIbHBIN ITPOLIECCOpP, BUPTYyabHAs LIMHA,

MOTOK MCHOJHEHHSI.
AADL-ommcanne OTpakaeT BHYTPEHHIOIO CTPYKTYpY, MOTYWHEHHYIO CTPOTOH
MepapXuM: CUCTEMa COCTOUT M3 NMOAYMHEHHBIX ITOJCHCTEM U JJIEMEHTOB, Y 3THX
MOJICUCTEM MOTYT OBITh CBOM IOJCHCTEMBI M 3JIeMEeHTHl U T. A. Kpome Toro,
(YHKIMOHANBHBIE KOMIIOHEHTBI MOTYT OBITh ITPHBSI3aHbI K allapaTHbIM HaIpsIMYIO
WM 4Yepe3 HECKOJIbKO BHUPTYaJbHBIX YPOBHEH, YTO IO3BOJSIET paccMaTpHBaTh
CHCTEMY Ha HECKOJIbKUX YPOBHSAX aOCTpaKIHy.

3.2 OnucaHue TpeboBaHM NO 6e30NacHOCTU

Jusa 3amanms TpeboBaHmii Oe3zomacHocTH paspaborumkamu si3pika AADL Gbio
CO3/IaHO CIeNHaIbHOE paciimpenne 3Toro s3eika — Error Model Annex (EM) [34].
J7nst KaXkI0ro KOMHOHEHTa CHCTEMBI, OITHCAHHOTO Ha si3bike AADL, MOXKHO yKa3aTh
ocobble TpeOOoBaHMS, HAKJIaAbIBACMble Ha OSTOT KOMIIOHEHT, KOTOpPBIE MOTYT
WHTEPIPETHPOBaThC Kak TpeboBaHus Oe3omacHocTH. Error Model Annex
BKJIFOYAET CJIAYIONIHE H300pa3uTelIbHbIE BO3MOXHOCTH:

L4 JUIA KQXKI0ro KOMIIOHCHTA MOXET OBITh 3aaaH KOHEYHBIN aBTOMar,
COCTOSIHUSA KOTOPOI'O — 3TO IITATHBIC U HELITATHBIC (OHaCHLIe/OTKa3HLI€)
COCTOSAHHA JaHHOI'O KOMIIOHCHTA,

o BIIMsIHHE COOEB KOMITOHEHTOB CUCTEMBI Ha APYru€ KOMIIOHCHTBI
OIMMCBIBACTCA MMOCPEACTBOM YKa3aHUs JIOTUYCCKHUX yCHOBI/Iﬁ
pacupoCTpaHCHUA OIIN0O0K MECXKIY pasiIndYHbIMU TUTIAMH KOMIIOHEHTOB B
Pa3IMYHbIX COCTOAHUAX
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®  TEpEXOIbl MEXIY COCTOSHUSIMHU KOMIIOHEHTA OCYILECTBIAIOTCS MIPU
BBITIOJTHEHUU HEKOTOPBIX JIOTHYECKUX YCIOBUH, B 3aBUCHMOCTH OT
HaI4aust c00eB — KaK BHYTPEHHUX, TaK M «HABEICHHBIX), T.C.
pacmpoCTPaHUBIINXCS B JAHHBIN KOMIIOHEHT U3BHE;

L4 JUIsL BHYTPEHHUX cboeB 3a1ar0TCS BEPOATHOCTH UX BO3SHUKHOBECHUS,

®  MOeNb OMMOOK KOMIIOHEHTa, COCTABIEHHOTO U3 ITOJAKOMIIOHEHTOB,
OIUCHIBAETCS KaK KOMIO3UIIMS MOJIENICH OIIMOOK OJKOMIIOHEHTOB, TIPH
9TOM JJIsl COCTABIICHUS STOI KOMIIO3ULINH HUCTIONB3YIOTCS JIOTHYECKHE
oreparuy.
Takum o6pazom, Error Model Annex wucnonb3yeT i omucaHus TpeOOBaHMMA
0€301acHOCTH ¥ TEPMHUHBI JIOTMKO-BEPOSITHOCTHOTO aHalu3a, W TEPMHUHEI
MapKOBCKOTO aHalln3a.

3.3 MaTtematu4eckasa mogenb TpeboBaHu No 6e3o0nNacHOCTU

Ilycte C — MHOXECTBO BCEX KOMIIOHEHTOB IaHHOM Mozpenu. Paccmorpum
OT/ENbHBIN KOMIIOHEHT C. CBs3aHHBIE C KOMIIOHEHTOM C OOBEKTHI (MHOXKECTBa,
(hyHKINHN) OyIeM 3amuchIBaTh ¢ TMpeUKCOM «c.». HamoMHNM, 9TO IUII MHOXKECTBa
M 3ammcs 2V 03HagaeT MHOKECTBO BCEX MOAMHOKECTB MHOKECTBA M.
IIyctb ¢.S — MHOXECTBO COCTOSIHMM KOMIOHeHTa C, C.E — MHOXecTBO
BHYTpPeHHUX c0o0eB, ¢.Q — MHOXECTBO cOOEB, NMPHUXOmAMHX B C m3BHE, c.R —
MHOXECTBO COOEB, pacHpOCTpaHSIOMUXCsS W3 C BoBHe. [lycTth 3amana (yHKUms
MEPEXOI0B MEXy cocTosiHusAMU C.F: ¢.S x 2¢E x 2%Q 5 ¢S, a TaKxke $yHKIHA
pacrpocTpaHeHus cO0eB B JaHHOM cocTosHuA ¢.G: ¢.S X 20E x 2¢Q _, 2ok, Ilyctb
tarke 3amana Qyakuous st: C — {C.S}, koTopas i IQHHOTO KOMIIOHEHTa
BO3BpAIIaeT €ro TeKyiee cocTosHue. Kpome Toro, mMycTh AN BCEX BHYTPEHHUX
cOoeB 3a7aHa QYHKIMS P BEPOSITHOCTH UX BO3HHUKHOBEHHS.
B EM-onucanun ¢yskmmu c.F u ¢.G mmetor crepyrommii Bua. Ilepexox w3
COCTOSIHMSA C.S; B COCTOSIHHE C.Sj OCYILECTBIIAETCS, €CIM BBINOJIHSAETCS HEKOTOPOE
3a/iaHHOe Jtoruyeckoe yciosue c.fij( C.ey, ..., C.€, C.qy, ... , C.m ) OT BHYTPEHHUX U
BHEIIHUX CO0€B. AHAJIOTMYHO, B COCTOSHHH C.Sj OCYILECTBIISIETCS PACIIPOCTPAHEHHE
c00s C.Iy, €CIIM BBIIOIHAETCS HEKOTOPOE 33laHHOE JIOTHYECKOe YCIIoBHE C.gj( C.ey,
, CeL, COi, ... , C.Oy ) OT BHYTPCHHHX W BHEHIHHUX cOOeB. TepMHHAIBHBIC
BBICKa3bIBAHUA OTHOCHTETbHO cOOeB B ychoBusix c.fjj W c.gjx HMET BHUJ
«TpOU30IIENT COOM».
Ecnu KOMIOHEHT C SIBISIETCS KOMIIO3HMIIMEH KOMMoHeHTOB dj, ..., Oy, To ero
cocrostHust 3amatorcs ¢yaknuei ¢.H: d..S, .., d,.S — c¢.S. B EM-omnucanuu
¢bynkuns c.H nmeer cnenyronmii Buj. KOMIIOHEHT C HAXOAUTCS B COCTOSIHUH C.Sj,
€CIIU BBINONIHACTCSA HEKOTOpOE 3a/iaHHoe Jtorudeckoe ycnosue c.hj( di.sy, ... , dn.Sp ).
TepMuHanbHbIE BBICKA3bIBAHHMS OTHOCHTEIIBHO COCTOSIHHH MOJKOMIIOHEHTOB d; B
ycnoBusix ¢.h; umeror Buz «d; HaxomuTes B coctosHuH d;.Sp», T.e. «st(d;) = d;.Sp».
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4. AHanu3 puckoe Ha ocHoge onucaHuii AADL
4.1 AHanu3 gepeBa HencnpaBHoOCTeMn

4.1.1 MocTpoeHne gepeBa HeucNpaBHOCTEN

3aMeTHM, 4YTO KaxJ0€ JOTMYEeCKOEe YCIOBHUE MOXHO OJHO3HAYHO IPEACTaBUTH B
BUAE JepeBa, INA€ JIUCTbSIM COOTBETCTBYIOT TEPMHUHAIbHBIE OMNEpaHAbl, a
BHYTPEHHUM y3J1aM — JioTu4ecKkue onepanuu. bynem HaswiBaTh Takoe aepeBo LF-
nepeBoM. BepHno wu oOparHoe: s moboro LF-nmepeBa  omHO3HAaWHO
BOCCTAHABIIMBAETCSI COOTBETCTBYIOIEE JIOTHUECKOE YCIOBHE.

HepeBo HeucnpaBHocTe — 3T0 LF-1€peBo, COOTBETCTBYIOLIEE YCIOBUIO IEpeXoaa
HEKOTOPOT0 KOMIIOHEHTA C B COCTOSTHHUE C.Sj.

[lar mocTpoeHus AepeBa HEUCIPABHOCTEH HAUYMHACTCS C PACCMOTPEHUS LIEJIEBOTO
COCTOsIHMA C.Sj KOMIOHEHTa C. Ha oHOM Iare mocTpoeHHs TpeOyeTcs BBISBHTDH
JIOKaJbHBIE TNPUYMHEI MepexoJa KOMIIOHEHTa C B cocrosHue c.sj. Ilycts B
CTposILEMCS JIepeBe €CTh y3e A, COOTBETCTBYIOIMI yCIOBHIO «st(C) = C.5j».

Ecmu EM-onucanue ad C.Sj MMEET BHUJ KOMIIO3HLIMH, TO IPOUCXOIHUT IOMCK
COOTBETCTBYIOILETO yCJIOBHA C.hj oT cocTosHuii mnoaxommnoHeHToB. JlepeBo t
JIOTMYECKOI0 YcI0BHA ¢.hj BcTaBnseTcs B IepeBO HEMCIIPABHOCTEH, TaK 4TO KOPEHb t
cTaHOBUTCA y310M A. Jlanee MOCTpOEHHUE JIepeBa HEHCIIPABHOCTEH MPOJOIDKAETCS
Ansa  ¢urypupyromux B c.hj TepMUHANbHBIX BHICKAa3bIBAHMH OTHOCUTEIBHO
COCTOAHHHU ITOAKOMIIOHCHTOB.

Ecnu EM-onucanue st ¢.sj uMeeT BUJ (QyHKIMHU NEPEX01a U3 APYroro COCTOSHUS,
TO MIILYTCS BCE COOTBETCTBYIOIINE UCXOJHBIE COCTOSIHUA C.Si M ycnosus c.fjj. Janee
CTPOMTCS AEPEBO t' I JTIOTHYECKOTO YCIOBUS

OR; (st(c) = c.sij) AND c.fi;,

rne «ORj» o3nauaer omeparop «MJIM» mo BceM wHAeKcaMm i, ¥ BCTaBISETCSA B
JIEPEBO HEUCTIPABHOCTEMH, TaK YTO €r0 KOPEHb CTAHOBUTCS Y3JIOM A.
Janee moctpoeHue JepeBa HEUCIPABHOCTEW MPOAOIKAETCS sl TEPMHHAIBHBIX
BBICKA3bIBAaHUM:
®  JUIA yCIOBHUA «St(C) = C.Sj» MPOM3BOAMUTCS CICIYIOIIUI IIar TOCTPOCHUS
JIepeBa;
®  JUIA yCJIOBHUSA «B KOMIIOHEHTE C IPOU30IIE]T BHYTPSHHUH COOM C.e» B
JIepeBe OCTaBJISIETCSI COOTBETCTBYIOIIUI JTMCTOBOU Y3€I;
® IS YCTIOBUS «B KOMIIOHEHTE C MPOM3O0IIEN BHEIIHUN COOM C.q»
IMPOUCXOAUT MONMCK HCTOYHMUKOB 3TOT'O BHCITHETO c0os.

ITorck MCTOYHMKOB BHEIIHETO COOS C.q JUII KOMIIOHEHTa C MPOMCXOAWT Tak. J[ms
BCEX KOMITOHEHTOB bj, KOTOpPBIE PAaCIpPOCTPaHIIOT cO0i bj.ly = ¢.q B KOMIIOHEHT C,
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HIIYTCSl BCE COOTBETCTBYIONINE COCTOSAHUSA b;.S; M yciosus b;.gjk. Hamee crpourcs
JIepeBo t" IS JIOTHYECKOTO YCIOBUS

OR; ORJ ORy (St(bi) = bi.Sj) AND bi-gj,k

U BCTaBISIETCA B IEPEBO HEUCIPABHOCTEH, Tak 4TO €ro KOPEHb 3aMEHseT y3el AL
paccMaTpUBaeMOrO BBICKA3bIBAHUS «B KOMIIOHEHTE C IIPOM30IIEN BHEIIHUI
cooii c.q». IloctpoeHme  gepeBa  HEHCHPAaBHOCTEH Uil  TEPMHHAIBHBIX
BBICKa3bIBaHMH AepeBa t" MpoJoKaeTcss aHaJIOTHUHO.

B pesynprate B nHMCTBSIX JAepeBa OyAyT cCOAEpXKAThCS TOJBKO YCJIOBHS BHUIA
«B KOMITOHEHTE Cj IPOU301Ie] BHYTPEHHHUH COOH C;.€1,»

4.1.2 MMHUManbHbIe cevyeHus

ITocne mocTpoeHHs nepeBa HEHCIIPABHOCTEH MOXHO BBIYHCIUTH BEPOSTHOCTD
HIepexXofia MCXOJHOIo KOMIIOHEHTa C B COCTOsHME c.sj. Jus 3Toro HeoOXoaumo
CIepBa YIPOCTHUTH JIOTHYECKYIO (DOPMYILY, COOTBETCTBYIOLIYIO JIAaHHOMY JI€pEBY, H
NPUBECTU €€ K HEKOTOPOMY KaHOHHYeckoMy Buy. IIpexkne yem MpuUCTynuTh K
OIMCAHUIO ATOTO KAHOHWYECKOTO BUJIA, HAIOMHUM CJIEIYIOIIee OnpeeeHue.
Munumanenvimv — ceuenuem — Ha3bIBaeTCs — Takas ~ HaWMEHbIIAs  KOMOWHANUs
BHYTPEHHHUX cOOEB, 4TO €ciM Bce O3TH cOOM MPOHM30MIYT, TO STO MOBJIEYET
BO3HUKHOBEHHE B JIEPEBE COOBITHSI BEPXHETO YPOBHS (T.€. IIEPEX0]] KOMIIOHEHTa C B
COCTOSIHHE C.Sj).

BbluncieHne MHUHUMAJIBHBIX CEUEHHH Ui JAaHHOW JIOTUYEeCKOH  (hopMysibl
NPOUCXOIUT IIyTeM MpuBeneHHuss (GOPMYNIbl K JU3BIOHKTHBHOH Qopme ¢
UCIIOJIb30BaHUEM OYyJIEBCKMX 3aKOHOB JUCTPUOYTHBHOCTH M mODIOmEeHus. B
pesyiabrare (GopMylia NPUMET BUJI JU3BIOHKIMK KOHBIOHKIMH, MpHYEM Kaxas
KOHBIOHKIHS OYy/IET COOTBETCTBOBATh KAKOMY-TO MUHUMAJIbHOMY CEYEHHIO.

[Tycte Bce BHYTpeHHHME COOM SIBJSIFOTCS HE3aBHCHMBIMH COOBITHSIMH. Toraa
BEPOSTHOCTh JIIOOOW MX KOHBIOHKIMM paBHA MPOM3BEACHHIO BEPOSTHOCTEH
MHOXHTened. UTo Kacaercsi BEpOSTHOCTH JM3BIOHKIMH, TO Ui €€ TOYHOIOo
BBIYHCIICHHUS HEOOXOJMMO TPUMEHSTh (hOpMYITy BKIFOUeHUH-ucKioueHni. OqHaKo,
MOCKOJIBKY B PEaJIbHOCTH BEPOSTHOCTH BHYTPEHHHX COOEB JIOCTaTOYHO Mabl (IO
MeHpmeli Mepe mopsaka 107.10°), wiemamm Beicmmx mopsakoB B dopmyie
BKJIFOUEHHH-MCKIIFOUEHUH IpeHeOperaroT.

Takum oOpasom, eciu joruueckast GopMyra Juisl JaHHOTO JiepeBa HEHCIPaBHOCTEH
NpUBEJCHA K JU3BIOHKIMHM KOHBIOHKIUH, COOTBETCTBYIOIIMX MHHHMAaJIbHBIM
CCUYCHUSIM, TO BEPOATHOCTH COOBITHS BEPXHEro YpPOBHS (IPUONMKEHHO) paBHA
COOTBETCTBYIOIIEH CyMMe IIPOM3BEJCHUI BEPOATHOCTEH BHYTPEHHHX CcOOEB W3
MHHHMAJIbHBIX CEUeHHH.
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4.1.3 PaHxupoBaHue cboeB

Bce BHyTpeHHHUE cOOM, BCTpEUAIOLINECs B JAHHOM JIEPEBE HEHCIPABHOCTEH, MOXKHO
pPamXHUpPOBaTh 10 BEJIMYMHE MX BKJaJa B BEPOSITHOCTh BO3HUKHOBEHHUS B JIEpeBE
COOBITHS BEPXHETo ypoBHs (T.¢. Iepexosia KOMIIOHEHTa C B COCTOSIHHE C.Sj).
PamwxupoBaHye EpBUYHBIX COOBITHI B COOTBETCTBUH C UX 3HAYUMOCTBIO B CMBICTIC
HACTYIUICHHUSI COOBITHSI BEPXHETO YPOBHSA MOXET IPOU3BOAUTHCS Pa3HBIMH
metonamu [27]. Tlycts S — cobbITHE BepXHEro ypoBHS, E — nepeuuHoe coObiTue, B
— orpunanue E, p — pyHKIMS BeposTHOCTH coObrThii. HamomumM, uro ecmn Au B —
IBa cOOBITHA, TO P(A|B) — 3TO BEpOATHOCTH HACTYIUICHHUS COOBITHS A TIPH YCIIOBUH,
YTO HACTYIuiIo coOriTHe B.

Mepa 3naunmoctu «Risk Achievement Worthy — «ctouMocTh BO3pacTaHUsI PUCKa:
P(S|E) / p(S). Dra BenmmumMHA MOKA3bIBACT, HACKOJIBKO YBEIMYHUBACTCS PHUCK MIpPHU
yCIOBHH, YTO coObITHE E TNpPOMCXOANT MOCTOSHHO (T. €. COOTBETCTBYIOIIUH
KOMIIOHEHT a0CONIIOTHO HE HaJexeH). OTO HHIUKATOp, HACKOJBKO BaKHO
HOIICP)KUBATh TEKYIIUH YPOBEHb HaIE)KHOCTH COOTBETCTBYIOIIETO KOMIIOHECHTA.
Mepa 3naunmoctu «Risk Reduction Worthy — «cTOMMOCTb YMEHBIICHHS PUCKAY:
p(S) / p(S[E). DTa BenMuUHA NOKA3bIBAET, MAKCUMAILHOE BO3MOKHOE YMEHBIICHHE
pHCKa, KOTOPOE MOKHO OXKHIATh MPU YBEIHMYCHHU HAJIE)KHOCTH COOTBETCTBYIOLIETO
KOMIIOHEHTa (BIUIOTH JI0 €ro abCOJIOTHOM HAJEKHOCTH, Korjaa coOsitue E Hukorma
HE NPOUCXOIUT).

Mepa sHauumocty no Bunbaymy (Birnbaum): op(S)/op(E) = p(S|E) - p(S|E). Dta
BEJIMUMHA IIOKa3bIBACT, B KaKOW CTENEHH W3MEHEHHE Ha/leXHocTH E Bnmser Ha
MOBBIIICHUE HAICKHOCTH S.

Mepa 3Haummoctu no @ycceny-Becnu (Fussel-Vesely): ( p(S) - p(SIE) ) / p(S). Dra
BEJIMUMHA IIOKa3bIBACT CTENEHb KPUTHYHOCTH COObITHS E, T.e. OTHOCHTENBHYIO
BEJIMUMHY BKJIaJia coObITHA E B BEIMUYMHY BEpOSTHOCTH HACTYIICHUS S.

Mepa 3HaummocTu «gascnocms ouaerocmuxuy»: p(E|S) = p(E)'p(SIE) / p(S). Ota
BEJIMUMHA MOKa3bIBaET BEPOSATHOCTh cO0si E mpu ycnoBum c6ost S, T.e. HACKOJIBKO
MIPUOPUTETHO MPOBEPATH, OB 71 cO0it E, mpu Bo3HUKHOBEHUH 604 S.

4.2 AHanu3 BUAOB U NocrneAcTBUN OTKa3oB

Ilycte MOAEns COCTOMT M3 KOMIIOHEHTOB Cj, ..., Cy. CocTosHume Bcel Monenu
MOJIHOCTBIO ONIPEEIISIETCS] COCTOSHUSMH BCEX €€ KOMIIOHEHTOB: C1.S X ... X ¢y.S.
Paccmorpum otTka3 cnenyromero Buaa. IlycTp Kaxapli W3 KOMIIOHEHTOB Cj
HaXOAWUTCS B HEKOTOPOM COCTOSHHH Ci.Sj, ¥ ITyCTh B Ka)KIOM M3 KOMIIOHEHTOB Cj
IPOM30ILIN HEKOTOphIe BHYTPEHHHE cOoH {C;.€;j}.

B pesynbraTe 3TOro oTkaza KOMIOHEHTHI MOJENU MOTYT OMEHSTH CBOE COCTOSIHHE
W HayaTh paclpoCTPaHATh Kakue-To cOou BOBHe. Jlajnee, B YCIOBHUIX MPHUXO/a 3THX
BHEIIHUX COOEB B 3aBHUCHMBIC KOMIIOHEHTBHI, KOMIIOHEHTHI MOZEIH OISTH MOTYT
MIOMEHSTH CBOE COCTOSIHHE W HadaTh PAaCHpPOCTPAHATH emle Kakue-To coom BoBHE. 1
TaKk jJajee, MOAETb OyHeT SBONIONMOHUPOBATH O TEX IOpP, MOKA HE JOCTHTHET
HEKOTOPOTO CTA0MILHOTO COCTOSTHUSI.
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TpeOyetcss HAlTH, B KAKOM COCTOSHUHM MOJIENb CTAOMIIM3HPYETCA. DTO COCTOSHHUE
Mozeny OyIeT BEIpaXKaTh MOCIEACTBUS HCXOQHOTO OTKA3a.

PaccMoTpuM moppoOHO OJMH HIar 3BOJIOLMH Mozaenu. B obmem ciydae, B Hagaie
1mara Ka)kablii KOMIIOHEHT Cj HAXOJHUTCS B HEKOTOPOM COCTOSIHUH C;.Sj U IMeeT COOH:
BHYTPEHHME {Ci.€jj} M BHemwHUe {ci.(;j}. IIpuMeHAA 111 COOTBETCTBYIOIIUX
KOMIIOHEHTOB criepBa ¢yHkuuio c;.F, a 3atem ¢pynkuro ci.H, Halimem, B kakoe HOBOE
COCTOSHHE C;.Si IPH TEKYIIUX YCIOBHSAX NEpeHaeT KaKAbI KOMIIOHEHT. 3aTeM,
IPUMEHSs Ul KaKI0ro koMnoHeHTa ¢yHkuumio c¢;.G, HalizeMm, kakue cobou {ci.li;}
CTaHeT PacIpOCTPaHATh KOMIIOHEHT Cj B COCTOSHUH C;.S' IIPH YCIOBHHU c6oeB {c;.€;}
u {ci.q;j}. Ilocne 3toro, onpenenuM KOMIOHEHTHI-TIPUEMHUKK HaWJEHHBIX cOOeB
{rij} 1 TakuM 06pa3oM MoJTy4nM, HOBBIiI HabOp BHeNIHHX cOoeB {Ci.q;;'}.

Kak BuauM, miar »SBONIONMHM MOJENM 3aBUCHT HE TOJBKO OT COCTOSHUI
KOMIIOHEHTOB, HO TaKkxke M OT Habopos cboeB {ci.ej;} U {c;.0i;}. Takum oGpazom,
CTaOMJIBHBIM MOXKHO CYHTATh TaKOE COCTOSHHME MOJIENH, KOIJla B pe3yibTare Iiara
ABOJIIOIMY B KOMIIOHEHTaX HE MEHSIOTCS KaK COCTOSIHUS, TaK M HA0OpHI COOEB.
ITockonmbky Bce 3amaHHbie MHOXKeCTBa (Ci.S, Ci.E, C.Q) SBISIOTCS KOHEUHBIMH,
MPOLIECC IBONIOUUHM HA HEKOTOPOM IIare MpUAET B TAKOE COCTOSHHE, B KOTOPOM
MoOZeNb yXKe Haxoxwiach panee. [locie 3Toro Mozenab Ha4yHET HBOJIIOIMOHUPOBATH
N0 UKIY. B TOM citydae, ecii 3TOT LMKI SBISETCS HETIeld U3 OIHOTO COCTOSHUS,
MOJIeNb CTAOMITM3UPYETCsl B 9TOM COCTOSHHHU. ECIH jke 3TOT LMK comepxuT Ooiee
OIHOTO COCTOSIHHSI MOJEJIH, MOXXHO TOBOPUTB, YTO MOJEINb 3aJaHa HEKOPPEKTHO.
Bormpoc n3ydeHust KpuTeprueB KOPPEKTHOCTH MOJIEIH BBIXOIHT 338 PAMKH HACTOSILECH
paboTHL.

4.3 MNocTpoeHne MapKOBCKOM Lenu

JlaBHO paspaboTaH KiacCHUECKHMii MaremaTmueckuil ammapar [11], [14], [20] s
MPOBEJICHHSI MapKOBCKOTO aHallM3a MO 3aJaHHOW MapKOBCKOW IeMu. 3/1eCh MBI
ONUIIIEM aJITOPUTM MOCTPOEHUS MAPKOBCKOII 11enu Ha ocHoBe EM-onncanus.

Jns paHHOM Monenu, cocTodleid W3 KOMIIOHEHTOB Cj, ..., Cy, PAacCMOTpUM
BEpPOATHOCTHBIN aBTOMar. COCTOSHMSMM JTOTO aBTOMAara SIBISIOTCS KOPTEXKH
COCTOSIHUH BCEX KOMIIOHEHTOB S; X ... X sy. Ilepexon aBromara B Apyroe COCTOSIHUE
MPOMCXOMUT TPH BO3HUKHOBEHHH HEKOTOPOTO Ha0Opa BHYTPEHHHX cOOEB B
KOMIOHEHTaX. J[Js1 JAHHOTO COCTOSIHUS S aBTOMaTa M JaHHOTO HabOpa BHYTPEHHIX
c00eB {€jj} MOXHO 3allyCTUTh NIPOLECC aHAJIN3a TOCIENCTBHI 3TOr0 OTKa3a MOJENH
W HaliTH COCTOSTHHE S', B KOTOPOM MOJIENb CTa0miu3upyercs. B atoM cinydae Oymem
TOBOPHUTh, YTO B BEPOATHOCTHOM aBTOMAaTre HMeEeTcsl mepexony S — s ¢
BeposATHOCTBIO [ [ij P(&ij).

Ecmu B Momenmu mMeercss N KOMIOHEHTOB W L pasinuyHBIX BHYTPCHHUX COOEB,
MpUYEM KKl KOMIIOHEHT MOXKET HAXOJUTHCSI HE MEHEe YeM B JBYX COCTOSHUSIX,
TO BEPOSTHOCTHBIA aBTOMAT OyIET COMCpXaTh HE MEHEE 4eM 2N cocrosauii, u u3
KaXXI0TO COCTOSTHHS OYJIET BBIXOIUTH 2t TIepPEX0/I0B.
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OpnHako, Ha INPAaKTHKE HE BCE COCTOSHHS BEPOSTHOCTHOTO AaBTOMAaTa SBISAIOTCS
JOCTI)KMMBIMH HM3 HEKOTOPOTO HAuyalbHOTO COCTOSHMA. TakuM oOpaszoMm, eciu
CTPOHTH BEPOATHOCTHBII aBTOMAT MOCTENICHHO, [0 Mepe MOCTPOCHHS IEPEXOI0B U3
yX&Ke JOCTHTHYTBIX COCTOSHHH, TO KOJMYECTBO IIOJTYYCHHBIX COCTOSHUH Oyner
CYIIECTBEHHO MEHBIIE IKCIIOHEHTHI.

KpomMe TOrO, B peaslbHBIX CHCTEMax OTAENbHbIE COOM MMEIOT JOBOJBHO HH3KYIO
BeposiTHOCTh, mopsiaka 107 .. 10" CoorBercTBeHHO,  BEPOSTHOCTH
OJJTHOBPEMEHHOTO BO3HHKHOBEHHSI HECKOJBKHX COOEB SIBISIETCS MCUE3AOIIEe MaJIoH
BeanunHOi. Takum o06pa3om, Ha MPAKTHKE HAOOPHI COOEB {€jj} MOKHO OTPAaHUYUTh
napaMy WIM TPOMKaMH, a 3HAYUT KOJMYECTBO IEPEXOJ0B M3 KaXKAOTO COCTOSHHS
BEPOSITHOCTHOTO aBTOMara Oy/ieT OrpaHU4eHO TTOJINHOMOM CTEIEeHH 2 WiH 3.

Bonee mnonmpoOHOe omucaHue anropuTMOB MOCTPOEHHMST MAapKOBCKOW LEMH H
NPOBECHIS MapKOBCKOTO aHaIN3a Ha 0cHOBe EM-omucanust MOXHO HaidTH B [5].

5. Mpumep ModenupoeaHusi u aHanu3a cucmemaol

[Tpouecc MoAeIMPOBaHUs CHUCTEMBI C HCIOJIB30BAHHEM IOJICPKKH TPeOOBaHMIA
6€3011acCHOCTH BKIIIOYAET CIETYIOIINE 1IIark:

e  aHanM3 OOIICH CUTyallnu
e  (opMynupoBaHHE PA3TUYHBIX MPOOJIEM HA YPOBHE CUCTEMBI
®  BBIJICJICHHE KOMIIOHEHTOB, OTBETCTBEHHBIX 32 CUTYAIIHIO

L4 KJ'IaCCI/I(l)I/IKaI_II/ISI 1 MOCTPOCHUC OIMTUCAaHUA HpO6J’ICM, CBA3aHHBIX C
OTACJIIbHBIMU KOMIIOHCHTAMH BUPTYAJIbHOI'O YPOBHA

e  aHaNM3 CBA3EH MEXAY BUPTYaJIbHBIM U (PU3NYECKUM YPOBHEM

e raccu(uKausg U MOCTPOCHUE OMUCAHUS MPOOIEM, CBI3aHHBIX C

OTACTHHBIMI KOMIIOHEHTaMH (PU3NIECKOTO YPOBHS
[IpommrocTpupyem mporiecc MOACTUPOBAHIS U aHaTTN3a 0€30ITaCHOCTH Ha IIpUMeEpe
CeTH TIepefavr JaHHBIX MEXAY NaTYUKaMH, dICKTPOIPHBOIAMH, BEIYUCIATEIHEHBIC
MOIYJIHU, AUCIUICAMHU U T.II. BHYTPU aBUAITUOHHOI'O Cy/JdHA. AOOHEHTEI CCTU, KOTOPBIM
TpeOyeTcss TmepemaBarh APyr JApyry wuHGOpPMAIHMIO, CBSI3aHBI MEXAy C000i
npoBofaMu. HeckodbKko HecATHNICTHH Ha3ad, KOTAa JIIEKTPOOOOpYHOBaHHMS Ha
caMonietax OBLJIO HEMHOTO, JJIsi TIOBBIIICHHS] O€30MacHOCTH MPOEKTUPOBIIUKU
PYKOBOJICTBOBAJIMCH MPABUIIOM: KKIOMY KaHAIy Iepenadyd HHPOpPMaIud — CBOM
mpoBoj. B HacTositiee BpeMs KOMTMUeCTBO a0OHEHTOB CETH, & C HUIMH U KOJTUYECTBO
KaHAJIOB BBIPOCIO HACTONBKO, YTO OYKBAJIBHOE CIICIOBAHUE ASTOMY MPHHIUITY
MpUBEIO OBl K HEMOMEPHOMY POCTY CYMMAapHOTO Beca HEOOXOMUMBIX MPOBOJOB.
PemennemM mpoOieMbl CTalo HCHOJB30BAaHUE OMHHUX M TEX JK€ IPOBOJOB
HECKOJIbKUMU KaHAJIaMU. YMEHbBIIICHHE KOJIUYECTBA MPOBOIOB MOTpeOOBaNIO Ooiee
CJIO)KHOW TOIIOJIOTUHM CETH, B YaCTHOCTH MPHMEHEHHS KOMMYTaTOpoB (switch) B
MeCTax pa3BeTBICHUS.
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OIvH U3 TOAXOIOB, PEANH3YIOIIMX YKa3aHHBIM MPUHIMI, Ha3bBaeTcs AVIONICS
Full-Duplex Switched Ethernet (AFDX) [28] u B Hacrosimiee Bpems je-(pakro
ABIAETCS CTAHAAPTOM B 3TOH 00IACTH.

Kanan mnepemaunm wnpopmanmun B AFDX-cetm He sBmsfeTcs, Kak paHbIIe,
€IMHONMYHBIM BIIAEIbLIEM MPOBOJA, ONHAKO HAa JIOTHYECKOM YPOBHE KasKIbIH
KaHaJI MOJIENUpPYETCs TaK Ha3bIBAGMBIM BHUPTYaJbHBIM KaHaioMm (virtual link).
Taknm 00pa3zoM, IPOEKTHPOBIINK MBICIEHHO MPOJOJDKAET XKUTh B CTAPOM MOAXOJC
(«omMH KaHal — OAMH TPOBOIY), ONEPHUPYS BHUPTYAIbHBIMH KaHAJlaMH, a B
PearbHOCTH KaXkIbli BUPTYaJIbHBIH KaHaJ HUCIOJb3YeT KaKoW-TO CBOW (u3nvecKuit
MapIIpyT, COCTOSIIMH W3 HEKOTOporo Habopa NPOBOJOB M KOMMYTaropoB
cetu (cM. puc.l).

e
s

End System =

o //Elhemet Data
oot Link

—d VL1
» VL2
—d VL3

Puc. 1. Bupmyanvusie kanaiv
Fig. 1. Virtual links

Hus obecrieuenust 6e3omacHocTH B AFDX mpuMeHnsieTcst pe3epBHpOBaHHWE: LIS
KQXIO0T0 BUPTYaJbHOIO KaHalla HCHOJB3YIOTCS J[Ba HE3aBHCUMBIX (PHU3MYECKUX
MapIpyTa, o KaKJA0MY U3 KOTOPBIX MEePealoTCs MISHTUYHBIE KOTMH COOOIIEHHMSI.

5.1 Mogenupyemas cuctema
PaccmoTpuM mporiecc MOJIETMPOBAHMS M aHAIN3a CETH Mepelady JaHHbIX.
[TycTs abOHEHTaMU CETH SIBISIFOTCS:
e  naTymK (sensor),
e  BBEIYHCIHUTENBHBIA MOAYIH (computer),
®  3IEKTponpHUBOJ (actuator),
e  nucruieit (monitor).
Iepeuncaum TOTHYECKHE COSTUHEHUS MEXK Ty a00HEHTaMH (CM. PHUC. 2):

® JAaTYWK OTIPABISCT CBOM TEKYIIWE IIOKa3aHWs Ha BBIYMCIUTCIBHBIN
MOTYIIb,
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¢  BBIYHUCIUTEIBHBIA MOAYNb aHAIU3HPYET MOJIYYCHHBIC NOKA3aHHS JaTiuKa
Y OTIIPABIISIET YIIPABIAIOIINE KOMAaH/bI HA 3JIEKTPOIIPHUBOL,

®  TaKKe BBIYUCIHUTENIBHBIA MOIYIb OTHIPABIAET TEKYNIYI0 HH(OPMAIHIO O
napaMmeTpax MoJjieTa Ha JUCIUIEH,

e  KpOME TOro, MEKTPOIPHUBOJ B CIIydyac BO3HHKHOBEHHS B HEM aBAPHHHOMN
CHUTYaIl! OTIIPABIIACT MPEAYNPEKNAIOIINA CUTHAT Ha JUCIUICH.

sens <,daﬁ_.. act .---ﬁé'@[m?
i
I
Y

<data> <data>
» comp » mon

Puc. 2. ynxyuonanvras mooens
Fig. 2. Functional model

MopenupoBanue cetu AFDX cocTtouT B oOmnMCaHWM BHUPTYaJIbHBIX KaHAJIOB.
Kaxxmomy J0rH4eckoMy COETWHEHHIO COOTBETCTBYET OJUH BHUPTYaJbHBIA KaHAN B
cetu AFDX, a mis obecrnedyeHHsT pPE3CPBHPOBAHUS Ui KaKIOr0 BHUPYaJIbHOIO
KaHaJla OTIPEICIICHBI [BAa BUPTYAIBHBIX MapIIPyTa «a» U «by», KaKI0My U3 KOTOPBIX
COOTBETCTBYET CBOM HaOOp anmapaTHbIX KOMIIOHCHTOB CUCTEMBI.

ITycTth a0OHEHTHI HAIICH CETH BBIMONHSIOTCSA KaXIblii Ha CBOEM IMpolieccope, U
KaXIbIH IpoIieccop Ucnoib3yeT 1yl Beixoga B AFDX-ceTs cBoro ceTeByro KapTy. B
MECTaxX pAa3BETBICHUSA HHGPOPMAIUOHHBIX TIOTOKOB B CETH HCIOJB3YIOTCS
koMMyTaTtopbl. Ha puc.3 mpejcTaBiieHa ammaparHas 4acTh apXUTEKTYPbl CHCTEMBI
0e3 pesepBupoBanus. COOCTBEHHO ceTh (IIPOBOJA M KOMMYTATOPHI) HAa PUCYHKE
BBIJICJICHA ITyHKTUPHOHN paMkoi. [y oOecrieueHus pe3epBUPOBAaHHS B CHCTEME MBI
OpraHu3yeM JiBa HICHTHUUYHBIX IK3EMIUISIpa NPEACTaBICHHON Ha PUCYHKE CETH.

cpu_s U cpu_c U cpu_a U cpu_m U

Puc. 3. Annapamnasn uacms: npoyeccopbvl u cems
Fig. 3. Hardware: processors and net

ApXHUTEKTypa CUCTEMBI B 1I€JIOM MOKa3aHa Ha puc.4 U COCTOUT U3 Tpex dacteid. B
BEepPXHEW YacTH NpeJCTaBICHA (YHKIMOHAIbHAS MOJACIh ¢ a0OHCHTAMHU CETH W
JIOTUYECKUMU coequHeHusIMU. B cpeaneit yactu npencrasieHa moaens cetd AFDX,
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KOTOpas CONEP)KHT YETBIpE JJIEeMEHTa — BHUPTYalbHBIC KaHAJbl ISl Ka)XKIOTO
JOTMYECKOTO COeQMHEHNA. B HIKHEHW yacTH NpeAcTaBlIeHa ammaparHas MOZIENb
HW, xoTopas comep>XuT mpoIeccopsl, 1Ba SK3eMIUIIpa ceTd net a u net b (4ToOsI
HE 3arpOMOXKAATh PHCYHOK, BHYTPEHHEE COLEPKHUMOE CeTeil CKPBITO), a TaKKe
9HEprocucTeMa power. DHEProcucTeMa COCTOUT M3 HECKONBKUX OaTapeil, kaxnias
U3 KOTOPBIX OOECIeYMBaeT SHEPTHeH KaKhe-TO J[Ba YCTPOWCTBa (IPOLECCOpPBI H
KOMMMYTaTOPBbI).

sens comp . o
B O
— O O

cpu_s

cpu_c
ﬂ g - =
e ﬂ ﬂ

Puc. 4. Mooenv cucmemoi
Fig. 4. System model

Ha puc.5 moapoOHO mMoOKa3aHa NPUBA3KA OJHOTO JIOTHUECKOTO COENWHEHUS K
arrapaTHbIM KOMIIOHEHTaM NOCPCJACTBOM BHUPTYAJbHOI'O KaHalla M BHUPTYAJbHBIX
IIyTEH.

= o |
L J
= 7

—

Puc. 5. Hpus;mca 02UYECKO20 COCOUHCHUSL K annapamyblM KOMNOHEeHmam

Fig. 5. Binding of a connection to hardware components
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5.2 Cneuyndukaumsa onacHbIX COCTOSIHUA KOMMOHEHTOB

W3ydnM BO3MOXKHBIE MOBPEXKICHUS OTACIBHBIX KOMIIOHEHTOB M HX BIHSHHC Ha
paboToCTIOCOOHOCTh IPYTUX KOMIIOHEHTOB.
[Ipexne Bcero cdopMmyaupyeM BO3MOXHBIE MNPOOJNIEMBI, KOTOPbIE MOTYT
MPECTABIATH OIACHOCTD AJISI CHCTEMBI B IIETIOM:

e  OTKa3 Kakoro-To Ipoliecca-aboHeHTa,

e  moTepst HH(OPMAINH AT YIIPABICHHS CaMOJIETOM,

e  moTeps Mpeaynpexaaroiel CUTHAIN3aIIH.
[lanee HeOOXOAMMO BBIPA3UTh MEPEUUCICHHBIE (YHKIIMOHAIBHBIE OACHOCTU Yepe3
KOMOMHAIMH OTKa30B KOMIIOHEHTOB HA aIlllapaTHOM ypOBHE.
Otka3z mpouecca-abOHEHTa IPOMCXOAUT B CIy4ae OTKa3a COOTBETCTBYIOIIETO
npoLeccopa.
[orepss mHpOpPMaNMK HA JIOTHYECKOM COCIMHEHHU IPOUCXOIUT B CIydae €CIH
OJHOBPEMEHHO  OTKa3and o0a  BHUPTyalbHBIX IYTH  COOTBETCTBYIOIIETO
BUPTYaJdbHOTO KaHajla, IIOCKOJBKY BHpPTyaJbHbIE IIyTH B paMKaxX OJHOTO
BUPTYaJdbHOTO KaHajla BKJIIOUEHB! mapaiensHo. OTka3 BHPTYyaJbHOTO IIyTH
MPOMCXOIUT B ClIydae OTKa3a XOTS OBl OJHOTO M3 alMapaTHBIX KOMIIOHEHTOB, K
KOTOPBIM TPHUBA3aH 3TOT BHUPTYaJIbHBIH IyTh, IOCKOJBKY O3TH allapaTHbIe
KOMITOHEHTHI B paMKaX BUPTYaJIbHOTO IIyTH BKJIIOUEHBI ITOCIE0BATEIBHO.
Temepp nmepeiiieM COOCTBEHHO K OIHCAHUIO MOBPEXACHUN  OTAEIbHBIX
KOMIIOHEHTOB.
W3HavanbHO, KaXIblii KOMIOHEHT HaxoauTcs B pabodyem (Operational) cocTosHuUH.
Ecnu B KOMIIOHEHTE WM B €r0 OKPYKCHHH BO3HHUKHYT KaKHe-TO MOBPEXKACHUS, TO
JAHHBI KOMIIOHEHT MOXKET YacTHYHO WM IIOJHOCTBIO TepATh  CBOIO
paboTOCIIOCOOHOCTB.
Jug cucremMBl B IEIOM M Ui INIPOLIECCOB-a0OHEHTOB BBEAEM TPH OIACHBIX
COCTOSIHMSI, ~COOTBETCTBYIOIIMX  IEPEUMCIICHHBIM  BbIIE  (QYHKIHOHAIBHBIM
omacHocTsM: Failed NoService, Failed AppMsg, Failed AlarmMsg.
J1s  oCTanmbHBIX KOMIIOHEHTOB (BHpTyaslbHBIE KaHANbl M IIyTH, MPOIECCOPHI,
KOMMYTATOphbI, 6aTtapeu) BBeJeM OHO omacHoe cocrosuue Failed, korma KoMIOHEHT
MOJTHOCTBIO TEPSIET CIIOCOOHOCTH BHIMOJHATH 3a/JaHHOE Ha3HAYCHUE.
EM-onucanne yciaoBusS HaXOXKICHHS KaXXIOTO KOMIIOHEHTa B KOHKPETHOM
COCTOSIHUM MOKET UMETh OJIHY 3 JBYX (opm:

e  SBHOE ONMCAHUE NIEPEXOJOB MEXKY COCTOSHUSIMU;

e  HEsBHOE ONHUCAaHME NEPEXOA0B B 3aBUCUMOCTH OT COCTOSTHUH

HOJKOMIIOHEHTOB.

[ wumocTpanuy HesBHOW (OPMBI pacCMOTPHM HAally CHUCTEMYy B IeioMm. B
COOTBETCTBUM C JEKOMIO3MIUEH, CUCTEMa MNEPEeXOAUT, HANpUMeEp, B COCTOSHUE

Failed NoService, ecnu xoTsi Obl OIMH W3 MPOLECCOB-aOOHEHTOB Mepemen B
cocrostane Failed NoService.
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B EM-ommcanum COCTOSHHE KOMIIOHCHTA-KOMITO3HMIIMK 3aJlacTCs B BHJIE
JIOTUIECKON (DYHKIIMH OT COCTOSIHAN TIOJJKOMIIOHEHTOB:

composite error behavior
states
[ sens.Failed NoService
or comp.Failed NoService
or act.Failed NoService
or mon.Failed NoService
]-> Failed NoService;

SIBHast popMa 3alaHUsI COCTOSHHUI KOMIIOHEHTA BKJIIOYACT CJICIYIOLIHE OMCAHUS:
e BHyTpeHHHE cOom (events);
e  COOCTBEHHO MEPEXOJbl MEXIY COCTOSHUSMHU KOMIIOHEHTa (transitions);

e  BIHMSIHHC Ha COCETHME KOMIIOHCHTHI (propagations).

s mpumepa paccmorpum EM-onmcanne nporeccopa. BHyTpenHnM c6oem 31ech
ABJIETCS MOJIOMKa BCETO Ipoleccopa:

events
Failure : error event;

[Janee omnmmem nepexopl MEXKAYy COCTOSHHSIMH Ipoueccopa. B pesymbrare
MOJIOMKH TIPOIIECCOpa TPOHMCXOAWUT €ro mepexox B cocrtosHuMe Failed. B 310
COCTOSIHHE OH TaKXe MepeXOUT U NMPH 0TKa3e IHEPTOCUCTEMBI:

transitions
Operational -[ Failure ]-> Failed;
Operational -[ power{NoPower} ]-> Failed;

HaKOHeH, OMMUUIEM BJIMACHUC TMpoLECCoOpa B pas3IMYHbIX €ro COCTOSIHUAX Ha
COCCIHUE KOMIIOHCHTEI. OTxka3 nponeccopa IMOBIMUACT Ha pa60TOCHOCO6HOCTB
MPUBA3aHHOI'O K HEMY IIponecca:

propagations
Failed -[]-> bindings( NoService );

5.3 AHanun3 6e3onacHocTHn
HpOBeZ[GM aHaJIn3 6630HaCHOCTI/I OHI/ICﬁHHOﬁ BBIIIIC CUCTCMBEIL.

HyCTI) NHTCHCUBHOCTHU BHyTpeHHI/IX C60€B KOMIIOHCHTOB paBHbI 3HAQUYCHUAM U3
CIeIyoIIeH TabIHIIbL:

Komnonent Cooit HNuTencuBHOCTH

KommyTtarop Ortka3 2.5:10°

[Iponeccop Ortka3 2.5:10°
barapes Paspsoxena 1.35-10°

PesynbraThl aHann3a 1epeBbeB HEUCIPABHOCTEH 11l CHOPMYITUPOBAHHBIX B Havaje
(hyHKIIMOHATBHBIX OMTACHOCTEH CHCTEMBI IPHUBEACHBI B CIICAYIONIEH TabuIe:
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Kax Bunno, ans omnacHocteit «IloTteps

Jlornuyeckoe BbIPpa’keHHE Jlornueckoe BbIPpa’keHM e
DOYyHKIHOHATbHASA
ONMACHOCTE (o nepeBy ) (110 MUHMMAJIbHBIM BepositHOoCTH
HEHCIPABHOCTEI) CeYeHUsIM)
Totepst [>2] (battery_2.Depleted 0.0000135
npenynpexnatomeid  ( (sw_2_a.Failure + (sw_2_a.Failure
CHTHAM3AIUN V battery_2.Depleted *sw_2_b.Failure
) )
, (sw_2_b.Failure )
V battery_2.Depleted
)
)
Moteps ([>2] (‘battery_1.Depleted 0.000027
nH(popMaHH IS ((sw_1 b.Failure + battery_2.Depleted
yIpaBJICHUS V battery_1.Depleted + (sw_1_a.Failure
*sw_1 h.Failure
, (sw_1_aFailure
V battery 1.Depl ... +(sw_1_ aFailu ...
Ortxkas ((cpu_s.Failure ( battery_3.Depleted 0.000127
V battery_3.Depleted + battery_4.Depleted
+ cpu_a.Failure
V cpu_c.Failure + cpu_c.Failure
V (cpu_a.Failure + cpu_m.Failure
V battery_4.Depleted + cpu_s.Failure
) )
V cpu_m.Failure
)

MpeAyNpeKIaloell CUTHAIH3AIUN) H

«IloTepst MHPOPMAIIHH JUTS YTIPABICHHs BEPOATHOCTH HMEIOT MOpsIok 107, xots
U3 COOOpakeHHH pe3epBUPOBAHMUS BHUPTYAJIBHBIX KaHAJIOB 3TH BEPOSTHOCTHU
JIOJDKHBI UMETh IOPSAJOK 10°..10™% (TIOCKOIBKY BEpOSATHOCTH BHYTPEHHHX COOEB
uMeroT mopsgok 107).

Mepsl  3HaUMMOCTH  BHYTpeHHuUX  c0oeB  miss  omacHoctd  «Iloreps
IpeayNpexkIaroleii CUrHAM3alMKY TIPUBEIEHBI B ClIEyOIE Tabuue:

ID Description  RAW RRW  Birnbaum Fussel-Vesely Diagnostic
battery 2. Barapes 24079 15 216014 1.0 0.0999537  0.9999537
Depleted paspspkena
%ﬁj—rz Orxas 2851 1.000046 0.0000245 0.0000463  0.0000713
sw_2 h.

P O 2851 1.000046 0.0000245 0.0000463  0.0000713
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Kak Bugno, cbOoii «barapess paspsbkeHa» HMeeT 4Ype3BbIYaWHO —OOJBIIYIO
3HAUUMOCTb AJISI JAaHHOW (YHKIMOHAJIBHON OMACHOCTH. AHAIM3UPYs JOTHYECKOE
BBIDOKEGHHE 10 MHHUMAJbHBIM  cedeHuMsM a1 omacHoctn  «lloTeps
IpenyNpexJaroned CUTHATN3AaU», BUAHO, YTO OJHO M3 MUHHMMAJbHBIX CEYCHUH
COCTOUT U3 eluMHCTBeHHOro cOosi «bartapes paspspkeHa». ITO THOATBEPIKAAET H
aHaJIUu3 BUAOB U MOCIEICTBUM OTKA30B!

Item(s) Initial failure End effect Sev P
mode(s)
. ti 9 .00012
w2 a Orxas a[propaga_lon] 0.000125
- sw_2_a.Failed 9 0.000125
b.[propagation] 9 0.000125
2b (0]
WA s sw_2_b.Failed 9 0.000125
Model.
battery 2 Barapes paspsbkeHa Failed_AppMsg 10 0.0000675

U3 3T0i1 TabNHUIIEI ClemyeT, YTO BHYTPEHHHUH cOOi B KOMMYTaTrope MPHUBOIUT JIHIIH
K OTKa3y B KOMMYTaTope M K pacIpOCTPAaHECHUIO OIIMOKHM Ha YPOBHE BHPTYaJIBLHOTO
nytH («a» uian «by»), a BHyTpeHHUi cOoli Oarapen battery 2 NpUBOAUT K OIIACHOMY
cocrosuuto  Failed AppMsg («IloTepss mpeaynpexaaronieldl CHUTHAIH3AIUN)
YPOBHSI BCEli CHCTEMBI ¢ MAaKCHMMaJIbHBIM 3HaueHHeM «BaxxHocTh» (Severity) = 10.
[IpuurHa Takoro MOJOXKEHHS JIeJ KPOeTCs B CIEAYIONIeH apXUTEKTypHOH omnoke,
KOTOpasi CBOIUT Ha HET Pe3ePBUPOBAHUE CETH. A UMEHHO, KOMMYTaTOphl sW_1 au
sw_1 b (pesepBupyromue Apyr Ipyra) MOIKIIOYCHBI K OXHOW Oarapee battery 1
(cM. puc.6), a KOMMYTaTOphl SW_2 a u sw_2 b (Toxke pe3epBUPYIOIIUE APYT APYra)
MOJIKJTFOUEHBI K OJIHOM Oarapee battery 2.

Puc. 6. []sa pezepsupyrowux opye 0pyea KoMMymamopa nookiiouensbl K 00Hou bamapee

Fig. 6. Two corresponding redundant switches connected to one battery
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Juis wcnpaBneHHs 3TOW OmMMUOKH TpeOyeTcs MepernonKIIOIUTh KOMMYTAToOphel K

OarapesiM, Tak dYTOOBI

pe3epBHUpYIOIIAE APYr Opyra KOMMYTATOPHl OBIIH

MOZIKITFOYEHBI K pa3HbIM 0aTapesM, HalpuMep, Kak 3TO H300paXkeHo Ha puc.7.

] g

Puc. 7. Ilpagunvroe nookaiouenue KOMMymamopos Kk bamapesim

Fig. 6. Good connecting of switches to batteries

Ilocae Takoit KOPPCKTUPOBKHU MOACIN PE3YyJIbTAThl dHAJIU3a ACPEBa HCHCHpaBHOCTCfI

OyAyT TaKUMU:

(I)yHKIlI/IOHaJILHaH
OMaCHOCTb

[Toteps
MpenynpexIatomeit
CHTHAIN3alUH

[Toreps
WHPOPMAIIHH TS
yIpaBICHUS

276

Jlornueckoe Boipaxkenne Jloruueckoe BbIpakeHue

(o nepeBy (110 MUHMMAJIBHBIM
HEUCIPABHOCTEI) CeyeHHsIM)
[>2] ( (battery_1.Depleted
((sw_2_b.Failure * pattery_2.Depleted
V battery_2.Depleted )
) + ( battery_1.Depleted
, (sw_2_a.Failure *sw_2_bh.Failure

V battery_1.Depleted
) + ( battery_2.Depleted
) *sw_2 a.Failure

+ (sw_2_a.Failure
*sw_2 b.Failure

)
)

([>2] ((battery_1.Depleted

((sw_1_aFailure * battery_2.Depleted
V battery_1.Depleted )

) + ( battery_1.Depleted

, (sw_1_b.Failure *sw_1_b.Failure

)

BeposiTHOCTB

1.4822E-9

4.03216E-9
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V battery_2.Depl ... +( ..
Otka3 ( (cpu_s.Failure (battery_3.Depleted 0.000127
V battery_3.Depleted + battery_4.Depleted
) + cpu_a.Failure
V cpu_c.Failure + cpu_c.Failure
V (cpu_a.Failure + cpu_m.Failure
V battery_4.Depleted + cpu_s.Failure
) )
V cpu_m.Failure
)

Tenepr mia onacHocredl «llorepst npenynpexaaromeil curnanusanun» u «lloreps
uH(GOpMAIMKM AL yNPaBICHHUS» BEPOATHOCTH HMEIOT MOPSIOK 10°, a Bce
MUHHMMAaJbHBIE CEYEHHUs] UMEIOT MO JBa 3JIeMEHTa. Mephl 3HAUMMOCTH BHYTPEHHHX
c6oeB 11 onmacHOCTH «IloTepst mpexynpexaaronel CHrHaIH3aIin» TaKOBbI:

ID Description RAW RRW  Birnbaum Fussel-Vesely Diagnostic
battery 1. Barapes  ooo0/ 95 154 00000385 0.35 0.35
Depleted  paspsikena
battery 2. Barapes  ooo0495 154 00000385 0.35 0.35
Depleted  paspsokena
sw_2 b.

2 Orkas 2597465 2.85  0.0000385 0.65 0.65
Failure
sw_2_a. Orkas 2597465 2.85  0.0000385 0.65 0.65
Failure

3HaunMocTh cbos «barapes paspsbkeHa)» crala CpaBHHMa CO 3HAYUMOCTBIO OTKa3a
KOMMYTaTopa.
Pe3ynpTaThl aHANIN3a BUIOB M TIOCIICACTBHI OTKa30B TAKOBBI:

Item(s) Initial failure mode(s) End effect Sev P
a. i .00012
w2 a Orxcas [propagat_lon] 9 0.000125
- sw_2_a.Failed 9 0.000125
b. ti 9 0.000125
sw_2_b Otka3 [propaga_lon]
-~ sw_2_b.Failed 9 0.000125
a.[propagation] 9 0.0000675
sw_1_a.Failed 9 0.0000675
battery 1 = Barapes paspsokena .
sw_2 a.Failed 9 0.0000675
battery 1.Failed 9 0.0000675
b.[propagation] 9 0.0000675
batterv 2 B sw_1_b.Failed 9 0.0000675
aTapes paspsoKCeHa
Y- pest pasp sw_2_b.Failed 9 0.0000675
battery 2.Failed 9 0.0000675
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Tenepb enuHUYHBIN cOOW B OaTapee HE MPUBOIUT K OMTACHOMY COCTOSIHUIO YPOBHS
BCEH CHCTEMBI.

Taknm 00pa3om, HCHONB3ys aHAIU3 PHCKOB, YAAJOCh BBISIBUTH, JIOKAIH30BATh H
YCTpPaHUTh OIIMOKY NPOEKTHPOBAHWS, NPHYEM Clelarh 3TO Ha  JTame
MOZEINPOBAHUSI CHCTEMBI.

Eme omumH HEZOCTaTOK NPOEKTHPOBAaHMS PACCMOTPEHHOM 3H€Ch CHCTEMBI
BBIDAXKAETCI B TOM, 4YTO BEPOATHOCTh OTKa3a B KakOM-JIMOO IIpomecce
(pyHKimoHaTbHAs omacHOCTh «OTKas») mMeeT mopsmok 107, 6o sBisercs
CJIMIIKOM OONBIIUM 3HAadeHHEM. DTOT HEIOCTaTOK MOXKHO YCTPaHHTh, HAIPUMED,
eciiu 1yOIMpoBaTh IMPOLECCH, NPUYEM BBINOJMHATH UX Ha Pa3HBIX HE3aBHCHUMBIX
nponeccopax. OpHako, MOAPOOHOE PACCMOTPEHUE ITOTO CLEHApHs BBIXOAUT 3a
paMKH HACTOSIIEH CTaThH.

Crenyer TakKe OTMETUTbh, YTO HOCKOJIBKY JJISI PACCMOTPEHHOMN 3/1€Ch CUCTEMBI HE
IPESYyCMOTPEHO BOCCTAHOBIEHHE OT OIIMOOK, TO MKCIIOIb30BAaHUE MApKOBCKOTO
aHaJM3a B JIAHHOM Cllydae He JaeT CYyIIECTBEHHOW OMOJHUTEIbHOU MH(OpMAIH
10 CPaBHEHHMIO C pe3yIbTaTaMU aHAIN3a A€PEeBa HEUCIPAaBHOCTEH.

6. 3aksroyeHue

AADL wu Error Model Annex mO3BOJSIIOT CHCTEMaTHUYCCKH pa3padaThIBaTh
(dopManbHble MOZEIM COCTeM M (OpPMAIBHO ONHUCHIBATH TPEOOBaHUS IO
6ezomacHoctu. AADL-mozenn co cneuudukammsmu Ha Error Model Annex
MO3BOJISIFOT ABTOMAaTU3UPOBATh MHOTHE Pa3HOBUIHOCTH aHAJIN3a PUCKOB, KOTOPHIC B
YaCTHOCTH TPeOYIOTCA I CePTH(HHUKALIMY CaMOJIETOB IpaXkJaHCKOW aBuaruu [32].
B Hacrosimieit craTbe Mbl IPECTaBUIIN AJITOPUTMBI JIJIsI CIICAYIONMX BHIOB aHAJIN3a
puckoB Ha ocHoBe AADL u Error Model Annex: ananu3 epeBa HEHCIIPaBHOCTEH,
aHaJIM3 BUIOB U MOCIEICTBUI OTKA30B, MAPKOBCKUI aHAIIM3.

IIpencraBieHHbIE B CTaThe aJTOPUTMBI peann3oBaHbl B HHCTpyMeHTe MASIW. Mx
HCIIOJIB30BaHME TTO3BOJISIET BBISBIATH U JIOKAJTU30BBIBATh ONIMOKU MPOEKTUPOBAHUS
CHCTEMBI Ha JTare MOACIMPOBAHUS CUCTEMBI.
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Modeling and Risk Analysis of Hardware-Software Systems

1S A. Zelenova <sophia@ispras.ru>
123 V. Zelenov <zelenov@ispras.ru>
! Ivannikov Institute for System Programming of the Russian Academy of Sciences,
25, Alexander Solzhenitsyn st., Moscow, 109004, Russia.
2 National Research University Higher School of Economics (HSE)
20 Myasnitskaya Ulitsa, Moscow, 101000, Russia.

Abstract. Hardware-software systems are widely used now and must be safe and reliable.
Manual analysis of risks for structural complex systems is very expensive, so formal
automated methods are required. The most important aspect here is the possibility to describe
safety requirements in terms used in safety theory, such as Markov chains or logic-
probabilistic functions, since for the decades of development of the theory, a large number of
very useful results have been accumulated. Different approaches to assessing safety of
systems do not compete, but complement each other, so having some universality in
describing safety requirements is a very valuable quality.

In this article, we demonstrate the advisability of using the AADL modeling language and its
extension Error Model Annex to describe safety requirements of a system under design.

First, we describe a mathematical model of safety requirements expressible in AADL Error
Model Annex.

Next, we present algorithms to perform the following automated risk analysis on the base of
AADL models: Fault Tree Analysis (including calculation of minimal cut sets and ranking of
primary events with respect to different relevant importance measures), Failure Mode and
Effects Analysis, and Markovian Analysis.
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At last, we consider an example of a real avionic system. We present an architecture of an
AADL model of the system under design and describe how to develop Error Model Annex
specifications for the model. With the help of risk analysis, we show how one can identify,
localize and fix a bug in the architecture of the system on the design stage of the system
development.

All presented algorithms are implemented in MASIW framework for design of modern
avionics systems.

Keywords: risk analysis; reliability; safety; fault tree analysis; failure mode and effects
analysis; markovian analysis.
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PacnpegenéHHble anropuTMbl Ha KOPHEBbIX
HeOpPMEHTUPOBaHHbLIX rpadhax

Heopwv Bypoonos <igor@ispras.ru>
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Huemumym cucmemnozo npoepammupoganus um. B.11. Heannuxoea PAH,
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AHHOTaumsi. PaccMaTpuBarOTCs  pacrpeleiSHHBIC AITOPUTMBI  PCIICHHS 3aqad  Ha
HEOPDHUEHTUPOBAHHBIX Tpadax. B pasmene 2 ompenensercs HCHOIb3yeMas MOJENb,
OCOOCHHOCTBIO KOTOPOH SIBISCTCS HANIU4YME KOPHS, ¢ KOTOPOrO HAa4YWHAECTCS M B KOTOPOM
3aKkaHuMBaeTcs pabora anropurMa. OIMCHIBAIOTCA  CHHXPOHHas M aCHHXPOHHAs
Pa3HOBUAHOCTH Mojenu. B pasnene 3 mpemiararoTcst alropUTMBI peIISHUs JTIOOBIX 3aaad,
OCHOBaHHbIE Ha cOope mHpoOpMamuK 0 BCEM rpade B KOpHE WIM B KaKIOH BEepIINHE, a
TaKXke, €ClIM HEoOX0JMMO, pa3MeTKe rpada (ero BepmuH u/uiu pédep). AKIEHT CeNaH Ha
BpPEeMCHH paboThl alrOpuTMa, a MPH MHHHMAJIbHOM BPEMEHH — Ha SKOHOMHH MaMsATH B
BEpUIMHAX W CyMMapHOM O0OBEME IMepechUIaeMbIX cOOOMmEeHNH. B ocTanbpHON 4acTH CTaThH
paccMaTpHBalOTCS ONTHMH3ALMHM UL KOHKPETHBIX 33/1au: IIOCTPOCHHE MaKCHMAlIbHOTO
He3aBucumoro MuoxkectBa (MIS — Maximal Independent Set), momck MHOXecTBa Bcex
mocroB B rpade (FSB — Finding Set of Bridges), mocrpoeHre MHHHMATEHOTO OCTOBHOTO
nepesa Bo B3BenieHHOM rpade (MST — Minimum Spanning Tree). B pasnere 4 npearaercs
MoaUDUKAIMS OOIIMX AIrOPUTMOB TSI 3THX 33/1a4, YMECHBIIAIOMIAs OIIEHKH pa3Mepa MaMsaTh
BEpIIMH M COOOWIeHMH. Pa3nen 5 comepHMT HIKHHE OLEHKU CIIOXHOCTH PELICHHS 3THX
3a1a4. B paznmene 6 sl CHHXPOHHOM MOJENM yMEHbLIAeTCsi BpeMs paboThl aliTOPUTMOB C
pa3MeTKoii Tpada 10 HWKHEH IpaHHUIBI Ul 33a7a4 C OJHO3HAYHBIM PELICHUEM, 3aBUCSIINM
TONBKO OT TPOCTHIX LHUKIOB rpada, B yactHoctH, FSB, MST u 3amaum mnomcka
raJbMWIBTOHOBA LHMKIAa. B pasmene 7 paccMaTpHBAIOTCS ONTHMAlbHBIE 10 BpPEMEHH
anroputmel st FSB 1 MST anst 06enx mMozeneii: CHHXpOHHOH U aCHHXPOHHOW. 3aKTIOYeHne
MOJIBOIUT MUTOTH M HAMEYAeT HAIPaBJICHHUS JabHEHIIMX HCCICTOBAHMUM.

KirioueBble clIoBa: KOPHEBOW HEOPUEHTHPOBAHHBINH rpad; pacrnpeAenéHHbIE alrOpUTMBI;
3agaun Ha Trpadax; MaKCHMaJbHOE HE3aBHCHMOE MHOXKECTBO; MHUHHMMAaJbHOE OCTOBHOE
JIepeBO; IIOUCK MOCTOB.
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1. BeedeHue

VcenenoBanne anropuTMOB pellIeHHUs 3agad Ha rpadax UMeeT TaBHIOI HCTOPHIO.
[lepBoHaYaJIbHO TaKWe AaJITOPUTMBI OBUIM YHCTO IIOCIEIOBATEIBHBIMH, HO CO
BTOpOW TONOBMHEI XX BeKa BCE OOJNbINE BHUMAHHS CTAlO YIENATHCS METOHAM
pacmapaJuleNIMBaHMs, MO3BOJIIOIIMM YMEHBLINTH BpeMs pemieHus. OOmwuid
NPUHIMI TapaJUIeNIbHEIX TPpaOBBIX AITOPUTMOB 3aKIIOYaeTCs B TOM, 4TO Tpad
HOJpa3AeNseTCsl HA MEHBIINE JIOKAIbHbIE 00JIaCTH, B KOTOPBIX 3aadll PELIaloTCs
napajulelIbHO, BBINOJHSAS WJCHTHYHBIM aiNroputM. BHawane #cCIOIbp30BaiCh
mogemu tuma PRAM (Parallel Random-Access Machine) [1], B xoropoii
NpOLIECCOPBl  MMEIOT  pasfeiseMylo  OOLIyl0  mamsTh, 4Yepe3  KOTOpYIO
B3aUMOJICHCTBYIOT Jpyr C APYroM. DTO MOJellb, CKOpee, MapayjielbHOW, 4YeM
pacnpesenéHHoi 00paboTkH. BrocnencTBuu ucciieoBaHus pacpoOCTPaHWINCh Ha
Cily4all paclpe/iesIeHHbIX aJrOPUTMOB Ha KOMIIBIOTEPHBIX KJlacTepax, KOrja oOIei
NaMsATH HET, HO MPOLECCOPHl B3aMMOJCHCTBYIOT JAPYT C IPYrOM C IOMOIIBIO
oOMeHa COOOLICHHSMHM, HCHONB3Yys 33JaHHYIO CeTh CBS3H. B KOHEYHOM HTOre
TaKyl0 CETh CTAIHM CYHTATh COBMAJAIOMEd ¢ TpadoM, Ha KOTOPOM pEIIAeTCs
rpadoBas 3amava. B BepummHax rpada HaxomATCS BEIYHCIUTCIBHBIC CIUHHULIEL,
KOTOpBIC Ha3bIBAIIICh II0-Pa3HOMY: MpOLECCaMy, IpoLeccopamu, aBTomaTamu. OHU
HEe UMCIOT O0LIe maMsATH, HO MOT'YyT OOMEHHUBATHCS MEXAY COOOH COOOLICHHAMH,
nepeaaBaeMbiMu 10 péOpam rpada. B opueHTHpoBaHHOM Tpade COOOIICHHUS
nepeaaoTces Mo péopaM B HANPABICHUU MX OPUCHTALUH, 2 B HCOPHEHTHPOBAHHOM
rpade — B oOoux HampaBieHHsX. MOXHO cka3aTh, 4TO Takas TpadoBas ceTb
uccieayeT caMmy cebsi, pelasi Te WIM MHBIE 3aJlaud Ha 3TOM Tpade, a «IOKalbHbIE
obnactuy, Ha KOTOpble pa3OuBaercst rpad, CyXalTcs 10 OJMHOYHBIX BEpILUH,
ABTOMAThI KOTOPBIX pabOTAIOT MapasIeIbHO, BBIIONHSIS HACHTHYHBIH alrOPUTM.

B kadecTBe XapaKkTEepHOro MNpUMeEpa MPOCIEIUM KPAaTKyl0 HCTOPHUIO pPELICHHS
3aJayl O MAaKCUMaJbHOM HE3aBUCHMOM MHOXeCTBe. [l0JIMHOKECTBO BepIINH
HEOPHEHTHUPOBAHHOTO Tpada Ha3bIBACTCS HE3dGUCUMbIM, ©CITA HHUKAaKHe JBE
BEpIIMHBl M3 TOAMHOXXECTBA HE COCIHHEHBI pebpoM. Maxcumanvrbiv
HezaeucumMblM  MHOdIcecmeom, cokpaménno MIS (Maximal Independent Set),
Ha3bIBACTCSl HE3aBUCUMOE MHOXKECTBO, SBIISIONICECS MAKCHMAIIBHBIM JIEMEHTOM B
CeMEHCTBEe BCeX HE3aBHCHUMBIX MHOXKECTB 110 OTHOILICHHIO BIOKEHHOCTH. OTMETHM,
YTO B PYCCKOSA3BIYHOM JIUTEpaType 4YacTo HCIOJB3YeTCs HE BIIOJHE YyAadHas
TCPMHUHOJIOT' U, Koraa TaKko€ MHOXKECTBO Ha3bIBACTCA HaI/I6OJ'H>]_[II/IM, a
MaKCHMaJIbHBIM Ha3bIBAETCs HAMOOJIbIIEE MHOXKECTBO, B KOTOPOM HauOOIblIee
YKCIT0 BepuinH (cooTBeTCTBYET aHril. Tepmuay MaxIS — Maximum Independent Set).
IIpobnema noctpoenuss MIS — oxHa U3 OCHOBHBIX MpobiieM B Teopuu rpadoB U
TEOPUH pACIpENeNEHHbIX alTOPUTMOB Ha rpadax. MHorme apyrme mpoOIeMBI
MOryT ObITH CBemeHbl K mpobieme MIS, mampumep, packpacka rpada ¥ MOHCK
MaKCHUMaJbHOTO Mapocoderanus. Jlpyrume mnpoOieMbl, XOTS M HE CBOAATCA K
npobiieme MIS, HO Takke TECHO CBs3aHbl C HeEH, MOCKOJbKY aJrOPUTMbI HX
penIeHust UCIoIB3YIOT anroput™ noctpoeHus MIS kak noamnporpammy. Ipumepom
MOTYT CITYXHTbh 33/1a4a O BEPIIHHHOM HOKPBITHU WM MOUCK MAKCHMAJIbHON KIIHKH.
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Crnemyer OTMETUTb, 4TO IpodseMsl mocTpoenuss Max|S u nepeuncienns Bcex MIS
NP-tpymHsie. B mpoTHBOIOIOKHOCTE 3TOMYy mpobiema MIS jerko perraercst
TPUBHATIBHBIM IIOCIIEIOBATEIHHBIM aJITOPUTMOM: CHAYaIa JHHEHHO yIOPsII0OYNBAEM
MHO)KECTBO BEPIIHH Irpada, 3aTeM CTpOHM MHOXKECTBO, 00ABIIAA K HEMY BEPIIHHY,
€CIIM OHa HEe CMEe)XHa HM C KaKkoW BepUIMHOW MHOXkecTBa. PesynbraTtom Oyzmer MIS,
KOTOpoe HaspiBaeTcs Jexcuxoepaguueckum MIS (LFMIS), mockoneky mpu
MOCTPOEHUH UCTIONIB3YETCs 3aJaHHbII MOPSIIOK BEPIINH.

3ana4a nmoucka LFMIS P-nonHa, mosToMy cHauana aymanu, 4To 3Ta 3aaada TpyIHa
Uil pacmnapauienuBanus. OpHako OBUIO IIOKAa3aHO, 4YTO JIETEPMHHHUPOBAaHHOE
MapaiienbHoe PElIeHHe MOKHO ToydnTh ¢ momoursio NC! pexykimu u3 pemenus
npoOJieMbl MaKCUMaJIbHOW YIIaKOBKM MHOKECTB WJIM MPOOJIEMBI MaKCHMaJlbHOTO
napoco4eTaHusi, Ju00 ke peayKkuueil u3 pemeHust npodiemsl 2-SAT (3amava
BBINOJIHUMOCTH OYJIEBBIX (POPMYII B 2-KOHBIOHKTHBHOI HOpManbHOit Gopme) [2][3].
Hanomuum, uto yepe3 NC' 0603Haga€eTCs1 KIACC CI0KHOCTH TIPOGIIEM, Pa3pELIMMBIX
3a Bpems O(log'n) Ha mapaIeNbHOM KOMIBIOTEPE C TOJMHOMMAIBHBIM YHCIOM
MPOIIECCOPOB, rae N — gucio BepmuH rpada. B 1984 Karp u ap. mokasamm, 9To s
Momemn PRAM nmerepMuHHpOBaHHOE MapaiellbHOE pemeHne mmpodiembl MIS
MPUHAJIEKUT KJIACCy CIOXKHOCTU NC* [4]. ¥x anroput™ HaxonuT MIS 3a Bpems
O(log*n), ncnoms3ys O((n/logn)®) mporeccopo, rae N — uncio BepmuH rpada. B
TOW JK€ CTaThe MNPEAJIOKEHO PaHJOMH3MPOBAHHOE INapajliesIbHOE peIIeHHE C
BpemeHeM Boinonserns O(10g®n) u umcnom mpomeccopoe O(n?). Yepes 2 roxa
nociie atoro Luby u Alon u p. HE3aBUCHMO YITyUIIWIN 3TOT Pe3yJbTaT, MepeHecs
npo6nemy MIS B o6macts NC? ¢ Bpemenem Bomonuenns O(log’n) u wmcio
npomeccopos O(mn?), rae m — konmuectBo péGep B rpade [5][6]. Onn npeamoxumm
PaHIOMH3HMPOBAaHHBIA ANTOPUTM, KOTOPBIA HcHons3yer O(M) mpoueccopoB, HO
MOXET OBITh JIePAHIOMH3HPOBAH ¢ HomomHHTenbHbME O(N?) mporeccopamu s
Ka)KJIOT0 13 TIEPBOHAYAIBHBIX M MPOIECCOPOB.

Pabora Luby u Alon m np. mHMIMHMpOBaia HCCIEAOBAHUS MO paclpeleIEHHBIM
amroputmam  [7][8][9]. B [7] Peleg mnpemnoxun wmozaenp pacrupeaenéHHbIX
anmroputMoB LOCAL, B koTopoil HeT 0oO0mIeH MaMATH MPOIECCOPOB M KOTOpas
ABJIsIeTCS TpadoBO-OPUEHTUPOBAHHOM: MPOLIECCOPHI HAXOAATCS B BEpIIMHAX rpada
B3aUMO/ICHCTBYIOT APYT € JPYTOM TOJILKO OOMEHOM COOOLICHUSIMH, IIEpeIaBaeMbIM
mo pébpam rpada. Tem cambiM mpobiema MIS pemaercs mist rpada, KOTOpBIHA
apisiercs rpadom cBsizu mporeccopoB B Mogenun LOCAL. IlpemnaraBmimecs
AITOPUTMBI MMEITH pa3Mep cooOmieHus ¢ Hikued rpanmieir O(logn) 6uros, u
TpeboBali 3HaHHs JONOJHUTEIBHBIX XapakTepUCTHK rpada. Hampumep, momkeH
OBITh W3BecTEH pasMep rpada, win i JaHHOW BEPIIMHBI MOXKHO OBLIO y3HATh
MaKCHUMaJbHYIO CTeNeHb cocegHux BepmuH. B 2010 Métivier u ap. cymenn
yMeHbINUTh pasMep coobuieHuss 10 O(1l), KOTOpBI MHUHMMAaJeH, W YCTpaHHIN
HE0OXOAMMOCTB JFO0OT0 IOMOJIHUTENILHOrO 3HaHUs 0 rpade [10].

OmHuM W3 TIOCTEAHMX OCTHXKCHHI B 9TOoi obmactu crama pabora Ghaffari,
JonoxeHHass Ha cumnosuyme SODA u omyGmukoBanHas B 2016 r. [11], HO
BBUIOXKCHHAs! B MHTepHeT Ha caiite KopHemickoro yHusepcutera B 2015 1. [12]. B
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pamkax momenu LOCAL ero paHIOMU3HPOBAHHBIN arOPUTM C BEPOSTHOCTHIO HE
menee 1-1/n crpont MIS 3a Bpems O(logA)+2°00°999) e A — vakcumanbas
CTereHb BepIHHbL JTO JydIlle, YeM Mpedburyiuii pesystar O(log?A)+200 odloam)
B [13], 1 yxe Grmsok k HukHei onenke Q(min{logA, V(logn)}), mokasausoit B [14].
LOCAL sBnseTcss CHHXpOHHOW MOJETBIO: aBTOMAaThl BO BCEX BEpIIMHAX
cpabaThIBalOT OIHOBPEMEHHO, NPHHUMAs BCE IIOCIaHHBIE WM COOOIICHUS H
HOCBUIasE HOBBIC COOOLICHWS; O3TO HasbIBaeTCs payHoom. Ilpum 3TOM Bpems
mepeMeIeHnst cooOmeHns 1mo pedpy ¢ukcupoBano (1 Takr), a BpeMeHEM
cpabaTbIBaHUs aBTOMara, T.C. BpEMEHEM BBIYMCIICHHH B BEpIUMHAX IIPEHEOPEraror.
Bpemsi paboTpl anropmTMa CcUMTacTCs B UYHCIE payHOoB (WM TakToB). B
ACHMHXPOHHBIX MOJEISIX COOOLIEHWE MOXKET JBUTaThCs MO pPedpy NPOU3BOJIBHOE
orpaHndyeHHoe cBepxy (1 TakToM) Bpems, II0O3TOMY BpeMs pabOTBhl alropuT™Ma
CUMTAETCS B TaKTax W B «HAUXyIIIeM» ciydae. [lJi1 HEKOTOPBIX aJITOPUTMOB 3TO
CYIIECTBEHHO: CYLIECTBYIOT CHHXPOHHBIC aJTOPHTMBI, KOTOpPbIE B ACHHXPOHHOM
MoJienH JH00 He paboTaloT, MO0 MMEIOT JpYrue BPEMEHHbIE OLEHKH. B naHHOM
CTaTbe MBI paccMaTpuBaeM 00a TUIA MOJETH, XOTS HEKOTOpbIC IpeaiaracMble
AIITOPUTMBI IPUMEHUMBI TOJIBKO B CHHXPOHHOM BapHaHTe.

Ho OGonee Baxnoit ocobenHocthio kak cucremMbl LOCAL, Tak M HEKOTOpBIX
ACHHXPOHHBIX MOJeJel SBIAETCS NPEINoJoKeHne 00 OJHOBPEMEHHOM Hayaie
paboTBl aBTOMAaToOB B BEpLIMHAX. B MHPOTHBOIOIOKHOCTH 3TOMY CYILECTBYIOT
MOJEINH, B KOTOPBIX pad0Ta HaYMHAETCS C OJHOI BEpLINMHBI, Ha3bIBAEMOH KOpHEM
rpada. OcTanpHble BEPIIUHBI «CISIT», @ IIPOCHINAIOTCSA» TOJIBKO IPH MOTYYCHUH
COOOLICHHH, TOCBUTaCMBIX B KOHEYHOM CYETe OT KOpHsA. B maHHOH cTaTbe MBI
paccMaTpuBaeM Kak pa3 TaKHE KOpHeéble MOACNU. B 3TMX MOHensIx cymiecTBEHHO
TO, YTO BpeMs pabOTHI aJITOPUTMAa YUUTHIBAET BPEMs Ha4aJIbHOTO PACIPOCTPAHEHU
coobmieHnit oT KOpHs g0 ocrtanbHbiXx BepimH (broadcast). Oto Bpems B
CUHXPOHHOM MOJEIM PaBHO, @ B ACUHXPOHHON HE IPEBBINIAECT JIKCLIEHTPUCUTETA
kopHs Uy (MaKCHMAaJIBHOTO PAcCTOSIHUS OT KODPHSI 10 IpyruX BepinnH). bomee Toro,
MBI OyZeM cuHuTaTh, 4YTO paboTa aNropuTMa HE TOJBKO HAYMHAETCA, HO U
3aKaHYMBAeTCsl B KOpPHE. OJTO 3HAYUT, 4YTO, WCIOJB3Ys 3aBepliarolee
pacrnpocTpaHeHne COOOLICHHH OT BCeX BEpIIMH K KOpHIO (COnvergecast), kopeHb
JOJDKEH «y3HATB) O 3aBEpPLICHHUH PELICHNUS 3a1a4i B KaXIOH BEpIIMHE, YTO TpeOyeT
Takoro ke BpeMeHH Uy. TeM cambIM, BpeMsi pabOTHI aropuT™Ma JUIs 33134, perieHne
KOTOPBIX 3aBUCHT OT Bcero rpada (B yacTHOCTH, pobieMsl MIS), uMeeT HIKHIO
rpanuny 2d, = O(n). OT0 nenaeT HeaKTyaJbHBIM Ul KOPHEBBIX MOJENEi MHOTHE
anropuTMel, pazpaborannsie nis moaenmu LOCAL.

HdanHasi cTaTbsi — BTOpas B cepuH crareil, Hayarod Hamu B [15]. Tam Obun
Npe/IoKeH OOIIMI TMOAXOA K paclpeleleHHOMY peIIeHHIO 3ajad Ha rpadax,
OCHOBaHHBI HAa CHUCTEMATH3allMU CIOCOOOB PAaCHpPOCTPAaHEHUsT COOOIICHHH MO
rpady U IOCTPOEHUS TUIIOBBIX KOHCTPYKIUI, B 9aCTHOCTH, OCTOBA rpada.

B pazzaene 2 onuceiBaeTcsi o0mmas KOpHEBasi MOJIEINIb PACHPEICIEHHBIX AITOPUTMOB
JUII HEOPHEHTHPOBAHHBIX TpaoB B CHHXPOHHOM H AaCHHXPOHHOM BapHaHTaXx,
OTMEYarTcs e& CYHIECTBEHHBIC OTIHUYHUA OT APYTHUX MOHeHeﬁ, MpEXKIAC BCETO,
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momenn LOCAL. B pasmene 3 paccMaTpHBAarOTCsA aJrOPHUTMBI PEIICHHUS JIFOOBIX
3aJad Ha HEOPHEHTHPOBAHHBIX HYMEPOBAaHHBIX Tpadax, ocHOBaHHbIE Ha cOope
uHpopmanmu o BcéM rpade B kopue (broadcast+convergecast) wim B Kakmoit
sepmmue  (broadcast+all-to-all-broadcast+convergecast). Axmnent cheman Ha
BpEMEHH DPa0OTHl alIrOpUTMa, a IPH MUHMMAJIBHOM BPEMEHM — Ha SKOHOMHH
NaMsTH aBTOMAaTOB B BEpIIMHAX U CYMMapHOM 00bEMeE IepechlIaeMbIX COOOIIEHHH
Kak Mo OJHOMY peOpy, Tak M MO BceM pEOpam, Kak OJHOBPEMEHHO, Tak M 3a BCE
BpeMsi paboThl alropuT™Ma. DTH aJITOPUTMBI Pa3IHYarOTCs, MPEXIE BCEro, THUIIOM
MOJICTIM: CUHXPOHHas WJIM acWMHXpoHHas. Kpome Toro, 3amaua perraercs 0e3
pa3meTku Tpada win ¢ pa3MeTkoi rpada. B mepsom cimydae xopeHb (popmupyer
OTBET B BHUjE coobmieHns BoBHe rpada. Hampumep, mns MIS — xak MHOXeCTBO
HOMepoB BepmmH 3 MIS. Bo BTOpoM ciydae pemieHHe 3aiaqd — 3TO pa3MeTKa
rpada, mpu KOTOPOH IOMEYaIoTCsl HEKOTOPHIe BEpINMHBI W/Iimu pédpam rpada, a
KOPEHBb COO0IIaeT BOBHE TOJILKO O TOM, UTO 3aJada pelIeHa U pa3MeTKa BEIITOJTHEHA.
Hamnpumep, ans MIS nomedarorcs BepminHbl, Bxoasdmue B MIS.

OO1mue anropuTMbl, IPUTOJHBIEC AT PEIICHHS JTIOOBIX 3a/1a4 Ha rpadax, KOHEUHO,
MOT'YT OKa3aTbCsl HE ONTHMAJIBHBIMU 110 BPEMEHH H/WMJIM MAMSTH NIPU PELICHUH TOH
WIM WHOW KOHKPETHOW 3ajaun. B ocTanmbHONH YacTW cTaTbM paccMaTpHBAIOTCS
pa3yHbIe ONTHUMHU3AIMU HA IpUMepe TPEX BaXKHBIX rpadoBbix 3axau. OqHa U3 HUX
— 910 mpobnema MIS. Btopas — 3aga4a noucka MHOXECTBa BCEX MOCTOB B rpade —
FSB (Finding Set of Bridges). HamomuuM, uTo MOCT — 3T0 pedpo rpada, ynanieHue
KOTOpPOTO YBEIIMYMBAET YUCIO KOMIIOHEHTOB CBsi3HOCTH Tpada. Tperbs — 3amaua
MOCTPOEHHSI MHHUMAJBHOTO OCTOBHOTO JiepeBa BO B3BelleHHOM Tpade — MST
(Minimum Spanning Tree). Hamomuum, uto MST — 310 ocToBHOE nepeBo rpada,
MMeIollee MUHMMAJIbHBIH BO3MOJHBIM BecC, I'ZIe MOJ| BECOM JepeBa IOHUMAETCS
CyMMa BECOB BXOASIIIMX B HEro péoep.

B paznene 4 npennaraercst Moan(UKaIs oONIMX alrOPUTMOB I 3TUX TPEX 3a/1ad,
yMEHbIIAoNass OLEHKH pasMepa MNaMmsTH BepmMH Hu cooOmenuid. Pasmen 5
COJICP)KUT HIDKHHE OLIEHKH CIIO0XKHOCTH aJITOPUTMHUYECKOTO pemieHus 3agad MIS,
FSB u MST. B pasgene 6 moka3aHO, 9TO B CHHXPOHHOW MOZIETH MOYKHO
YMEHBIINTH BpeMs pabOThl arOPUTMOB C pa3MeTKOH rpada 10 HIDKHEH TpaHUIIbI
JUIS 337124 C OJHO3HAYHBIM PEIICHUEM, 3aBHCSAIINM TOJIBKO OT MPOCTHIX LHKIIOB
rpada. K takum 3amadam oTHOCSTCS, B 4acTHOCTH, 3aiaun FSB, MST u 3amaua
MONCKAa TaJbMUIBTOHOBA IMKJIA. B pazmene 7 B o0emx Moaensx (CHHXpPOHHOW U
ACHHXPOHHOM) paccMOTpeHbl anroputMbl ais 3aaad FSB u MST, B KoTOphIX
ymaércs coBmecTuth HauanbHoe (broadcast) u 3aBepruaromee (convergecast)
pacnpocTpaHeHHe COOOIICHHH C pelleHHeM 3aJa4d W pa3MeTKoi rpada 3a
MHUHUMAJIBHO BO3MOKHOE€ BpPEMH. 3akiroueHue IIOABOOUT HUTOTM W HaME4acT
HarpaBJIeHUs! JadbHEHIINX HCCIeI0BaHHM.

2. [dee modenu pacnpedenéHHbIX al20pummos

Hcnonp3yemas HaMmu Mojeib moxoxka Ha moxeias LOCAL: aBromarsl HaXOmsaTCs B
BepImIMHAaX rpada M OOMEHHMBAIOTCS MEXay COo00i COOOIIECHNSAMH, KOTOpBIE
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nepecelIaoTest o péopam rpacda. s KpaTKOCTH BMECTO «aBTOMAT B BEPIIHHE»
MBI OyZeM d9acTo mumcaTh IIPOCTO «BepmuHa». ['pad mpeamomaraercs
HEOPUECHTHPOBAHHBIM, CBS3HBIM, 0€3 KpaTHBIX pEOEp M IEeTenb, C BBIACICHHOH
BEPIINHOMN — KOpHEM Tpada.

Pebpo moHmMMaeTcss Kak IYIUIGKCHBIM KaHal Tepefadu coobmenuid. [ms Toro,
YTOOBI BEPIIMHA MOTJIA YKa3aTk pedpo, 1Mo KOTOPOMY OHa MOCHUIIAET COOOIICHHE,
BCC WHIWJCHTHBIC BEpIIMHE pEOpa CUUTAIOTCA NMPOHYMEPOBAHHBIMH OT 1 110
cTemeHH BepuidHbl. Takoil rpad HasbiBaetcst ynopsdouennvim [15][16]. Tlpu
MOCBUIKE COOOIIEHMSI TO pedpy BepliMHa ykasbiBaeT Homep peOpa. I[lomywas
coo01eHre, BeplInHa «y3HaéT» HoMep pedpa, 0 KOTOPOMY COOOIIEHHE TOJTyYEeHO.
OcuoBHoe otnnune oT cucteMbl LOCAL B ToM, 4TO anroputMm HaymHaeT paborathb
He OJJHOBPEMEHHO BO BCEX BEpILIMHAxX rpada, a ToJbKO ¢ KOpHs. Jpyrue BepIIUHBI
MOAKIIIOYAIOTCS K pPELICHUI0 3aJaddl I0Cjle TOro, Kak IoJydaT COOOILIeHus,
nepeAaBaeMble 10 MyTSM OT KOpHS 10 3TuX BepumnH. COOTBETCTBEHHO, 3ajada
CUYMTAaeTCA PEUIEHHOW TOJBKO IOCTe TOro, Kak 00 3TOM «y3Ham» KOpeHb. bynem
CYUTATh, YTO KOPEHB CBSI3aH C «OKPYKEHHEM» (PUKTHBHBIM PEOPOM IS MOTYICHHS
W3BHE COOOLICHUS, WHUIMHUPYIOIIETO pEIICHWEe 33/Jauyd, W A TOCHUIKM BOBHE
cOOOIIeHNsI O 3aBEpUICHUH pEUICHUs 3amadd. Takyio Monenb OyneM Ha3bIBaTh
kopnesoii (rooted).

Ms! Oyzem paccMarpuBath JIB€ Pa3HOBHAHOCTH KOPHEBOW MOJENHN: CHHXPOHHYIO —
RSM (Rooted Synchronous Model) u acuuxponnyto — RAM (Rooted Asynchronous
Model). B cunxponHoit Mozmenu, Tak ke kak B cucreme LOCAL, cooGuieHue
nepemennaeTes mno pedpy pukcupoBanHoe Bpems — 1 TakT. B acHHXpOHHON Moenu
coobmieHne mepemaérest Mo pedpy, BOOOINE TOBOpS, MPOU3BOJILHOE BpEMs,
orpaHuueHHoe cBepxy | TakToM. B ®RAM Bpems mepemaun cooOuieHus mo pedpy
MOXeT OBITh Pa3lIMUHBIM Ul Pa3HbIX pEOEp, AL pa3sHBIX HANpaBJICHUH HAa OJHOM
pebpe, Ui pa3HbIX COOOIEHUI HAa OHOM pedpe B OJTHOM HampaBlIeHUH U, BOOOIIIE
TOBOPSI, MEHSTHCS CO BPEMEHEM.

B o0eux wMopmensix 3a OmHO cpaOaTelBaHWEe aBToMaTa B BepuIMHE (payHO)
MPUHUMAIOTCA BCE JOMICAINNE 10 BECPIIMHBI COOGHIGHI/ISI " IIOChIIIACTCA OAHO WU
HECKOJIbKO COOOIIEHHH TI0 OJJHOMY MJIM HECKOJIbKUM pEbpam. [Ipenmnonaraercs, 4ro
COOOIICHUST HE TEPSIOTCS, HE TEHEPUPYIOTCS PEOpaMu, U COOOIICHHUS, MOCTAHHBIC
Mo OAHOMY pebpy W emé He MPUHATHIE APYTUM €ro KOHIIOM, HEe OOTOHSIOT APYT
JIpyra, T.€. BBICTpaWBarOTCs B ouepenb Ha pedpe. Kak u B cucteme LOCAL mbl
npeHeOperaeM BpeMeHeM cpabaTbiBaHHs aBTOMAaroB B BepmmnHax rpada. [Tosromy
MOCBUIKA 110 OJHOMY peOpy HECKOJNbKMX COOOIIEHHH B OJHOM payHHe
9KBUBAJICHTHA MIOCBUIKE OTHOT'O «CKJIEEHHOT0» COOOIIEHNSI.

B ®RSM xax u B LOCAL mexnay payHIaMH HIPOXOJUT POBHO OJWH TAaKT, U BPeMs
paboThI aJropuTMa MOXXKHO CUMTATh Kak yucio payHnos (time complexity B [9]). B
RAM BpeMs MEXAYy payHAaMH MOXET OBITh IPOM3BOJBHBEIM B mHTepBaie (0,1],
MOATOMY HET CMBICJIa CYMTAaTh BpeMsi pabdoTa anropurMa B payHOax, OHO
OLICHMBAETCSl B TaKTaX B «HAMXYALIEM CIlIydae» B 3aBUCHMOCTH OT BpPEMEHH
nepesiauy 1o péopam TeX WIN MHBIX COOOIICHNH B T€ WJIM MHBIC MOMEHTHI BPEMEHH.
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Bynem cuntath, 9TO COOOIICHNE MPEACTABISAET COO0M HAOOp MapaMeTpoB, a MaMsTh
BEpUIMHBI (aBTOMAaTa B BEPLIMHE) — HAOOD IEPEMEHHBIX, COXPAHSICMBIX MEXIY
payHmamu, T.e. 0e3 ydéra mamsATH I npuéMa COOOMmEeHWH W (QOpMHPOBaHUSL
COOOImeHnH Tiepe TOCBUIKOW (3Ta MaMATh OTpaHWYCHA Pa3sMEpOM COOOIICHUS).
Vmena mapameTpoB OyaeM IHCAaTh KVPCUBOM CHPOYHbIMU OyKeamu, a UMEHa
HEPEMEHHBIX — HCUPHBIM KYPCUGOM CHIPOUHBIMU OYKEamu.

Me&1 OyzeM gaBaTh CIIEAYIOIINE OLEHKH allTOPUTMOB: | — BpeMs paOOTHI alTOPUTMA,
A — pa3Mmep mamsTH BepIINHBI KaK CyMMa pa3MepoB IIEPEMEHHBIX 0e3 yuéTa maMsTH
JUISl IPUHUMAEMBbIX M ITOCBUIAEMBIX COOOIeHNH, My — MakcuMasbHBI CyMMapHbIi
pa3mep cooOIIeHNH, HaXOJIIMXCS Ha OJHOM peOpe oaHOBpeMeHHO, My —
MaKCHMAaJIbHbIH CyMMapHbIH pa3Mep COOOLIeHHH, HaXOoAsAIIMXCsS Ha BceX pEOpax
OHOBPEMEHHO, S; — MaKCHMaJIbHBI CYMMapHBIH pa3smep COOOIICHUH,
MPOXOIWBIINX dYepe3 OOHO pedpo 3a Bc€ BpeMs pabOTHl alToOpuUTMa, Sy —
MaKCHUMAJIbHBI CyMMapHBIA pa3Mep COOOLICHHH, MPOXOAUBIIHMX yYepe3 Bce pédpa
3a Bc€ Bpems paboThl anmroputma (ecau coobiieHune npoxoaut K pébep, oHO
cuntaetcs K pas).

OTH oueHKU OyIoyT JaBaThcs Kak (DYHKLIUH OT CISAYIOIIMX MapaMeTpoB rpada: n —
YH1CJIO BEPIIHNH, A — MakcuMaJibHas CTCIICHb BCPUINHBI, D - JJINHA MAaKCHUMaAJIbHOT'O
nytd, Dy — InnMHA MakcMManbpHOTO HMyTH OT KopHs, d — nuamerp rpada, T.e.
MakCHMAJIbHOE PAacCTOSHUE MEXAY BepIIMHAMH, TIJ€ PpACCTOSHHE MEXKIY
BepIIMHAMH — JTO JUIMHA KpaTdaldllero myTH MexAy BepmuHamu, dy —
9KCLHEHTPUCUTET KOPHS, T.€. MaKCHMaJbHOE PAcCTOSHHE OT KOPHS A0 BEpIIMHEL
OueBnano, A <n-1, dy<d <2dg, Dy <D <2Dy, dg<Dg, d<D <n-1 [15] u, ecm
do>1uA > 2,10 dgtA-1 < n < ((A-1)0-1)/(A-2).

B mpemaraemMpIx HHKE alropuTMax rpad, Kak MpaBuiio, OyAeT MpearmoaaraThes
nymeposannvim [15][16]: ero BepmmHam mpucBoensl Homepa ot 1 no n. Homep
BEPIIMHBI XPAHUTCS B €€ IEPEMEHHOM € CaMOro Havaja.

3. O6wul cnyyau

B sTOM pazgene Mbl paccMOTpUM OOIIME alnrOpUTMBI ISl peleHus! 0001 3a1aun
Ha rpade B MOJemsIX RSM U RAM. Mbl OyneM pazinudath pemieHus: 0e3 pasMeTKH
rpada u pemeHus ¢ pasMeTko rpada. Eciu 3agaua penraercs 6e3 pa3meTku rpada,
TO PEIICHUE COAEPHKHUTCS B 3aBEPLIAOIIEM COOOIIEHNH, KOTOPOE KOPEHD MOCHLIAET
BOBHE B KOHIE paboTsl anropurma. Eciu 3amaua pemaercs ¢ pa3MeTkoil rpada, To
pelieHne — 3To rao0anpHas pasMeTka rpada: BepmmHaM 1 pédpaM MPHCBAUBAIOTCS
HEKOTOpbIE METKH, a 3aBEpIIAIOLIee COOOMIEHHE, IOCBUIAEMOE KOPHEM BOBHE,
TOJBKO COOOIIAET O TOM, YTO pa3MeTKa BbIMonHeHa. [Ipu 3ToM Kakaas BepLIMHA
BBINOJIHAET JIOKAJIbHYIO Pa3METKY: HHHUIMATU3UPYET METKY BEPIIMHEI, 33a/]aBacMYyIO
CIelaIbHOW NEepeMEeHHOM B BEpIIMHE, U METKH HMHIMJCHTHBIX BeplinHe pEdep,
3ajaBaeMble B JPyroi NEpeMEeHHOH, coaepKamied oToOpaskeHne Homepa pedpa B
9TOH BepUIMHE Ha 3Ha4eHHEe MeTKU pedpa. ITockosnbKy pedpo MHIMAEHTHO ABYM
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BepmMHaM (KOHIIaM pebpa), OHO TOJIydaeT ABE METKH, MO OJHOW B KaKIOM M3
CBOHMX KOHIIOB (OOBIYHO 3TH METKH OJIMHAKOBEIE).

Mpl mpezsiaraeM ajiropuTMbl ¢ BO3MOXKHO MEHBIIHM BpeMeHeM paboTel T, a mpu
JAHHOM T — ¢ BO3MOXXHO MEHBIINMH Pa3MepaMH aMsTH BEpPIINHBI U COOOIICHUIA.

3.1 Tpv TMNa anropMTMoB 1 NATb TUNOB COOOLEeHUN

MBI IpEeIIOKUM TPH THITA OOIINX aJITOPUTMOB:

1. Coop 6 kopne. W3 KOpHS paccbulaeTCsi BO BCE BEpIIMHBI COOOLIEHUE,
uHUOuupytomee cbop wuHpopMammu o Tpade. B kopHe rpada cobupaercs
uHpopmanus o BcéM rpade, Iocie 3TOro B KOPHE PemIaeTes 3afada | MOChUIAeTCS
BOBHE cooOmieHne c¢ pemreHueM. [pad He pasmewaercs. Hampumep, mma MIS
3aBepIIaroIIee CoOOIIEeHNEe CONEP)KUT MHOKECTBO HOMEPOB BepunH n3 MIS, a mis
MST wm FSB — wHOXectBOo pEbep m3 MST wmnm MHOXECTBO MOCTOB,
COOTBETCTBEHHO.

2. Coop 6 kopre u pazmemka u3z KopHs. Beimonasercs coop nHpopmanuu o rpade B
KOpHe, pemraercs 3ajada, a 3aTeM BBINOJHSACTCA IiolOanbHas pa3MeTka rpada B
COOTBETCTBHHM C HAaHICHHBIM perieHueM. s pa3MeTKH W3 KOPHS pacchlIaeTcs BO
BCE BEpIIMHBI HHPOpMALUs O pa3MeTKe, M0 KOTOPOW Kax/1asi BEPIIMHA BBIMOJIHSAET
CBOIO JIOKQJBHYIO pPa3METKy, IOCJE 4Yero H3BEeIlaeT KOPEeHb O 3aBepLICHUH
JIOKJILHOM pa3MeTKH B 3ToW BepunHe. ['Jo0anbHas pa3MeTka 3aBeplleHa, Korja
KOpEHb TOJYYHMT W3BEIEHHs OT BceX BeplunH. KopeHb NOChUIaeT BOBHE
3aBeplIaoliee CcooOIleHHe O TOM, 4YTO 3ajada pemieHa U rpad pa3MedeH.
Hanpuwmep, ams MIS nomedatorest Bepmmab 13 MIS, a s MST i FSB — pébpa
n3 MST unm MOCTBI, COOTBETCTBEHHO.

3. Cbop u pasmemxa 60 6cex gepuiunax. VI3 KOpHA PacchlIaeTCsl BO BCE BEPIIMHBI
coobmieHne, HHUNHUpYomee coop mHpopMmanuu o rpade. Uadopmanus o rpade
cobupaeTcss He TOJBKO B KOpPHE, a B Kaxaoi BepmmHe rpaga. CoOpaB Bcio
nHdopmanmio o rpade, Kakmas BepIIMHA CaMOCTOATENBHO peIIaeT 3aaady |
BBITIOJHSAET CBOIO JIOKAIBHYIO Pa3METKy, IIOCI€ 4Yero W3BEIaeT KOPeHb O
3aBepIICHUN JIOKAJbHOW pa3METKH B O3TOH BepumMHE. BakHoe TpeboBaHue:
ITOPUTM JOJDKEH TapaHTHPOBaTh, YTO BCE BEPUIMHBI HAXOAAT OIHO M TO XKe
peuienue 3anaqu. [lony4uB M3BEIIEHNSI OT BCEX BEPIIWH, KOPEHb MOCHUIAET BOBHE
3aBeplaoliee CooOIIeHHe 0 TOM, 4TO 3aJa4a pelleHa 1 rpad pa3MeyeH.
Hudopmanus o rpade, cobupaemas B KopHE (anropuT™bl Tama 1 u 2) uian B Kax a0
BepIuHe (AITOPUTMBI THIA 3), B 00IIEM CiTydae ONMUCHIBACT BCE BEPIINHBI U pEOpa
rpada. Hexotopsle 3a1aun TpeOyIOT B3BEHICHHBIX T'padoB, B KOTOPBIX BEPIITMHAM
w/unu pébpam mpumnucanbl Beca. J[is onpenenéHHOCTH OyAeM CYMTaTh, YTO BEC —
IeJoe 4Yuciio oT 1 Jo MakcuManbHOro 3HadeHus W. B jajgpHelIeM OIleHKH
QITOPUTMOB TPHUBOMASITCS JUIsi Cilydas: HEB3BELICHHBIX TpadoB, Ul B3BELICHHBIX
rpa)oB pa3Mmep ONMCAHWS BEPUIMH W/WIK pedep yBennduBaeTcs HE Ooiee 4eM B
logw pa3. Takxe B manbHeHIIeM CYMTACTCS, YTO METKa BEpIUIMHBI W/HIM pedpa
NPUHAMAET JIBa 3HAUCHUS: «[IOMEUCHO», «HE MoMeueHo». B Oonee oOmem ciydae
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pasMep MHPOPMAITHK O pasMEeTKE yBEIMUMBAcTCs He Gosee uem B logu pas, rme U —
YHCIIO Pa3INYHbIX 3HAYCHUIT METKU.

ANTOPUTMEI 3THX TPEX TUIOB HCHOIB3YIOT COOOIIEHHMS IIATH THITOB:

1. Cmapm — coobiienne OT KOpHS B Kaxayw Bepmuny (Broadcast),
uHUOHUpYytomee cobop madopmarm o rpade.

2. HugoKopnw — coobiienne ot kaxzo#t BepumHbl B KopeHb (Convergecast),
coJieprkaniee HHYOPMALHIO O COCEISX BEPILUHBI.

3. Paszmemxa — cooluieHHe OT KOpPHA B Kaxaywo BepunHy (Broadcast),
cozepkaiee HHOOPMAIUMIO O pa3MeTKe: Kakue péOpa M BEpIIMHBI HYKHO
HOMETHUTb.

4. HugoBcem — cooblieHne 0T Kax0il BepInuHbl B Kaxayto Bepiuuny (All-to-All
Broadcast), conepixaiiee nHGOPMAIIUIO O COCEASX BEPIIUHBI.

5. @unuuwm — coobieHHEe OT KaxoH BepiumHbl B KopeHb (Convergecast) o6
OKOHYAHUY JIOKAIbHON Pa3METKU B 3TOU BEPILUUHE.

Coo0I1eH s, UCTIONIb3YEMbIC PAa3HBIMU THIIAMH aJITOPUTMOB:
1. Coéop 6 xopue: Cmapm + HugoKopnio.

2. Coop 6 xopre u paszmemxa u3 kopHs. Cmapm + HugpoKopuw + Pazmemka +
QDunuw.

3.  Coop u pazmemxa 60 ecex sepuiunax: Cmapm + HughoBcem + @unuwu.

3.2 MNATb KNaccoB coO6LEHMN NO CNOCOOY MX Nepeaayvun

B [15] ompenmenensr 9 criocoboB mepemaud coobiienuii. B maHHOW crathe Ham
JOCTATOYHO 5 W3 HUX, MBI OMpEAeNUM HMX B 3TOM mojpaszene. ONEHKH 3THX
croco6oB mpuBezieHs! B 0, rie M 03HavYaeT MaKCUMAaJbHBIN pasmep coobmienus. Kak
(GyHKIMH OT M ¥ N 3TH OLEHKHU JIOCTUraroTcs Ha rpade Ha Puc. 1.

Tabn. 1. Oyenxu cnocobo6 nepedauu coodweHuil.
Table 1. Estimations of the methods of transmitting messages.

P (0] C n M, M,
MODEL | RSM|RAM RSM RSM|  RIM | RSM|RAM| RSM | RAM
A O(logA) = O(logn) O(A) = O(n) O(n)
Mllslnd S; O(()é;nr)n) o(mm) O(m) O(nm)
all 2 - 3
Su_ | = O(’m) [O(ndgm) = O(wemy] O™ O(n"Am) = O(n"m)
T [=do]<d, =d, | <dy|=d < 2dg|< d < 2d,
T* <dg+l
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Complete subgraph witn n/2 vertices

N
/- ™
(= 7 ]
Path
with length
n/2-1

Puc. 1. I'pagpui, 20e c)ocrrgzq%uomc;l sepxuue oyenxu My, Sq, Mgy, Sai.
Fig. 1. Graphs where the upper bounds My, S;, Mgy, Sa are reached.

1.Knacc P — pacchiika 06e3 MOBTOpeHHs1 U3 KOpHs. BHauane coobmienue coznaéres
KOpHEM M TIOCBUIAETCS 10 BCEM MHIMICHTHBIM KOpHIO péOopam. Kornma HexopHeBas
BEpIIMHA TIOJIy4aeT COOOIICHHWE TMEepPBBI pa3 IO HEKOTOpOMYy pedpy, OHa
MepechlIaeT ero Mo BCeM HHIMICHTHBIM BepuinHe péopam. IIockoibKy B OJHOM
payHIe BeplIMHa MOXET IOJYYHTh COOOIICHHsS Cpa3y IO HECKOJBbKHM pEOpam,
HNOPSJOK HMX 00paOOTKM BEpIIMHOIN, B TOM 4YHCIE, BHIOOp «IIEPBOTO» W3 HHUX,
HEJIeTEePMUHHUPOBaHbL. [I0OBTOPHO IMOIydaeMble BEPIIMHOM COOOIICHUS Naiblle He
nepeceraoTes. [ pa3audeHus IEpBOTO U MOBTOPHBIX COOOIIEHNUH HCTIONB3yeTCs
OyneBckasi epeMeHHas 0v10; BHavyaie oviro = false, a mpu momydeHun nepBoro
cooOmmenus w0 (= true. [lns onpenencHnss HOMEpOB pEOGep, MO KOTOPHIM HY>KHO
MOCBUIATh COOOINEHHE, WCIIONB3YeTCsS MEpEeMEHHAsl CHenenb BEPIIUHBI Pa3MepoM
O(logA).

Pé&6pa, mo KoTOpBIM CcOOOIIEHNE BIEPBBIE MONAAACT B BEPLIMHBI, 00PAa3yIOT OCTOB
rpada. Ecnu s peOpa ab aToro octoBa BepliMHA & PacHOJIOKEHA MO OCTOBY
OJrDKe K KOpHIO, 4eM BepiirHa b, To ecTh BepimHa b mony4dunna nepsoe coodmieHne
OT BEpIINHHI 8, 3TO pebpo OyaeM Ha3bIBaTh NpAMbIM B BEPUIMHE a U 00pamHbIM B
BepiuHe h. Kaxnoii HeKOpHEBOW BepIHE HWHIMACHTHO POBHO OJHO OOpaTHOE
pebpo, M KaXI0il HEIMCTOBOW BeplInHE (BKJIIOYas KOPEHb) MHIMICHTHO XOTs Obl
o1iHO TipsiMoe pebpo. OcTanbHbie pédpa rpada OyaeM Ha3bIBaTh XOPOAMU OCTOBA.
Krnacc P peamusyer broadcast or kopHS 10 BCeX BepUIMH C MHHMMAJIbHBIM
BpeMeHeM T, KOTOpoe B RSM paBHO, a B RAM He mpeBocxoauT dg. JJist TOro uToOs!
coo0IeHre NpomuIo 1Mo BceM pédpaM, HykHO emmé He Oonee 1 Takra, obmiee BpeMs
T*<T+1. Ilo xaxaomy pebpy B KaxIOM HAalpaBICHHH MPOHIET POBHO OAHO
coo01IeHHE.

B omnuceiBaeMBbIX HIDKE aITrOpUTMax HCIOJBb3YIOTCS AOTIOJIHUTENILHBIE OIIUK Kilacca
P, xoTOpBIE MBI OY1IEM BBOAUTD MO XOIY M3JIOKECHHUS.
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2.Kmacc O — mepecsiika 1mo o0paTHbIM pédpam 10 kopHs. CooOIeHne 3TOro Kiacca
MPOXOIUT MyTh MO OOpaTHBIM PEOpaM OT BEPIIMHEI, IZI€ OHO CO3/IaHO, MO KOPHS.
st 3TOrO B Ka)kA0i HEKOPHEBOW BEPILIUHE COXPAHSIETCA HOMEP 00pamnozo peopa
pasmepom O(logA). Dty nepemenHywo uHuIManu3upyet onuus O kiacca P Kak
HOMep pebpa, 0 KOTOPOMY BEpIIMHA MEPBEIH pa3 MmoirydaeT coodmieHne kacca P.
OcroB, co31aBaeMblil 00paTHBIMH pEOpaMH, B RSM SBISETCA JEPEBOM KpaTdalIInx
nyTeit u umeeT BeicoTy o, OHaKO B RAM 3TO He 003aTENBHO TakK, TaM 3TOT OCTOB
MOXET WUMeThb BHICOTY 10 Dy. IlosTomMy kimacc O HaM TPUTOAWUTCS TOJNBKO LIS
ANTOPUTMOB B RSM, TOe OH peanm3yeT convergecast ¢ MHHHMaNbHBIM BpeMEHEM
T = do. 1151 orieHok B 0 mpemonaraeTcs, YT0 Kakaas HEKOpHEBast BEPILMHA CO3AaET
cooO1enue, T.e. Bcero Oyner N-1 cooOmeHui, a B rpade Ha Puc. 1 Bce BepunHbI
nojHOro monrpada MOryT co3larbh coOOOWICHUs ogHOBpeMeHHo. [losTomy mo
HEKOTOPBIM pEOpaM OCTOBa MOKET MPOWTH, B TOM dHCIe oxHOBpemenHo, O(n)
COOOIIEHHH, U KAXKI0€ M3 TAKUX COOOIICHUH MOXKET MPONTH MyTh [UTHHOH 10 do.
3.Kmacc € — cbop mo ocToBy. IT0 crmocod nepeaayn cCooOIMIEHIH OT BCeX BEPIINH K
KOPHIO 0 00paTHEIM pEOpaM, HO B OTIMYHE OT Ki1acca O, ¢ IPOXOIOM IT0 KaKIOMY
o0paTtHOMY peOpy POBHO OZHOTO COOOIIEHHS: COOOIIEHHE MOCHIIACTCS M3 BEPIIUHBI
Mo oOpaTHOMY pedpy TOIBKO TOTIA, KOTa IIOJIyIeHBI COOOIICHHUS TT0 BCEM IPSIMBIM
p€opam. s 3TOr0 B Ka)XI0i HEKOPHEBOI BEpIIMHE MMECTCS HOMep 00pamnozo
pebpa v uucno npamvix péoep o6a pasmepom O(logA). TlepByro mepeMeEHHYIO
uHInranmupyer ommus O kimacca P kak HoMep pebpa, M0 KOTOPOMY BEpIIMHA
MepBEIA  pa3 monydaer cooOmeHue kiacca P. Bropyoo mepeMeHHYyIO
nHunuamusupyer onuusi C kmacca P. Jlns storo B cooOumeHun kiacca P ectb
OyneBCKUU TapaMeTp npusHax ocmoséa, KOTOphIM paBeH true Ttorma, Korjaa
COOOIICHNE TOChUTACTCSl MO oOpaTHOMY peOpy. BepiimHa MOJACYMTHIBACT HYHCIIO
MOJIyYE€HHBIX cOOOIIeHn Kinacca P C npusnax ocmosa = true B mepeMeHHON YuUc10
npameix péoep. (Bmecto ommuu C kimacca P MOXET MCTOIB30BaThCS ommwmst 17,
yCTaHaBJIMBAIOIIAsA KAy MPSAMBIX p&0ep, KOTOPYI MOTOM MOXHO IIPEBPATHThH B
uucno npameix pébep. Cm. umxe xinace I1 v anroputmel tuma 2 8 0.)

OctoB U3 00paTHBIX pEdep B RSM SIBISETCS JEPEBOM KpaTyallnxX MyTeHd M UMeeT
BeicoTy Oo. OnHaKo B RAM 3TO He 00s3aTeNIbHO TaK, TaM 3TOT OCTOB MOXET UMETh
BbIicoTy 710 Dy. [ToaTomy kitacc C HaM TPUTOIMTCS TOJIBKO VISt QITOPUTMOB B RSM,
rJie OH peanu3yeT Convergecast ¢ MUHUMAILHBIM BpeMeHeM T = dg.

4.Kiacc II — pacceuika 1o mpsMbiM péopam ot kopHsa. CooOIieHne 3Toro Kiacca
pacchuIaeTcsi, HaUMHast ¢ KOPHSI, 110 MPSIMBIM pEOpam 10 JIMCTOBBIX BEPIIMH OCTOBA.
s 3TOro B KaXX10H HEJNMCTOBOH BeplIMHE (BKJIIOYAs KOPEHb) MMeEeTcst OUTOBas
wikana npamwix péoep pazmepom O(A), comepxkamias «1» B i-oM paspse, eciu
pebpo ¢ HomMepoM | mpsiMoe. DTy MepPeMEHHY0 HHULUATU3UpYeT omims [ knacca P.
Coobmenne kiacca P, xkak u B ciydae omnuuu C, nMmeeT OyNeBCKHH MapaMmerp
npU3HaK ocmoea, KOTOpbIil paBeH true Toraa, Korma cooOLIeHHE MOCHUIACTCS I10
obpatHOMY pebpy. Tlomyuas mo pebpy coobmenue kinacca P C npusnax ocmosa =
true, BepimmHa 0TMeUaeT 3TO peOpo Kak MPsIMOE B IIKaJIE MPSAMBIX pEdep.
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OcToB, co3aBaeMblil IPAMBIMU pEOpamMu, B RSM SBISIETCS AEPEBOM KpaTdaiIImx
nyTeil U moaTomy umeeT BbicoTy do. OHAKO B RAM 3TO He 005A3aTENbHO TaK, TaM
3TOT OCTOB MOXET UMeTh BBICOTY 110 Dg. [TosToMy kimace I7 Ham PUTOTUATCS TOIBKO
JUISL AITOPUTMOB B RSM, TIle OH peanmsyeT broadcast ¢ MUHHMAIBHEIM BpeMEHEM
T = do. o kaxmoMy pebpy ocTOBa MPOUAET POBHO OJHO COOOIICHHE M TOJBKO B
HaMpaBJIEHUU «IIPsIMOE» (OT KOpHS).

5.Kmacc M — MHOXeCTBEHHas paccblUika. MHOMXECTBEHHAsi pacChUlKa — 3TO
pacchuika 0e3 MOBTOPEHHs, KOTOpasi MapauleNbHO BEAETCS, HAUNHASL C HECKOJIBKHUX
BEPIINH, KOTOpPBIE MBI Ha30BEM unuyuamopamu. CooOLUIEHUE TOJKHO NOMTH JIMOO
W3 KaXJI0H BEpIIUHBI B KAKAYIO BepIIuHY (kiace M,), 100 U3 KaxI0i BEPIIUHBI B
KopeHs (knmacc M,). s knacca M, MHUIIHATOPHI — 3TO BCE BEPIIUHEI, a I KJlacca
M, — Bce BepmIMHBI, KpoMe KOpHS. Iyt TOTO YTOOBI pa3nu4arh COOOIIEHHS OT
pa3HBIX WHULIHATOPOB, UCIOIB3YCTCS HOMED UHUWUAMOPA, KOTOPHIA XPAHUTCS B
KaKIoH BepmimHe Kak e€ Homep u wumeer pasmep O(logn), t.e. rpad
MpearoiaraeTcss HyMEpOBaHHBIM. Homep  unHuyuamopa TakXKe  SBISCTCA
mapameTpoM cooOmieHus. Kpome Toro, B BepmuHE I KaKIOTO HHHUIIMATOpa
JIOJDKHA OBITH CBOS TIEPEMEHHAs 0bl10, T.€. BEpIIMHA XPAaHUT MHOKECTBO HOMEPOB
HWHUIIUATOPOB, COO6IlIeHI/ISI OT KOTOPBIX ObLIN B BCPIHIMHE, B BUIAC UWIKA]IbL
unuyuamopoeg pazmepom O(n).

Kiacc M peanusyer all-to-all-broadcast ¢ munumansueiM Bpemenem T = d. ITlo
KaXJI0My peOpy B KaKOM HalpaBJICHHH MPOHIET POBHO OJHO COOOIIEHHE OT
Ka)kJoro nHunuaropa. Jis oueHok mpezmosnaraercs, 4to B rpade Ha Puc. 1 Bce
BEPIIMHBI TOJHOTO NMOoArpada MOryT CO3JaTh COOOLICHUs OJHOBPEMEHHO.

3.3 AnropuTtmbl

Ouenku anropurmoB mpuseneHsl B 0. O6o3uauenus: f = min{n,Alogn}, P — pa3mep
onucanus rpada, HEOOXOIUMOrO [UIS pelleHus 3aaa4yn, R — pasmep nHpOpMAUH O
pa3merke. OleHKH Kak (PYHKIMH OT N JaHbl JUIs 00Iero ciydas, koraa P = R =
O(nf), oru mocturarorcst Ha rpade Ha Puc. 1.
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Tabn. 2. Oyenku aneopummos.
Table 2. Estimations of the algorithms.

1 2 | 2a 2 | 2a 3
MODEL RSM RAM RSM RAM RSM | RAM
Classes, | P(O)+0 | P+M, |P(OI)+0| P(O)+0O P+tM, | P+M, |P(OC)| P
P(options) +II+C | +P(OC)+C| +P(B)+M, | +P+M, |+M +C|+M +M,]
A (not | O(f) wm O(Alogn) | O(f) mmu |O(n+Alogn)
inroot) | O(logn) * | O(n) |= O(nlogn)| O(logn)” |= O(nlogn)| O(n)
A O(P+ | O(P+| O(P+ O(P+ O(P+ | O(P+ O(P+
(in root) +logn) +n) | +Alogn) +logn) |+n+Alogn) | +n) +n+Alogn)
=0(n%) |=0Mmd)| =0om?) | =0(*) | =0’ [=0Md)| =0(n?
M;and S;| O(nf) = O(n%) O(R+nf) = O(n?) O(nf) = O(n%)
O(MR+ | O(nAR+
Mai | O(nAlogn) +nAlogn) | +nAlogn)
— O(n2 — O(nd — At O(NAR+
~Ologn) g =0() | =0(n) +AN?f) o(an?)
O(nAlogn+|_ o(n%) O(nAlogn+| O(nAlogn+ = o(n?) =0o(n%
San +donf) +nR+dynf) [+nAR+dynf)
= 0(n°) =0(n°) | =0(n*
T < 2dg+1 <4dgtl | <4dgt2 | <4detl |<4dg+2] <2dgrd+1™

— =
— [IPH «9KOHOMHOM MOAU(HUKAIIMK», — 04EBHIHO, 4TO 3dg+1 < 2do+d+1 < 4dy+1.
TéMmHO-cepbIM (DOHOM BBIIEIIEHBI OIIEHKHU, B KOTOPBIE BXOAAT BEJIUUUHEI P wmiu R.

3.3.1 Anroputmbl TUna 1. Coop B KOpHe

Llens: broadcast ¢ mpoxomom mo kaxaomy pedbpy u convergecast 3a MUHEMAaIbHOE
cymmapuoe Bpemsi 2dg+1l. Hcmone3yrorcst coobuienus Cmapm wu HugoKopnio,
KOTOpPbIe MMEIOT CIIEAYIOIKe Kiacchl U onuuu. B RSM: Cmapm — P ¢ onuueit O
coxpaHeHus1 oopaTHoro pedpa, HngpoKopuwo — 0. B RAM: Cmapm — P 6e3 onyi,
HugpoKopuro — M,.

I'pady mpeamosnaraercst HyMEpPOBaHHBIM, KakAas BEpLIMHA XPaHUT CBOH Homep
eéepuunvt  pasmepom  O(logn). CooGiienne Cmapm uMeeT TapaMeTp:
HOMep 6epuiuibl, U3 KOTOPOI OHO MOCHUIAETCSL.

B kaxmoii HeKOpHEBOH BepIIMHE WMEETCS MEPEMEHHAs MHOMCeCHmE0 coceoell, B
KOTOPYIO TIOMELIAeTCs HOMEp COCEQHEH BEpIIMHBI NPU IOJYYEHUH COOOIIEHHMS
Cmapm. D10 MHOXECTBO 3a1a€Tcst 1160 OUTOBO# MiKanoi BepumH pasmepom O(n),
B KOTOpOIi i-bIif paspsm paBeH 1, eciid BepuIMHA C HOMEPOM | SBISETCSI COCEIOM
BEPIIMHBI &, JIN0O0 CIUCKOM coceneii pasmepom O(Alogn), B KOTOPOM j-bIii diieMEHT
CIIMCKA COJIEPXKUT HOMEP BEPINMHBI HA PYTOM KOHIle pebpa, MMEIOIIEro HoMep j B
a. [lepemennas muoscecmeo cocedeit umeet pasmep O(f), roe f = min{n,Alogn}.
Coobuieane HughoKopnro BepinHa co3maéT TOrAa, KOTAA MOAYYHT COOOIICHHE
Cmapm OT Bcex COCelel, YTO ONpejeNsieTcss CPaBHEHHEM MOIIHOCTA MHOXKECTBA
cocelleil M CTENEeHH BEpIIMHBL. OTO COOOLICHHWE HMEET IMapaMeTphl. Homep
6epuUHbl, KOTOpask €ro cosfaia, M MHOJCeCmeo cocedell, PAaBHOE 3HAYCHUIO
NEPEMEHHON MHOMCECH 80 cocedeil YTON BEPIINHEI.
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Kopenb coxpanser mHpopManuio o rpade B BUIAC CRUCKA MHOICECHE cocelell
pasmepom P = O(nf), B KOTOpOM i-blif 3JIEMEHT CIMCKA — 3TO MHOXECTBO COCeaeit
BEPLIMHBI C HOMEPOM I; 3TO MHOXECTBO ITyCTO, €CJIH COCEOH BEPIIMHBI el He
W3BECTHBI. J[MMHAa chnCKa paBHa MaKCHMAaJbHOMY HOMEpPY H3BECTHON KOpPHIO
BepMHbL. [lepBOHaYaIbHO KOPHIO M3BECTEH TOJIBKO €ro HOMEp, a HEKOpHeBas
BEpIIMHA CTAHOBUTCS W3BECTHOH KOPHIO, KOTrJa KOpPEHb IIOJy4aeT OT Heé
coobmenne Cmapm v HugpoKopuio, iy xorja oHa OmuMcaHa Kak COCEIHSIS
BepumHa B cooOmennn HugoKopuio. Korna kopeHb I moiydaeT cooOLIeHHUE
Cmapm OT BepUIMHBI j, OH J00ABIIAET | B CBOE MHOMXECTBO COCEJEH B CITHCKE.
Korma xopeus mosydaer coobiierne HugpoKopnio oT BepunHsI i, i-0e MHOXECTBO
coceziel U3 CIICcKa 0OBEANHSIETCSI C MHOXKECTBOM COCE/Iei N3 COOOLIEHUS.

CHucoK MHOXECTB COCEAel ONUCHIBaeT Bechb TIpad), €CIM KOPEHb MOJTY4HI
coobmenne Cmapm TO KaXIOMY UHIHISHTHOMY eMy peOpy, W OT KaXKIou
M3BECTHOM KOPHIO HEKOPHEBOW BEPIINHBI, T.€. OT HEKOPHEBOH BEPIIMHBI C HOMEPOM
i oT 1 10 AMHBI cicka, noxydeHo cooduienne HugoKopnro, T.e. i-0e MHOKECTBO
cocezieil B CIIMCKE HE ITyCTO. B 3TOM ciydae KOpeHb pelraeT 3a1ady Hu IOChUIaeT eé
pelIeHIe BOBHE B 3aBEPIIAIOIIEM COOOIICHHH.

Ouenka Bpemenu T = 2dg+1 mocturaercs Ha 000M rpade, B KOTOPOM ecTh pedpo,
COENMHSIONIee IBE BEPIUMHBI, KaXKas Ha pacCcTOSHUU Oy OT KOpHs. Takue BepIIMHBI
u p&bpa Oynmem Has3wbIBaTh nepugeputinvimu. Ecnn nepudepuitHeix pédep HET, TO
T =2dg. MakcumanbHbIit pasmep coobiieHus: it Cmapm m = O(logn), nms
HugpoKopuio m = O(f).

«OKOHOMHas MOAN(UKALMLY anropurMa B RSM. B RSM MOXHO yMEHBIINTH
naMsTh BEPIUMHBL, ecii coodOuenne HugoKopuio nocwvuiath «0e3 HaKOIUICHUS
nHPOpMALIMK O COCEeNsIX, T.€. Cpa3dy MpH TOIydeHUH coobmenuss Cmapm.
[lepemenHast muoscecmeo cocedeii He HyXKHA, a TIAPAMETP MHOAICECMBO cocedell
coobmennst HughoKopnio paBeH MHOXKECTBY HOMEPOB BEpIINH, OT KOTOPHIX B
JaHHOM payHIE BepIIMHa TMoiydmwia coobmenne Cmapm. Ecnu Bepmmza
HaXOAMTCSI Ha PACCTOSHUM I OT KOpHs, TO €€ COCeIu HaXOoJsITCs OT KOpHSA Ha
paccrostauu r-1, r wm r+1. Ilostomy coobmenne HugoKopuwo co3naéres
BEPIINHOH HEe OoJiee yeM Ha TPEX payHIaX, 1 CyMMapHbIH pa3Mep 3THX COOOIIeHUH
Bcé paBHo pasen O(f). Tlockosbky 4mCIO TaKMX payHIOB KoneOmercs oT 1 go 3,
nocjeqHee cooOuieHne oOT JaHHOW BepmuHel HugoKopnio mapkupyetcs
OyneBCKUM  MapamMeTpoM nocieouwee coodwenue. JIns 3TOrO  BepIIMHA
MOJICYMTHIBAET YHWCJIO TIONYYEHHBIX €1 cooluieHnii Cmapm B TEPEeMEHHOMN
cuémuuxk coceden pazmepom O(logA): coobuienne HughoKopnio nocneanee, eciu
IpU €ro CO3JaHUM CYETYHUK COCENEel paBeH CTeNeHW BepuMHbL. KopeHb
JIOTIOJTHATEIIFHO 3allOMUHAET, ObUIO M TModydeHHoe coobmienue HugpoKophio
NOCIEIHUM OT CO3JaBLICH €ro BEpIIMHBI i, B NEPEMECHHOH WwiKana nocieoHux
pasmepom O(n), i-blif pa3psnm  KOTOpOH COOTBETCTBYyeT BepuimHe . Ilpu
olpeZielIeHNH KoHIa cOopa WH(OpManuM KOPEHb YYHTHIBAET, YTO OT KaXKAOH
HEKOPHEBOM BEpUIMHBI JOJDKHO OBITh IIOJNIy4EHO IIOCIeAHee CcooOIIeHune
HugpoKopnrwo. Taxum o0pa3oM, 3a cuy€T HECKOJBKHX (HO He Oousbine TpPEX)
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coobwmennit HugpoKopnio oT 01HOIM BEpIIMHBI MBI 3KOHOMHM MNaMsITh BEPIIMHBI:
Bmecto A = O(f) 6yzer A = O(logn).

3amernm, 4T0 B RAM Takas Mogudukanus He uMeeT cMbIcia. [leno B ToM, 4TO B
RAM Ha KaKIOM payHJAE BEPIIMHA MOXXET MOJIydyaTh He OoJjiee OHOTO COOOLICHUS
Cmapm. Ecmn cozmaBath coobmenue HugoKopnio Kaxaplii pa3 Ipu MOTyICHAN
coobmennss Cmapm, TO 9UCI0 TaKux coobmeHnit HugoKopuio MoXeT NOCTHTATH
CTETCHH BEPIIUHBI, @ UX CyMMapHbIii pasmep nocrturate O(Af), uto yBemmumBaer
oreHkd My, Mgy, Si, Sa B A = O(n) pas. Kpome toro, B ®RAM coobuieHue
HugpoKopnio noceuiaeTcsi MHOXKECTBEHHON pacChUIKOM, a 3TO Npejroaraer Jndo
OJTHO COOOIIEHNE OT BEPIIHUHEL, OO YBEINYCHHUE YKCIIa HHUIIMATOPOB B A pas, TO
€CTh, [10 CYTH, MHUI[MaTOPOM CTaHOBUTCS HE BEpIIMHA, a PeOpo, U pa3Mep IIKabI
uHUIMaTopoB yeenunuusaercs ¢ O(n) xo O(An).

3.3.2 Anroputmbl TUNa 2: C60p B KOpHe 1 pa3meTKa U3 KOpPHSA

Hens: cbop undopmamuu — broadcast ¢ mpoxomoM 1o KaxaoMmy pebpy u
convergecast 3a MuHHUMalbHOE cymmapHoe Bpems 2dopt1, ¥ pa3Merka OT KOpHS —
broadcast u convergecast 3a MmurnmansHOe cymmapaoe Bpems 2dq. cnons3yroTes
coobmenuss Cmapm, HugpoKopnrwo, Pazmemxa v @uuuwi, KOTOPbIE HMECIOT
cnemyromue kiaccel U onuuu: B RSM: Cmapm — P c onmmeit O coxpaHeHHA
oOpartHoro pebdpa u ommueit /7 co3maHus MKaJIbl IPIMBIX péodep, HugpoKopnio — O,
Pazmemka — I1, @Qunuw — C. B RAM: Cmapm — P 6e3 onuyii, HngpoKopuio — M,,
Pazmemka — P c onuuer b, @uuuwmt — M,. Onuus 5 COCTOUT B TOM, 4YTO
COOOIICHNE HE MOChLIACTCS 0 00paTHOMY pedpy.

I'pad mpeamonaraercss HyMEpPOBAaHHBIM, Ka)K[as BEpIIMHA XPAHHUT CBOU HOMEpP
pasmepom O(logn).

Co6op uH(pOpMAIHK B KOPHE BBIMOJIHICTCS aHAJOTHYHO TOMY, KaK 3TO JEJIAcTCs B
anropuTMax Tuma 1, 3a MCKIIOUEHHEM clienyouiero. Bo-mepBbix, aist yao0cTBa
MOCIEAYIONMEN pa3MeTKH Mpu 00paboTke coobieHuss Cmapm BepIIUHA COXpaHIET
oTOOpakeHNEe HOMepa pedpa Ha HOMEp cocela Ha JPYyroM KOHIE 3TOro pebpa B
nepeMeHHoM coomeemcmeue pasmepom O(Alogn). Us-3a sTOro mnepemeHHast
MHOJCECmE0  cocedell  CTAaHOBUTCA  JIMINHEH, TIOCKOJNBKY €€ 3HAa4YCHHE
BOCCTAaHABIIMBACTCA II0 TIEPEMEHHON coomeemcmeue. Bo-BTOpBIX, B RSM
coobmienne Cmapm wmveet onuuio 71 1yt GOPMHUPOBAHUS WIKAIbL NPAMBIX pEdep,
KOTOpasi 3aTeM UCTOJB3YETCs sl pacchliku coodrienust Pazmemka xnacca I1. B-
TPETbHX, MOCKOJIBKY B MAaMSTH BEPIIMHBI YK€ €CTh MEPEeMEHHAs Coomeemcmeue
pasmepom O(Alogn), He UMeeT CMBICIa «9KOHOMHast MoguduKarms» B RSM u3 0. B-
4eTBEPTHIX, KOT/a B RSM BEpILIMHA HOIydaeT cooduieHne Pazmemka v niepecbluiaet
€ro Jayblie 1o MPsIMbIM pEOpaM, OHa Ha MECTE TIEPEMEHHOUN WIKa1a npAMbIX pédep
CO37aET MEPEMEHHYIO YUCA0 NPAMBIX PEéDep, KOTOPasi B NATBHEHUIIIEM UCTIONb3YETCS
npu 00paboTke coobmennst @unuw xnacca C.

ITocne cbopa wuHpOpMamm pemaercs 3anada, (GOPMHPYETCS M PpacChUIACTCS
coobmenne Pazmemxa. CooOmenne Pazmemka conepXuT B Ka4ecTBE IapaMmerpa
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ungopmayuio o pasmemre pazmepom R = O(nf). Mudopmarms o pasMeTke BepIIHH
3a7aéres WIKAJIOH BEPLIMH, KOTOpble HYKHO IOMETHTb, pasmepom O(n),
undopmanus o pasmerke péOep 3amaércs B BHIE CIIMCKA MHOXECTB cOcelei
pasmepom O(nf), B KOTOPOM I Kaxk[JOH BEPIIMHBEI | B €€ MHOXECTBE cocefiel
OCTaBJICHBI TOJBKO T€ BEPIIMHBI |, JJIS KOTOPBIX HYXHO IIOMETHTH pedpo ij.
[onyuus mepBoe coobuieHue Pazmemka, BepIIMHA ¢ HOMEPOM | BBITIOIHSAET CBOO
JIOKaJbHYI0 Pa3sMETKy, OMpPEACISIEMYI0 I-bIM pa3psiioM IIKaibl BEPIIHH H i-BIM
JNIEMEHTOM CIHCKa MHOXKeCTB coceneit. s momeTku pebpa ij BeplinHa HOKHA
y3HATh €ro HOMEp B i, YTO JAENAeTCs MO OTOOpakeHHWIO HOoMepa pebpa B HOMEp
cocefla B IEpEMEHHON coomeencmeue.

B ®RSM coobuienne @uuumt HEe MMEET MapaMeTpoB M OTHOCHTCS K kiaccy C,
MO3TOMY TI0 Ka)XKIOMY HPSMOMY pedpy B KOPEHb NMPHUIET POBHO OTHO COOOIIEHHE
@unuw. Korma KopeHb IONYYUT BCE ATH COOOWICHHA, TIOOANbHAs pa3MeTKa
3aKkoH4YeHa. B RAM coobmenne @uuuui OTHOCUTCA K Kiaccy M, W COAEPKHUT
HOMEp MHHUIIMATOpa, I0TOMY KOPEHb MOJKET HCIIONIB30BaTh LKAy MHUIUATOPOB:
4qucio «1» B HEW paBHO YHCITY BEPIIUH, OT KOTOPBIX MPHLLIH cooOieHus Punuui.
I'mobanpHas pa3MeTka 3aKOHYEHA, KOIJA ATO YUCIO CTAHOBHUTCS PaBHBIM YHCITY
HEKOPHEBHIX BEPIIHH, T.€. Ha | MEHBIIIE IJIMHEI CIICKa MHOXeCTB cocereit. [Tocme
OKOHYAHHWS TJIOOANbHOW pa3MeTKH KOPEHb IIOCHUTACT BOBHE COOOIICHHE O
3aBEepIICHUH Pa3METKH U 3aKaHIUBAET PadoTy.

Makcumanbhsiii pazmep coobuienust: st Cmapm m = O(logn) , wis HugpoKopuio
m = O(f), mnsa Pazmemka m = R = O(nf), mnst @unuuwe B RSM m = O(1), a B RAM
m = O(logn).

3.3.3 AnroputMbl TUNa 2a: YMeHbLleHWe NamMAaTh BepLlUUHbI

Lenp: MoanduKkanms 2a alropuTMOB THIIA 2 JUTsS YMEHBIICHHS NaMsATH HEKOPHEBOI
BEPINMHBI 32 CYET yHaleHUs MEepeMEeHHOUW coomeemcmeue pasmepom O(Alogn).
st aTOr0 HocTaTodHO cooduieHue Pazmemka nocsuiate ciocooom P 6e3 onmun b
C IOTIOJTHUTEJIbHBIM APaMETPOM HOoMep gepuiuHbl-oTIpaBuTelst pasmepom O(logn).
Kasxast BepirHa MoJyduT 3TO COOOIIECHIE M0 KaXKIOMY WHIHICHTHOMY €if pebpy.
[Monyuas coobienne Pazmemka OT BEpIUINHE | 10 peOpy K, BepiirHa i, BO-TIEPBBIX,
y3HAET COOTBETCTBHE | U K, a, BO-BTOPBIX, MO MH(POPMAIMKA O pa3MeTKe y3HaET,
HY’)XHO JT ToMedath pedpo ij. Tem camMbIM, OHA MOXKET IIOMETHTH PeGpo ¢ HOMEPOM
K HyXHO# METKOi1.

Coo01meHnst IMEIOT CIeAYIOINE KITacChl ¥ oniun. B RSM: Cmapm — P ¢ onumeit O
coxpaHeHusi oOpaTHoro pebpa u omuueii C moncuéra yucna OpsMbIX pédep,
HugpoKopniro — O, Pazmemxa — P c onuusimu O u C, Qunuut — C. B RAM: Cmapm
— P 6e3 onmwit, HughoKopuio — M., Pazmemka — P 6e3 onuwmii, Punuw — M,
TToCKONIBKY MBI yaamsieM MEPEMEHHYIO COOmeemcmeue, CHOBa Hy)KHa MepeMeHHAsT
muoxcecmeo cocedeni pasmepom O(f), kpome cirydast «9KOHOMHON MOTU(DUKAIIMNY
B RSM (0) Dra momuduxanmst cHOBa mmeer cMbich: coobuierne HugoKopens
MOXKHO IOCBUIATh «0€3 HAKOIUICHUs» HH(POPMAlMU O COCelsiX, T.e. cpa3zy MpH
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HOJIy4eHHU cooOmennss Cmapm, UCTIONB3YIOTCS NIEPEMEHHBIE CuémuuK coceoeii 1,
B KODHE, WIKANA ROCIEOHUX, A TaKKe IApaMeTp nocieoHee CooOweHue B
coobmennn HUnghoKopens.

ITo cpaBHEHUIO ¢ THUIIOM 2 BpeMs pabOTHl yBeIHIHBAaeTCs HE Ooiee yeM Ha 1 TakT
(mmu octaéres TeM ke, eciu HeT neprudepuiHbIX pédep). MakcuMalbHBIE pa3Mepsl
cOoOOIIEHniT M TaKkue Ke Kak Il TUIa 2.

3.3.4 Anroputmbl Tuna 3: Co60p 1 pasmeTka BO BCeX BepLUMHAX

Lenb: c6op uHbOpManuK B Kaxa0it Bepimmue — broadcast ¢ mpoxomom mo KaxkaoMy
peopy u all-to-all-broadcast 3a munmMampHOEe cymmapHOoe Bpems dotl+d, u
cooOIIeHne KOPHIO O 3aBEpIICHHH pa3MeTKH — CONnvergecast 3a MHHHMAIbHOE
Bpemst do. Micomp3ytorest coobuienuss Cmapm, HnugpoBcem v @unuw, Kotopsie
HUMEIOT CJIEIYIOUIIe KIIacChl ¥ onuu. B RSM: Cmapm — P ¢ onueit O coxpaHeHHS
obpartHoro pebpa u C nojacuéra yrcia npsmeix péoep, HugpoBcem — M,, @Qunuw —
C. B ®RAM: Cmapm — P 6¢e3 onunit, HngpoBcem — M,, @Qunuws — M,

I'pap mpenmmornaraercss HyMEpOBaHHBIM, Ka)KHas BEpIIMHA XPAaHUT CBOW HOMEp
pasmepom O(logn). Kak u B anroputmax tuma 2 coobiuenue Cmapm COACPKUT
HOMep 6epuiuHbl, W3 KOTOPOM OHO TOCBUIACTCS, a MPH 00pabOTKe COOOIICHHUS
Cmapm BepIInHA COXpaHsAET OTOOpakeHWEe HOMepa pedpa Ha HOMEp cocela Ha
JPYroM KOHIIE 3TOro pebpa B mepeMeHHOU coomeemcmeue pazmepom O(Alogn).
Kak 1 B anroputmax Trma 2 mocje Toro Kak BepIliiHa MOJyuuT coodueHne Cmapm
OT BCEX CBOMX cocelei, oHa (opmupyer coobuieaue, Ho He HugpoKopnro, a
HngpoBcem, nomemasi B HEr0 Homep gepuiutvl U3 TIEPEMEHHON HOMep éepuiunbl 1
MHOJICECMBO cocedeli, GOPMUPYEMOE MO TEepeMEeHHOUW coomeemcmeue. Kpome
3TOr0, BEPIIUHA MOJICPIKUBACT CHUCOK MHOMCECHE COCedell U ONPECIsieT KOHEIl
cOopa uHpopmaimu o rpade Tak ke, Kak KOpeHb B anropurmax tuna 2 u 2a. [locne
TOro Kak mHpopMamus o rpade coOpaHa, BEepIIMHA peIIacT 3afady M BBITIOIHSICT
CBOIO JIOKAJIFHYIO pa3MeTKy. HamoMHUM, 9TO alrOpUTM peIieHUs 3aJaqyd TOJDKECH
rapaHTHPOBaTh, YTO B pA3HBIX BEpIIMHAX OyJIeT IOJy4aThCs OAHO M TO XKe
pemenne. [locme 53Toro BepIIMHA TMOCHUIACT KOPHIO cooOmieHne @uuuu
AHAJIOTUYHO AJTOPUTMAM Tuma 2 W 2a. 3aMeThM, 9T0 B RAM 3TO COOOIICHHE
MOCHITAETCS MHOXKECTBEHHON pacchuUTkoi (M,) Tak ke kak cooOmenue MngoBcem
(M,), mosTOMY B Ka)J0¥l BEepIIMHE HYKHO MMETh JIBE IIKAIbl MHUIHATOPOB — TIO
OJTHOM JIJIS K&XKIOTO M3 STUX JBYX THUIOB cooOrienuii: @unuw i HngpoBcem.
Kopenn onpezenser koHer paboThl, KOTIa, BO-TIEPBBIX, CaM MOJIYYHT HHDOpMAITHIO
0 BcéM rpade, U, BO-BTOPBIX, MOJIYYHT BCE HYKHBIE cOoOmIeHns @uuuui, 9TO
OIIpENIeIIACTCS TaK XKe KaK B aJITOPUTMaX THIA 2 U 2.

3amMeTHM, 4TO «OKOHOMHas Moaupukamus» B RSM mns cObopa wHPOpMAIUU HE
HUMEET CMBICIIA, TIOCKOJIbKY OHA YMEHbINAeT namsth HekopHeBoi Bepiutbl ¢ O(f)
no O(logn), Ho B amroputmax Tuma 3 BCE BEpIIMHBI MMEIOT MaMsTh pa3Mmepa
O(P+n+Alogn).
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MakcumanbHblii pasmep coobuienus: it Cmapm m = O(logn), nus HugpoBcem m
= O(f), ana Qunuwe B RSM m = O(1), a 8 RAM m = O(logn).

4. OkoHomusi namssmu 0ns 3aday FSB, MST u MIS

B anroputmax mis oOmiero ciydash pasMep MaMsTH BEpPIIMHBI UMEET MOPSIOK
O(P) = O(nf) = O(n?) B KOpHE MK BO BCEX BEPIIMHAX 3a CUST XPAHEHHS CIIHCKA
MHOXECTB cocezieil. Takol ke 1Mo mopsiaKy pasmMep UMeeT HHPOPMAIHs O pa3MeTKe.
Jist HEKOTOPBIX 33724 MOKHO YMEHBIIUT 3TH Pa3Mephl, HCIIONb3Ysl BMECTO CITUCKA
MHOXKECTB COCEJIeH PYTYIO CTPYKTYPY MEHBILET0 pa3sMepa.

4.1 OnpepeneHne KoHua c6opa MHgpopmaumm o rpace U KoHUA
paboTbl

CImMcoK MHOXKECTBA COCEICH MCIOIB3YeTCs TakoKe I ONpeleNieHus KOHIa coopa
uHpopMammu o Tpade. MOXKHO TPEMIOKUATH ANBTEPHATHUBHBIN  CrocoO:
UCIIONb3YIOTCS JIBE OMTOBBIC IIKANBI BEpUINH, Kaxaas pasmepom O(N): wkana eécex
éepuiuH, coIepKalas KOPSHb M BEPIIMHBI, OT KOTOPBIX ITONYYCHBI COOOIICHHUS
HugpoKopnro B anroputmax tina 1 M 2 WM BEpIIUHBI, OT KOTOPBIX IONYYEHBI
coobmenuss HugpoBcem B anroputmax THNA 3, U WIKALA 6CEX COCeOel ITUX
BepumH. Konen cOopa undopmanuu onpeaensercs Mo COBNAJISHHUIO 3TUX HIKail. B
ITOPUTMaxX TUMA 2 ¥ 3 C 3TOr0 MOMEHTA BPEMEHM KOPEHb 3HAET YHCIIO BEPILUH
(oHO paBHO uyMchny «l» B JTHX IIKajgax), 4YTO HCHOJIB3YyeTcs B RAM 1uist
oTpeneNieHus KOHIa npuéMa cooOmeHnii @unuu OT BceX HEKOPHEBBIX BEPILIUH.

4.2 FSB

Moct — 310 pebpo, HE BXOZsIIEe B ILHKJI, IOITOMY JUIS ONPENESNICHHS MOCTOB
MOXHO HCIIONIb30BaTh ClleRyrommid crocod. BMecTto crnmcka MHOXECTB cocese
XpaHHTCSA JIeC IepeBbEB, BHaUae IycTol. [Ipu nmosrydeHnu BepinHoON a cooOmeHus
HugoKopurw v HugpoBcem, B KOTOPOM yKa3aHa COCEIHss BepiuuHa b,
nposepsiercss pebpo ab. Ecnu npu nobGaBieHun 3TOoro pebpa K Jiecy UK HE
obpazyetcs, pebpo mobaBisercs K Jiecy. B mpoTuBHOM ciydae Bce p€bpa 3TOTO
[IMKJTa TOMEYAIOTCS KaK «HE MOCTBI», a pebpo ab k nmecy He mobaisercs. B koHie
paboThI Bce péOpa Jieca, He MOMEUYCHHBIC KaK «HE MOCTBI», — 3TO BCE MOCTHI rpada.
st xpanenust octoBa jocrarouHo namsitu pasmepom O(nlogn) = o(nf) mpu A—oo
(u, mockonbky A < n-1, takke N—o0). UHpopMaims 0 pasMeTKe COJCPKUT
OITICAaHWEe MOCTOB Kak dacTh pébep ocrtoma, Takxke pasmepom O(nlogn) = o(nf).
[ony4atoTest BapuanThl anroputMoB ¢ orekamu u3 0 aast R = P = O(nlogn).

4.3 MST

Hns noctpoeruss MST MOXHO HCHONB30BaTh H3BECTHBIM Kputepuil TapbsiHa
MHUHHMAaJIBHOCTH OCTOBHOTO JIEpEBa: OCTOBHOE JEPEBO MUHUMAIBHO TOT/IA U TOJIBKO
TOrAa, Koraa Jioboe pedpo He W3 JiepeBa ABISAETCS MaKCHMAlbHBIM IO BECy Ha
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IIUKJIE, KOTOPBIN 00pa3yeTcs npu ero nodasineHunn B gepeo. Kak u mist FSB Bmecto
CIIUCKa MHOKECTB COCEACH XpaHUTCS JieC JAepeBbeB, BHadaine mycto. Ilpum
MOJYYCHUHU OT BepIIMHBI a coobuenus HugpoKopnio v HngpoBcem, B xoTOpOM
yKa3zaHa coce/iHsIsI BepiuHa b, mposepsieTcst pebpo ab. Eciu nipu mo6aBieHun 3TOTO
pedpa Kk Jiecy IMKI He oOpasyercs, peOpo mobamisercs K jecy. B mpoTuBHOM
cily4yae IpoBepsieTcsi, Kakoe pedpo B 3TOM LUKJIE MaKCUMajbHO 10 Becy. Eciu ato
pebpo a’b’ # ab, oHo ynansercs us neca, a peGpo ab pobasisieTcs K Jecy.

3amaua MST dopmynmpyeTcst s B3BEIIEHHOTO rpada, T03TOMY CIICOK MHOYKECTB
cocefiell ¢ ykazaHmeM BecoB pébep mo Hux umeer pasmep O(nf,), rme f, =
min{nlogw,Alognw}. [Inst XpaHeHHs B3BEIICHHOTO OCTOBa IOCTATOYHO TIAMSTH
pasmepom O(nlognw) = o(nf,) mpu A—oo (1, mockoabky A < n-1 < W, Takke N—»o0 u
W—o0). MHDOpMaIE 0 pasMeTKe COAEPKUT ommcaHue pEdep OCTOBa pa3MepoM
O(nlogn) = o(nf). Tloxy4aroTcst BapHaHTHI aITOPUTMOB OOIIETO THTIA C OLICHKAMH H3
0 ms P = O(nlognw) u R = O(nlogn), u 3amenoii f Ha f,,.

4.4 MIS

Huns moctpoernss MIS MOXHO HCIIONB30BaTh XOPOIIO HM3BECTHYHO CTaHIAPTHYIO
nporenypy. BmecTto crmcka MHOXKECTB coceliel B KOpHE HCIOJIB3YeTCs WiKand
6EPUIUH HE3A8UCUMO20 MHOIHCECMEA, TIPEICTABIAIONIAs HE3aBUCUMOE MHOXKECTBO
BepmnH |S. BHavane mikana coACpKUAT TOJBKO KOpeHb. [Ipy MONMy4eHHU KOpHEM
coobmienuss HugpoKopnro vinu HughoBcem 0T BEPUIHHBI X IO MHOXKECTBY COCE/ICH B
3TOM COOOIICHUU MPOBEPSICTCS, CMEXKHA JIM BEPIIMHA X ¢ KAKOW JTHM00 BEPIIUHON U3
IS wim Het. Ecin X He cMe)kHA HH ¢ KaKOi BeplIMHOW w3 IS, To X mobaBiseTcs K
MHOXecTBY IS, T.e. B wikany eepwun He3asucumozo muodxcecmea. OIHAKO
MpUMEHECHHE TaKOH MPOLEAYPHl UMEET ABa OTPAHUICHUS.

Bo-nepBbix, B RSM B aiaroputMmax Tuma 1 u 2a Hesb3si HCIOJIb30BaTh «IKOHOMHYIO
MOJU(UKANIO», TAK KaK HEJIb3s ONPEEINTh, CMEKHA WIIM HE CME)KHA BEPIINHA X C
Kakoii n0o BepunHOM u3 IS, no momy4enus Bcex coobuienunit HughoKopnio ot X.
Bo-BTOpBIX, Ul aJITOPUTMOB THIA 3 3Ta IPOLENypa He MpUMeHnMa. Jleno B Tom,
gyto MIS B ommume ot MST u FSB ompemensiercs B rpade, BooOIIEe roBops,
HEOoJHO3HauHO. [Iporenypa ocHOBaHa Ha TMHEHHOM YIIOPAJOYCHHUH BCEX BEPIINH B
COOTBETCTBHH C TOPSAAKOM IOJy4eHHs OT HHUX coobuienuit HugoKopnio nmm
HngoBcem. OpnHako Takol MOPSAOK, BOOOIIE TOBOPS, Pa3HBIM IS Pa3HBIX
BEpUIMH, W TO3TOMY OHHM MOTYT CTpouTh pasHble MIS’el. [l Toro, uToOBI
BEPIIMHBI CTPOMJIM OJMH U TOT ke MIS, B BepinHax 10KeH UCHOIb30BaThCs OJIUH
U TOT K€ JHMHEHHBIA MOPSAOK BEpIIUH, MOPOXKIAIOIIMN, TaK Ha3bIBAEMBIH,
nexcukorpadpuueckuii  MIS (LFMIS). Opnako st 3TOro, ckopee Bcero,
noTpebyercs OoJbLIe MaMsATH, CKOpee Beero, mopsaka pasmepa rpada O(nf).

Ecnu Bepmmna coOpana ommcaHue Bcero rpada, OHa MOXKET ONPENeNIUTh BCe
Bo3MokHble MIS'sl. Ecnm kaxnsiit MIS ymopsimouuts, T.e. mpeoOpas3oBaTh B
MOCJIE/IOBATENILHOCTh, HAPUMEp, 10 BO3PACTAHHIO HOMEPOB BEPIIUH, TO MOXHO
BeIOpars MIS sBisiomuiicss HauOOJBIIMM B JISKCUKOTPA(UUECKOM MOPSIKE.
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3ametnM, uTo Takoi MIS sBisiercss HauOOJIBIIMM TIO YHUCTY BepmIdH B HEM. Tem
caMbIM, permiaercsi Ooyee cioxHas 3amada moucka MaxIS (maximim independent
set). DTa 3a/a4a MOXET pelIaThCcs B arOPUTMax Bcex THUMOB 1, 2, 23, 3.

Jnst xpanenns |S B Buje MIKaNBI BEPIIHH JOCTATOYHO mMamsTH pasmepom O(n) =
o(nf) mpu n—oo. Uudopmarus o pasmerke copepxut MIS Takxke B BHIE IIKAJbI
BepimuH pasmepom O(n) = o(nf). TTomyuarorcst BapraHTB aJrOPUTMOB C OI[EHKAMH
m3 0 wig R = P = O(n).

5. Hu)xHue oueHku cnoxHocmu 0nst FSB, MST u MIS

Ecnu peneHre 3a1a4n 3aBUCUT OT TiepudepuitHbix pébep, To, oueBuaHo, T < 2dg+1.
3amaun FSB, MST u MIS 3aBucsar ot nepudepuitasix pédep, 4TO MOKa3bIBACTCS
IpUMEpaMH, B KOTOPBIX JBa rpada OTIMYAIOTCA OpPYyr OT JApPYyra TOJBKO
nepugepuitHpIMU pEOpaMu, a 3a7jad9i UMEIOT Ha 3THUX Tpadax pa3HbIC PEIICHHUS.
FSB: 1) nepeBo, B KOTOpOM €cTb, IO KpaifHel Mepe, IBe nepuepuifHple BEPIITHHEI,
U 2) Takoe e NIepeBo c mobaBieHWeM mepudepuitHoro pedpa. B cmydgae 1 Bce
péOpa nepeBa SBIAIOTCS MOCTaMH, a BO BTOPOM ciydae Bce pEOpa ILHMKIA,
00pazyeMoro 3TuM nepuepuitHIM peOpoM U IEPEeBOM, MOCTaMH HE SBIISIFOTCSL.
MST: 1) nepeBo, B KOTOpOM €cTh, IO KpaifHell Mepe, Be nepudepuitHpie BepIIUHEI,
U 2) Takoe K€ AEpeBO C Jo0aBieHHEM IepudepuitHOro pedpa, MMEIOIIETO BEC
MEHBIIIE, YeM Kakoe-HHOyab peOpo J1epeBa W3 IMKIA, 00pa3yeMoro STHM
nepudepuitHeIM peOpoM u nepeBoM. B ciyuae 1 Bce péOpa aepeBa MpHHAMICIKAT
MST, a Bo BropoM ciydae nepudepuiiHoe pedpo npunaminexxur MST, a HekoTopoe
pedpo aepesa He nmpuHaAIeKuT MST.

MIS: npumep Ha Puc. 2. OqHa u3 BepimH a win b nomkHa He npuHamsiexats MIS,
TaK KaK OHH COeAMHEeHbI peopoM. [lycTh, 1uist onpenenéHHOCTH, 3TO Oy/eT BepIinHa
a. [TocMoTpuM, YTO MOXKHO CKa3aTh O BEPIIMHAX, 0003HAUYEHHBIX 3HAKOM «?». Ecnu
OHH HE COeIMHEHBI pedpoM, TO 00e JOJKHBI npuHaaIexars MIS, a nHaye Tonbko
onHa u3 HuX. Ho 3T0 pebpo nepudepuiinoe.

Puc. 2. 3asucumocmv MIS om nepugpepuiinvix péoep.

Fig. 2. Dependence of MIS on peripheral edges.

6. Anzopummbi muna 4 8 RSM Onsi 3a0a4y ¢ 0OHO3HaYHbIM
peweHueM, 3a8Ucsiu,UM MOJILKO OM NPOCMbIX YUKI108

Bynem roBoputh, 4To 3a1aua Ha rpade UMeeT OJHO3HAYHOE PEIICHHE, 3aBUCSIIEE
TOJIBKO OT TPOCTHIX LMKIJIOB Ipada, eciii JoKaJlbHasl pa3MeTKa B BEPIIMHE 3aBUCHUT
TOJBKO OT IPOCTBIX IIMKJIOB, B KOTOpPBIE BXOJIMUT 3Ta BepiinHa. K TakuM 3amauam
oTHocsTcs, HanpuMmep, FSB, MST u 3a1aua 0 raMHIIbTOHOBOM IIHKJIE.
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s FSB pedpo, HHIMICHTHOE BEPIIMHE, SBISCTCS MOCTOM TOT/A M TOJBKO TOT/A,
KOTJ]a OHO HE BXOJMT HHU B KAKOW MPOCTOM LIMKJI, MPOXOIAIINI yepe3 BepuHy. s
MST pebpo, nanmuaeHTHOE BepmmHe, npuHamIe:)kuT MST Torma u TOIBKO TOTIA,
KOrza B KaKIOM IPOCTOM IHMKJIE, NMPOXOIAIIEM dYepe3 BEPIINHY, 3TO pedpo He
MMeeT HauOOJIBIIIEro Beca.

['aMUIBPTOHOB IMKI CYIIECTBYET HE BO BCSIKOM Tpade, HO B HEKOTOPBIX Ipadax
(Hammpumep, B TONHOM Tpade mpu N > 3) MOXKET OBITh HECKOJIBKO pPAa3HBIX
raMWIBTOHOBBIX LMKJIOB. B HyMepoBaHHOM rpade Bcerza ecTb BO3MOXHOCTh
OJTHO3HAYHO BBHIOpPATh OJMH W3 T'aMWJIBTOHOBBIX LUKIOB. /lJIs1 3TOro JOCTaTOYHO
Ka)XJbIil FaMUJIBTOHOB IMKJ NPEACTABUTh B BHJE IOCIEJOBATEIBHOCTH HOMEPOB
BEpIIVH, HAUYMHasl C BEPIIUHbBI C HAMMEHBIIMM HOMEpOoM | U BIOMpasi HarpaBiieHHe
o0xoa B CTOpPOHY TOW W3 JBYX BEPIIMH, CMEXKHOW 10 IMKIY C BEpPLIMHOH C
HOMEpOM 1, KoTopas HMeeT HauMeHbLIMH Homep. Ilocime 3Toro oaHO3HAYHO
BBIOMpAETCS TaMIIIbTOHOB IIMKJI KaK HANMEHBIINH B JIEKCUKOTpa(pUIECKOM IOPSAAKE
TaKHUX MOCIIEI0BATENEHOCTEH.

Jnst monoOHOTrO poja 3agad MOXKHO HPEIUIOKHUTh B RSM alropuTMBbl THIA 4 Kak
Moaudukanuio arroputMoB tuma 3 ¢ BpemereM T = 2dgt1 unu T = 2dy, ecnu Her
nepudepuitHpix péoep. Maes aaropuTMoB OCHOBaHA Ha TOM (haKkTe, YTO PACCTOSHHE
MEXIy BEepIIMHAMHU B OJTHOM LMKJIIE OrpaHH4YeHo cBepxy He d < 2do, a mpuMepHO B
JBa pa3a MeHblIed BenumduHOW. [lokakeM (opMaibHO, 4TO KaxkIas BeplIMHA
y3HAeT O BCEX MPOCTHIX IHMKJIAX, B KOTOPBIC OHA BXOIHT, HE MO3XKe, YeM KOPEHb
y3HaeT Bech rpad. Kak mokazano B 1.0, kopeHb y3Haér Bech rpad uepes Bpems
2dot+1 nnm 2dg, eciu HeT nepuepUiHBIX pEGEP.

JefictBuTenbHO, MycTh pebpo ab u Bepmmua C BxomsaT B mpoctoit nukn (Puc. 3).
Hawm moctatouHo mokasaTs, 4To BpeMs t, uepe3 KOTopoe BepIiHa C y3HaeT 0 pedpe
ab, ue 6onbme 2dy+1 win 2dy, ecu HeT mepudepuitHeix pédep. OGo3HauNM: Uae —
paccTosiHHe MO LUKy OT a 1o C, dye — paccTostHMe no uukiy ot b mo ¢, d, —
paccrosHue oT a 1o kopHs, d, — paccrosHue ot b mo kopusa. Torna
t <min{d,+1+dy,, dp+tl+ds}. Ho dy < dg m dy < do. Hostomy min{d,+1+dyc,
dyt1+ds} < dg + 1 + min{dy, dac}. Tak Kak UK MPOCTOM, ero JuinHa Uy + dye + 1
< d+1 < 2dg+l, moatomy Min{dye, dac} < do. Tem cambiM, t < 2dg+1. Ho ecim
nepudepuitupix p€bep Her, To ymbo dy < dy, ;mmbo dp < do. Ilycts mams
onpezaenénnoctu dy < do. Eciu dy < dg, T0 da+1+dp. < 2dg + 1. Ecnm dpe > do, TO dye
< dp (tak kak dy + dye < 2dg), mostomy dp+l+d,. < 2dy + 1. Tem cambiM, eciu
nepudepuitHeix pédep Het, To t < 2d,.

root

Puc. 3. Bepuuna ¢ u pebpo ab 6xo0sam 6 00uH Yyuis.
Fig. 3. The vertex ¢ and the edge ab enter into one cycle.
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Anroput™bl THTIa 4 HWCTIONB3YIOT coobmenuss Cmapm knacca P ¢ ommueit O u
HugpoBcem xnacca M,, coodbmenvie @unuw He ucnonb3yetcs. [loBenenue Kaxmnon
BEPIINHBI 3aBUCHUT OT PEIIaeMOH 3a1adH.

Jus FSB kaxmas BepiIiHa oMedaeT BCe WHIMICHTHBIC €il péOpa Kak «MOCTBI», a
IIOTOM CHHUMaeT 3Ty NOMETKy sl peOpa, KOTOPHIH OKa3bIBA€TCA B HEKOTOPOM
mukine. s MST kaxmas BepIInHa IOMedYaeT BCe MHIMICHTHBIE eff péOpa Kak
«rpuHaiexkanme MST», a TOTOM CHHMaeT 3Ty MOMETKY i pedpa, KOTOPBIHA
OKa3pIBaeTcs pedpoM C HauOONBIIMM BECOM B HEKOTOpoM nukie. Jlis
raMWJIBTOHOBA LIMKJIA Ka)K/asi BEPIIMHA Ha KaKAOM payHIe, y3HaB O 4acTH rpada,
BBIOMpAET B HEHl MPOCTOW IMKJI, B KOTOPBII OHAa BXOJAWT, HAMOOJBIIEH UIMHBI U B
COOTBETCTBHM C JIGKCUKOTpaUYECKUM MOPSIKOM COOTBETCTBYIOILEH IHUKITY
MOCJIC/IOBATENIbHOCTH HOMEPOB BepIIMH. EciaM Takoil NWKI ecTh, BepIIMHA
IoOMeJYaeT [Ba HWHLOWACHTHBIX €H pebpa, BXOMSIMMX B O3TOT IHUKI, Kak
NpUHAJICKANINEe TaMIIBTOHOBY LUKy (€CIM Ha NpenblaylleM payHiae OblIH
MIOMEUYCHBI KaKHe-TO JIpyrue ABa pedpa, C HUX MIOMETKa CHUMAETCsl).

Korna xopens y3HaéT Bech Irpad, eMy HE HYKHO JOXHMIATHCS M3BEIICHHS OT BCEX
BEPIIMH O BBINOJIHEHNUH JIOKAJbHOW pa3sMETKH: OH MOJXKET cpa3y MOCJaTh BOBHE
3aBepIIarolee coo0IIeHNe O ToM, 4To 3amada peniena. s FSB wmu MST kopens
MOCBUIAET BOBHE COOOIIEHHME «MOCTHI pasMmedeHel» wian «MST pasmedeHo»,
COOTBeTCTBEHHO. IIpn moMCKe raMHIBTOHOBA IMKJIA KOPEHb CHadalla IpPOBEpSET
CYIIIECTBOBaHNE TaMIJIBTOHOBA LUKJIA 10 coOpaHHOH mH(popmanuu o rpade. Ecan
€ro HeT, KOPeHb MOChUIAET BOBHE COOOICHNE «raMUJIbTOHOBA LIMKJIA HET», a €CIH
€CTh, KOPEHb MIOCHUIAET BOBHE COOOLICHHE «I'aAMHIITOHOB LIUKJI €CTh U Pa3MEUCH».
Jns anroputMoB THIa 4 1O CPAaBHEHHUIO C AITOPUTMAaMH THMA 3 B RSM MEHSETCS
TOJbKO BpeMst T < 2dg+1, a ocranbHble oneHKH U3 0 COXpaHSIIOTCS.

3ameruMm, 4YTo B RAM aHAJOTHUYHBIA ajJroOpuT™M HE pabOTaeT, TaKk Kak H3-3a
Pa3IMYHBIX ¥ IEPEMEHHBIX BpEMEHax MepeMeleHus cooOImeHni o péopam KopeHb

MOXKCT y3HATh O BCEM rpa(be A0 TOI'0, KaK BCC BEPUIMHBI Y3HAJIN O MPOCTHIX NUKIIAX,
B KOTOPbIC OHU BXOJAT, T.C. 10 TOI'O, KaK B HUX 3aBE€pLICHA JIOKAaJIbHAasA pa3METKa.

7. Anecopummbl muna 5 - pa3memka 60 e8pemsi cbopa
uH¢opmayuu 0ns FSB u MST

Jns 3agad FSB 1 MST MOXHO NPEAN0XKUTh aNrOPUTMBI THIA 5 Kak MOIU(PUKAIIHIO
anroputMoB tuma 1 (0e3 «3KOHOMHON MOIU(UKAIIMNY»), KOTOPhIe pa3MedaroT rpad
3a ogHy mapy broadcast + convergecast. Coo6uienne Cmapm umeet kiacc P ¢
onmumeir O coxpaHeHusi obpaTHoro pebpa, a coobmenne HupoKopnio — B RSM
kinacc C, a B RAM — xnacc M,. OTimuue OT alropuT™MoB THra 1 B TOM, 4TO Tam
coobmienne Cmapm B RAM umen kinacc P 6e3 onmuit. Kak u 17151 anropuT™MOB THIIA
1 coobmenne Cmapm wuMeeT mapaMeTp HOMep 6Gepuiilvl, a COOOIIECHHUE
HugpoKopnro — napamerpbl Homep epuiunbl U MHOJCecmgo cocedell. Takxke 3TH
COOOIIEHNS! IMEIOT JOTIOJIHUTENBHBIE ITapaMeTpPhl, ONUCHIBAEMbIe HIXKE.
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Koner paboTbl KOpeHb OMpenesseT Tak, Kak OmucaHo Beime B 1.0, ¢ IMOMOIIBIO
IBYX OUTOBBIX LIKAIl: WIKAIbL 6CEX GEPUIUH T LUKATIA 6CEX COCEOEIL.

Unmes anroputMa OCHOBaHA Ha WCIIOJIB30BAaHUH 6EKMOPO8, THE 6EKMOPOM
Mapuipyma Ha3bIBaeTCs MOCICI0BATEIFHOCT HOMEPOB pEbep MapuipyTa, KOTOPBIit
npoxoautcs coobienneM. Ecnu pebpo ab mpoxoaurcst B Hanpasnerunu a—b, 1o B
BEKTOp IIOMEMIACTCS HOMEp 3TOro pebpa B BepiuuHE a. BEKTOp ImMyTH OT KOpHS
umeer pasmep O(dglogA) (B RAM O(DylogA), Ho Tak kak Dy < 2dg, To O(DglogA) =
O(dglogA)). nst B3BemmeHHOTO Tpada BEKTOpP, KpoMe HoMepa pedpa, COMEPIKHUT ero
Bec, OyneM Ha3bIBaTh TAKOW BEKTOP C BecaMu pEOEp 636elueHHbIM 6eKMOPOM, OH
umeer pasmep O(dologAw). Coobmienne Cmapm CONEPXUT TOTIOTHUTEIEHBIH
napaMeTp: 6eKmop Mapupyma, KOTOPbIi cOOOIIeHHe TPOXOIUT. Bekmop éepuiunbt
a — 3TO BEKTOp Mapuipyra M3 MEpPBOrO MOIYYCHHOTO BEPIIMHONW & COOOIIeHHsS
Cmapm, OH XpaHHUTCS B ICPEMCHHON 6eKMOp éepuiunbl 1 fanee 0003HaIaCTCs KaK
Vs, @ €ro UIMHa — Kak . 3aMeTuM, 4T0 (B3BELICHHBII) BEKTOP BEPIIMHBI — 3TO
HOCIIEIOBATEILHOCTh HOMEPOB (1 BECOB) MPSIMBIX PEOEP OT KOPHS O BEPIIHHEL
PaccMoTpuM cHTyaluio, KOr[a BepIIMHA & MoiaydaeT mo pebpy ab mosTopHOe
coobienne Cmapm ¢ BekTopoM Mapiupyta V. Eciu vV = Vg-i-j, To pebpo ab — npsimoe
B & ¢ HOMepoM | u obpatHoe B b ¢ HoMepoM j. B mpoTtuBHOM ciydae pebpo ab —
xopaa. Kaxnast xopzma ab o6pasyeT UUKII, COCTOSIIHI U3 3TOM XOPIbl U ABYX ITyTeH
[0 OCTOBY OT BepuinH & u b 1o paseunku C, rae pa3Buika C — 3TO Takas BEpILUKHA,
YTO MyTh IO OCTOBY OT KOPHS [0 C — 3TO HaMOONbIINiA 00mmil IpeduKe MyTe Ho
OCTOBY OT KOpHs 10 BepiuuH & u b (Puc. 4). Bekrop pa3uiiku V, eCTh HAaHOOJIBIIHI
001IIHi TIPEPUKC BEKTOPOB V, H V.

root

Puc. 4. Xopoa ab u paseunxa c.
Fig. 4. Chord ab and fork c.

[oBeneHue BepIIMHEI & TpU OOHAPY>KEHUH XOpabl ab ¢ pa3BHIKOH C 3aBHCHT OT
penraemotit 3anaun. st FSB kaxgoe peOpo nnkina Hy)KHO OMETUTH KaK «HE MOCT»
B 000uX ero koHuax. [Ipu 3ToM BepiHHa & JOJDKHA 00ECIIeUUTh MOMETKY XOp/Isl ab
B BEpIIMHE 8 W KaXXI0ro pedpa Ha IyTH OT & 0 C B 00omx ero koHnax. s MST
HYKHO TIOMETHTh KaK «HE HpuHaiexamiee MST» pebpo mukia ¢ HanOOIBIINM
BecoM. BepmmHa a nomkHa 00ecredynTs MOMETKY 3TOro pedpa IpH yCIOBHH, YTO
3TO Xopna (oMeYaeTcsl B BepIIMHE a) WIN peOpo MPHHAUICKUT IMyTH OT a 10 C
(momeuaeTcs B 060ux ero KoHmax). st 06enx 3a1a4 npu oOHapyXeHHH XOpbl ab
BepInuHO# b, BepmmHa b obecrieunBaeT BBITOMHEHHE aHATOTHIHON PabOTHI.

Bepmmna a momeuaet xopay ab (mast MST eciu €€ Hy)XHO MMOMETHTB) Cpasy, Kak
TOJIBKO OOHApPYKHBACT 3TY XOpAy. A ungopmayuio o pazmemxe 0cmosa, T.€. 0 TOM,
Kakue pEéOpa HY)XHO MOMETHUTh Ha IyTH OT & 10 C, BEpIIMHA a@ IOMEMIaeT B
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napameTpsl coznaBaeMoro et coobmenust HughoKopnuio. Omaako 310 cooOIeHe
co31aéTCsl BEPIIMHON a I1ociae oOHapyKeHHs He OJHOM Xopasl ab, a Bcex xopi,
MHIUICHTHBIX &, T.€. TI0CIe MOIyYeHUs] BEPIIMHON & coobiieHuss Cmapm 10 BceM
MHIUICHTHBIM BepuinHe a pédpam. [TosTomy nHpopmanus o pa3MeTke OCTOBa s
Bcex xopx abs,aby,...aby ¢ pasBuikamu Cq,Cy,...Cx 00beAMHsIETCS. 3aMETUM, YTO BCE
9TH Pa3BUIKHU Cy,Cy,...Cx PACMONATAIOTCS HA OJHOM IyTU OT KOpHs 1o a. [Tycts € —
Onmwkaiilias K KOPHIO pa3BUJIKa CPEIU Pa3BUIIOK Cy,Cp,...Cx T.€. MMEHOIIAsl BEKTOP
HauMeHbmei umHbl 1= min{re,,re),...I }-

Hus FSB pesymerar o0benuHEeHHs WHOOPMAIMH O pa3METKE OCTOBa — 3TO BCe
pé&6pa Ha myTH OT & 10 C. JIocTaTouHO yKa3aTh IyTh IO OCTOBY OT KOPHS 10 &, T.C.
BEKTOP Vu, M YHCIIO ' KaK HHACKC MO BEKTOPY V,: MOMETHUTh HYKHO Bce péOpa,
COCIMHSIONINE BEPIIUHBI C BeKTOpaMu Vy[1..j] m Va[1.j+1], tne ry >j>r.

Hus MST pesynsraToM 00beOUMHEHUS HHPOPMAIMK O Pa3METKE OCTOBA SIBISCTCS
MHOYKECTBO p&Oep Ha IyTH OT & 0 C. JIOCTAaTOYHO yKa3aTh BEKTOP V, H MHOXECTBO
uHAeKCOB {Iy,l,,...I} [0 BEKTOPY V' MOMETUTh HYKHO peOpo, COeTUHSIOIIIE
BEpIIMHBI ¢ BEeKTOpaMU Vy[1.. 1j] 1 V[1..1j +1], tme j = 1..k. MHoxecTBO {Iy,l3,...1}
MO’KHO 33j1aBaTh OMTOBOH miKanoii pasmepom O(dy).

Wubpopmarnust 0 pa3MeTKe 0CTOBA 3aBUCHT TAKIKE OT MOJICIIH.

B RSM coobmenne HugoKopuio nmeer xmacc C M mochuiaeTcst Mo odpaTHOMY
peOpy mociie TOro, Kak moiydeHsl cooOrienus HugpoKopnro mo BceM NpsIMBIM
pEéopam. IToaTomy B BepIlMHE MPOUCXOTUT 00bEIUHECHUE HHGOPMALIUU O Pa3METKE
OCTOBa W3 BCEX INPHUHUMaeMbIX coobuienuii HugpoKopnio, pe3ynbraT Takoro
oO0beanHeHnsT BcE paBHO uMeeT BUI (Vo) mis FSB wmu (Vo,{ry,ra,...1}) mas MST.
Kpome Ttoro, coobuieane HugoKopuio nuraercss W3 BEPHIMHBE 8 K KOPHIO IO
OCTOBY, IIO3TOMY BEKTOP V, MOXHO HE YKa3blBaTh. TakuM oOpa3oMm, B RSM y
coobwenuss HughoKopnio ectv napamerp ungopmayus o pazmemxe ocmosa Buaa r
pasmepom O(logdg) st FSB wmu {ry,rs,...r} pasmepom O(dg) wist MST. Bepiuna
X, monmydasi mo pebpy i coobuierne HugpoKopuio, moMedaeT Kak «HE MOCT»
oOparHoe pebpo, ecnu 1t FSB r < ry win s MST rj+1 = ry uist HekoToporo j, u
peobpo i, ecu it FSB 1 < 1, v ot MST 1 = 1 111 HEKOTOPOTO j.

B ®RAM coobmenne HnghoKopuio pacupoCcTpaHsIeTCs MHOXKECTBEHHON PacChUIKOM,
MOSTOMY BEKTOp V, HYXXHO YKa3biBaTb. TakuM o0Opa3oMm, B RAM y COOOIICHHS
HugpoKopuio ectb napamerp ungopmayus o paszmemke ocmosa Bumga (Vg,r)
pasmepom O(dglogA+logdg) = O(dologA) mnst FSB wmu (Vg {ry,ra,...I}) pasmepom
O(dplogA+d,) = O(dologA) mnss MST. BepuirHa X, nosydast no pedpy i coobuieHue
HngpoKopnio, nenaet takue e OMETKH Kak B RSM, HO TOJIBKO MPH YCIOBUH, YTO
OHA JISKHT Ha IyTH OT KOPHS JI0 &, T.€. Vy < Vj.

st anroput™oB Tuna 5 oueHku npuseeHs B 0.

Tabn. 3. Oyenxu ancopummos muna 5.
Table 3. Estimations of algorithms of type 5.
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FSB | MsT FSB|MST
MODEL RSM RAM
Classes, P(options) P(0)+C P(O)+M,,
A O(dglogA) | O(dglogAw) | O(nlogdy)
M; and S; = O(nlogn) | =O(nlogn) |=O(nlogn)
Ma 0(nAdglogA)|O(nAdglogAw)|O(n?Alogd,)
S =0(n’logn) | = O(n’logn) |= O(n*logn)
T <2dg+1

8. 3aknroyeHue

B cratee paccmaTpuBaeTCsi MOJENb PACIPENEIEHHONM CHCTEMBI C BBIJIEIEHHBIM
KOpHEM, C KOTOPOTO HAUWHACTCSA M B KOTOPOM 3aKaHYMBAETCS paboTa aaropruTMOB.
IIpemmaraercss 8 THUMOB anroputMoB (IO 4 UIsI CHHXPOHHOTO M aCHHXPOHHOTO
BapHaHTOB CHCTEMBI) Ul pelIeHHs Jro00d 3amaun Ha HyMEpOBaHHOM
HEOPHEHTHPOBAHHOM Tpad)e, OCHOBaHHBIC Ha cOope mH(popMamu o BcéM rpade B
KOpHEe WK B Kaxmoi Bepmmue. st Tpéx 3amau (MIS, FBS u MST) npuBonsarcs
HIDKHUE OIIGHKH CIIOKHOCTH, a alrOPUTMBI ONTUMH3UPYIOTCA 0o mamsaTd. Kpome
TOTO, JUIA 3ajlay, UIMEIOIIUX OJHO3HAYHOE pEIlIeHHe, 3aBUCSINEe TONBKO OT MPOCTHIX
uukioB (B yactHoctd, FBS, MST, mouck ramMmibTOHOBa IMKJIA), MPEAJIAraroTcs
ITOPUTMBI C MUHUMAJIBHBIM BpEMEHEM pabOThl B CHHXPOHHOM BapUaHTE MOJICIIH.
Mg nByx 3aga4 (FBS u MST) mpemiosxeHs! anropuTMbl, KOTOPBIE ONTUMAJIBHBI IO
BPEMEHH KaK B CHHXPOHHOM, TaK ¥ B aCHHXPOHHOM BapHaHTaX MOJIEIIN.

JI71st CHHXpOHHOM HEKOpHEBOM MoJienu, B yacTHOCTH, Moaelu LOCAL cymecTByroT
3¢ QeKTUBHbIE AITOPUTMBI PEICHUs] Pa3IMYHBIX 3a4ad Ha rpadax, B TOM YHUCIe
pannoMusupoBaHHble. [103TOMy OZHMM U3 BO3MOXKHBIX HAIIPABJICHUN JajlbHEHIINX
WCCIIEIOBAaHUM IpeanoyiaraeTcsi H3Yy4eHHE BO3MOXKHOCTH CHMYJSIIMH — 3THUX
JIrOPUTMOB B KOPHEBOM MOJIENU, KAK CHHXPOHHOM, TaK U aCHHXPOHHOM.
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Distributed algorithms on rooted undirected graphs
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Alexander Sortov <sortov@ispras.ru>
Ivannikov Institute for System Programming of the Russian Academy of Sciences,
25, Alexander Solzhenitsyn st., Moscow, 109004, Russia.

Abstract. Distributed algorithms of solving problems on undirected graphs are considered. In
section 2, a model is defined featuring a root as a starting and ending point of the algorithm
execution. Synchronous and asynchronous versions of the model are described. In section 3,
algorithms of solving any problems are suggested based on collecting information on the
whole graph in the root or in any vertex, as well as, on the graph labeling (its vertices and/or
edges), if required. Emphasis is made on the time of the algorithm execution or on saving
memory in vertices and total size of transferred messages, if this time is minimal. The rest of
the paper considers optimizations for particular problems: creation of Maximal Independent
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Set (MIS), Finding Set of Bridges (FSB), creation of Minimum Spanning Tree (MST) in a
edge-weighted graph. In section 4, a modification of general algorithms for these problems is
suggested decreasing the estimate of memory size of vertices and messages. Section 5
includes lower-bound estimates of solution complexity for these problems. In section 6, for
synchronous model, the time of algorithms execution with graph labeling is decreased to the
lower bound for problems with single-valued solution depending on only simple cycles of the
graph, in particular, FSB, MST and the problem of Hamiltonian cycle search. In section 7,
time-optimal algorithms for FSB and MST are considered for both synchronous and
asynchronous models. Conclusion summarizes the results and outlines the directions for
further research.

Keywords: rooted undirected graph; distributed algorithms; graph problems; maximal
independent set; minimum spanning tree; finding bridges.
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MporpammMmHoe obGecnevyeHne ons co3gaHus
afanTUBHbLIX CETOK

A.H. Cemaxun <arte-semaki@yandex.ru>
Mockosckuii I'ocyoapcmeennviii Texnuueckuu Yuusepcumem um. H. O. baymana
105005, Poccus, Mocksa, 2-s baymanckas yn., 0. 5, cmp. 1

AHHOTaIIl/lﬂ. B oaToit cratbe Mol npeaAcTaBIAEM HpOFpaMMHI;IfI HaKeT i CO3JaHusA
AJANITUBHBIX KOHCYHO-PA3HOCTHBIX CETOK YE€PE3 MNPCACTABICHUC THUAPOMEXaHUYCCKUX
NEPEMEHHBIX Pa3pCKCHHBIM  PAOOM BCHBJICTOB. HpI/IBOI[HTCSI TEXHUYCCKUEC JI€Talln
peann3anuu. B YaCTHOCTH, OIMCaHbl MCIOJB3YEMBIC CTPYKTYpPbI JaHHBIX H croco0
pacnapajuiCauBaHusA BeIUUCICHUH. Takke IMpEACTaBJICHBI PE3YJbTaThl PECHICHUA HEKOTOPLIX
(1)I/ISPI‘—ICCKI/IX 3a71a4 C MPUBJICYCHUEM JaHHOTI'O MTaKETa.

KuioueBble c/10Ba: IpOrpaMMHOE 00€CIIeueHIe; BEMBICTHI; A THBHBIEC CETKH.
DOI: 10.15514/ISPRAS-2017-29(5)-15

I nutupoBanus: Cemakun A.H. [IporpammHoe obecrieueHue Ui CO3IaHUs aTalTUBHBIX
cerok. Tpynet UCIT PAH, tom 29, Beim. 5, 2017 ., crp. 311-328. DOI: 10.15514/ISPRAS-
2017-29(5)-15

1. BeedeHue

IIpakTuuecku Bce (U3MUECKUE MPOILECCHl OAHOBPEMEHHO MPOTEKAIOT B INHPOKOM
JMamna3oHe MPOCTPAHCTBEHHBIX MacmTaboB. Hampumep, mepeHOC mpuMeceil B
atMoc(epe 3aBUCHUT Kak OT KpymHoMacmTabuo# nupkymsuuud (~10 TsIc.
KAJIOMETPOB), TaK W MeJIKoMacmrTabHoi koHBeknuu (~100 MeTpoB MM MEHbIIE).
Xapaktep MHOro(a3HbIX TEUEHHH OIpPEAEsIeTCs HE TONBKO (akTopamu,
JICUCTBYIOIUMHU B MaciuTabe Bce 00nacTu (reOMeTpHsi TPaHHUIl, TPaBUTALUS U T.11.),
HO M B 3HAYUTENHHON CTENEHHM 3aBHCUT OT MeX(a3HbIX B3aUMOJEHCTBHIT Ha
rpanuie paszaena §as, rie IpOUCXOJUT PE3KOe U3MEHEHHE MATEPUAIbHBIX CBOMCTB
Cpeapl.

Jis JOCTYOKEHHS BBICOKOW TOYHOCTH B XOJI€ MOJEIHPOBAHUS YHCICHHBIC METOMBI
JIOJDKHBI pa3peniaTth Bce BOBJICUCHHBIC MPOCTPAHCTBEHHBIE MACIITAOKI, YTO TPeOyeT
HAJIMYHST OTPOMHOI0 00beMa BEIYMCIUTEIBHBIX PECYpCOB. B pe3ysbrarte momoOHbIe
pacdersl JOCTATOYHO CJOXHO U JOPOro MPOBOJMTh HAa PEryJsIpHOH OCHOBE.
OnHaKo, JOBOJILHO 4YacTO He TpeOyeTcs pPacCUUTHIBATH BCIO PAacCMaTpUBAEMYIO
00J1aCTh ¢ OJIMHAKOBO BHICOKMM YPOBHEM TOYHOCTH. OOBIYHO B KaXKIbIA OTACILHBIN
MOMEHT BPEMCHH MaJlble MPOCTPAHCTBEHHBIC MACHITa0bl  MPOSBISIOTCS Ha
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HECKOJIbKMX OTHOCHTEIHLHO MAJICHBKHX YyJacTKaxX MCXOMHOHW pacueTHO# obmactu. B
OCTaNbHBIX YaCTSAX HMCXOMHOM ob0macTn (u3WdecKkue IepeMeHHBIE H3MEHSIOTCS
TUIABHO W MOTYT OBITh pacCYWTaHBl Ha TPyOOi ceTke 0e3 MOTepH TOYHOCTH. JTa
0COOCHHOCTh OBITa IOJIOXKEHa B OCHOBY IEJOTO psda METOIOB pacdera Ha
aJalTUBHBIX CETKaX.

B 37Ol cTaThe MBI MPEACTABISIEM NPOrPAMMHBIM MAKET CO3JaHUS aJalTHBHBIX
CETOK C TIOMOIIBIO OHOTO W3 CYIIECTBYIOIIMX ITOAXOJOB — TEOPHH BEHBIIETOB.
Ora ajganTuBHAas TEXHMKAa IO3BOJISET HAaM KOHLIEHTPUPOBATb TOYKU CETKU B
obnacTsix, Te TUIpOoIMHAMUYECKHE TIEpEeMEHHBIE (CKOPOCTh, INIOTHOCTb, JaBJICHUE,
KOHIICHTpAlMsi XHUMHYCCKUX KOMIIOHGHTOB H T.JA.) MPETEPIeBAIOT pe3KHe
M3MEHEHHMsI, U pa3pexarb CETKy B 00JacTiX, I STH IEPEMEHHbIC U3MEHSIOTCS B
He3HauuTenpbHOM  cremeHu. Cama  Teopust  BeiBIETOB  NpenOCTaBiseT
MaTeMaTHYECKUl HMHCTPYMEHT [UIs BBIACNCHHA Takux obOmacteit. Cpean
XapaKTepHBIX OCOOCHHOCTEH HAIIero MPOrPaMMHOTO TaKeTa MOXKHO BBIICIHTH:
3((HeKTUBHBIN adTOPUTM Pa3NIOKCHUS THAPOTUHAMUICCKAX MIEPEMEHHBIX B P IO
BeliBieTaM C OBICTPHIM BBIYHCICHHEM BeHBIET-KOI(D(OUIINEHTOB, OBICTPHIHA
ANTOPUTM  afJanlTalliil CeTKH Ha OCHOBE TOJIYYCHHOTO psAga BeEHBIETOB,
BO3MOXKHOCTh TPUMEHCHHS KOHEYHO-PA3HOCTHBIX CXEM BBICOKOTO MOpSIKa
TOYHOCTH (3 ¥ BBILIE), CIIOCOOHOCTH KOHCTPYHPOBATh OJJHO-, IByX- U TPEXMEpHbIE
CETKH.

CraThsi OpraHH30BaHA CIEIYIONMM 00pazoM. B paszene 2 omucaHBl OZHOPOJHBIC
CCTKM MW TpU BHJA aJalTUBHBIX CCTOK, IMOKa3aHbl IMPCUMYHICCTBA aJallTUBHOTO
U3MeNbYeHUs CeTOK. B pasnene 3 mepeunciieHsl CYIIECTBYIOIINE HPOTpaMMHBIE
MaKeThI IO MOCTPOCHUIO aAallTUBHBIX CETOK. B pasaeine 4 MMPUBCACHBI HEKOTOPLIC
TCOPECTUYCCKHUE TMOJIOKEHUA METO/ A MOCTPOCHHUA aJallTUBHBIX CETOK C IMOMOIIBIO
BeliBNeTOB. B pazmenax 5 u 6 mpeacTaBieHbl HUCHOJB3YIOUIMECS B HAIIeM
MPOTPAMMHOM TIaKeTBl CTPYKTYpHl JaHHBIX M CIOCOO pacmapauleIMBaHUs
BEIYUCIICHHHA. B paznene 7 mpuBeneHBl HEKOTOPBIE IPUMEPHI YACICHHBIX PACYCTOB.

2. OOHOPOOHbIe u adanmueHble cemku

JIro00# KOHEYHO-Pa3HOCTHBIH METOJ Npeodpa3yer nuddepeHuanbHoe ypaBHeH e,
ONHKCHIBAIONICE TOT WIM HWHOH (PHU3MUYECKUHA Iporecc, B KOHEYHO-PAa3HOCTHOE
ypaBHCHHE, OIpENeIeHHOe Ha HEKOTOpOH pa3HocTHOW ceTke. [lomaBisromniee
OOJNBIIMHCTBO YHCIICHHBIX METOJIOB HCIIONB3YET OAHOPOIHBIE CETKU C MOCTOSTHHBIM
WHTEPBAIOM MEXAY y3JIaMH. OTOT HHTEpBal OOBIYHO BBIOMpAETCS TaK, YTOOBI
pelleHre Pa3HOCTHOTO YPaBHEHHUs OBUIO KaK MOXKHO OJIMKE K PEIICHHIO UCXOIHOTO
muddepeHInanIsHOTO ypaBHEHHS.

OpHopomHas ceTKa 00ecreunBacT PAaBHOMEPHOE pa3pelicHHe BCEH pacdeTHOH
obmactu. Ecnm ruppoMexaHWUYecKne TEPEMEHHBIE HMEIOT PE3KHE TPAaTUCHTHI B
KaKoOi-TO OJHOW HEOOJBIIOW YacTH pacdyeTHOW oO0NacTH, W O UX pacdera
TpeOyeTCsl JOCTAaTOYHO MeJKasi CEeTKa, TO MBI JOJKHBI HUCIIOJIB30BATh 3TY MENKYIO
CEeTKy BO Bcell oOnacTh, HECMOTps Ha TO, YTO ISl TOJIYUYCHHUs pelIeHHs C
MIPUEMIIEMOI TOYHOCTHIO B OCTaJIBHON YacTH 00JIACTH MOXHO 33/IeHCTBOBAThH OoJiee
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rpy0Oyro cetky. Takum 00pa3oMm, HCHONB30BaHUE OXHOPOJHON CETKH MPHUBOIHUT K
Hed(pPeKTHBHOMY pacxoJOBaHUIO MMEIOIUXCS BHIYHCIUTEIBHBIX PECYPCOB.

OmHAM W3 BO3MOXKHBIX ITyTE€H pemIeHHs 3TOH MpOOIEeMBI SBISIETCA MEPEXoXl OT
OTHOPOJHBIX CETOK K aJalTUBHBIM. AIANTHBHBIE CETKH yBEIMYMBAIOT IUIOTHOCTH
Y3JI0B B OOJNIACTSIX C PE3KHMH M3MEHECHUSAMH THAPOJNHAMHYCCKUX MEPEMEHHBIX H
YMEHBIIAIOT TaM, I/I¢ 3HAYeHHS IepeMEHHBIX MeHSroTcs ciaabo. Kpome Toro,
aJanTHUBHBIE CETKH MEPecTpamBarOTCI C TEUYeHHEM BpEMEHH BCIeI 3a
KOHHTrypanueii MOTOKa. OTH CBOWCTBA MHUHUMM3HPYIOT TpeOOBaHHUS K
BBIUYUCITUTCIBHBIM CHCTEMaM, TaK KaK YHCJICHHBIC QITOPUTMBI 3aHUMAIOT HE
0OJBIIEe BBIUMCIUTEIBHBIX PECYPCOB, YEM UM HYXKHO JJIsl JOCTHXKCHHUS 3aJaHHOU
TOYHOCTH.

CylecTByeT HECKOJIBKO TMOAXOIOB K TOCTPOCHHUIO  QJalNTHBHBIX  CETOK:
KPUBOJIMHCHHBIC CETKH, BIIOKCHHBIC CCTKH M AJalNTHBHOC H3MEIbUCHHE CETOK
(AHC).

KpuBonuHeitHbIe CETKH CTPOSTCA C MOMOIIBIO KPUBOJIUHEHHBIX CHCTEM KOOPAMHAT,
KOTOpBIE CIrYyIIAIOT CETKY BJOJb OJHOW WM HECKOJbKMX KOOPAMHATHBIX
HaIpaBJICHU. B pe3yabTate 00pasyroTcst XOpOIIO  pa3peuiCHHBIC
MPOCTPAHCTBCHHBIC MOJOCHI, KOTOPHIC MEPECEKAIOT BCIO PACUCTHYIO 00JacTh B
HalpaBJICHUH, TEPICHANKYIIPHOM COOTBETCTBYIOIIEH KoopauHate. JInmib
HeOoNpIIass 4yacTh Kakaod Takoil monocsl (~20% wim MeHbIIe) MPUXOTUTCA Ha
00J1acTh Pe3KOTO M3MCHEHUS THAPOMEXaHUICCKUX MepeMeHHBIX. OcTaipHas 9acTh
(~80%) mpuxoauTCs HA y4acTKH, MOJAPOOHOE pa3pelieHrue KOTOPBIX He TpeOyeTcs.
Takum 00pa3oM, XOTS KpPWUBOIUHEWHBIE CETKH HMCIOT CYIICCTBEHHO MCEHBIIHN
pa3Mep 1Mo CpaBHEHHIO C OJHOPOTHBIMHU CETKAMH, 3HAYUTEIbHAS IO Y3JIOB TAKHX
CETOK HUCTIONIb3yeTCs KpaliHe Hed((HeKTHBHO.

BriokeHHBIE CETKH OOBIYHO COCTOSAT W3 OCHOBHOW pPa3peXCHHOW CETKH,
MOKPBIBAIONICH BCIO 00JAacCTh, U HECKOJNBKUX IOMOTHHUTENBHBIX CETOK MEHBIIETO
pa3mepa U ¢ OOJBIICH MIOTHOCThIO TOYEK, KOTOPHIE BCTPOCHBI B OCHOBHYIO CETKY
Ha y4yacTkax, TpeOyrommx Oojiee MoApOOHOTO pa3peuieHus, 4eM OCHOBHAs 4acTh
obnactu. lcmosib30BaHME JIOTIOJIHUTEIBHBIX BCTPAHMBAEMBIX CETOK KOHEYHOI'O
pasMepa yOupaeT HM30BITOYHOE paspelieHHe 3HAUYUTENbHBIX YYaCTKOB HCXOJHOMN
0071acTH, BO3HUKAIOIIEE MPU HCIOJIH30BAaHUHA KPHUBOJIMHEHHBIX CHCTEM KOOPIMHAT,
U, CIIeIOBAaTeIbHO, emle OONbIe YMEHBIIAeT pasMep ceTkd. OOBIYHO Ha TPAKTHKE
UCTIONB3YIOT Ha0Op W3 OCHOBHOW KPYIMHOW CETKH W OJHOW WIM JIBYX
MOCJIEIOBATENEHO BIOKCHHBIX JIPYT B ApyTra MajbIX CETOK.

Kak kpuBONMHEWHBIC, TaK U BIIO)KCHHBIC CETKH HMEIOT (DPUKCHUPOBAHHBIA pazMep,
KOTOPBIA 3a/laeTcs BPYYHYIO B HAYaJIbHBI MOMEHT BPEMCHH M HE MEHSCTCS BO
BpeMsl pacueToB. DTO 03HAYACT, YTO JAHHBIC CETKH HE CIIOCOOHBI pearupoBaTh Ha
TUHAMUYECKHE W3MCHCHUS TMPOCTPAHCTBEHHBIX MAaCIITa0OB U TpeOYIOT uX
MpeIBApUTCILHON OLECHKK. Takke M TIOCTPOCHUS IJTHX CETOK Tpedyercs
npeaBapuTeNbHas HMHGOpPMAanUsA O BO3MOXHOM  paclpelelicHHH 3HAYCHUH
THIPOMEXAaHMUECKUX IEPEMEHHBIX B PaCUETHOH 00JIacTH.
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B oTnMume OT ONMMCaHHBIX BBINIE MOJXOMOB K IOCTPOCHHIO ATANTHUBHBIX CETOK
meronel AUC CITOCOOHBI TUHAMHWYECKH aanTHPOBaTh CETKY K JIIOOBIM
0COOEHHOCTSIM TeueHUs 0e3 KaKoH-TnOo MpenBapuTeNbHON HHGOpMaIii. MeToas!
ANC aBTOMaTHYECKH H3MENBYAOT WIH OTPYOJSIOT CETKY B 3aBHCHMOCTH OT
TEKYIIEro paclpeieieHuss 3HAuYeHHH TUAPOMEXaHUYECKHX MEePEeMEHHBIX B
pacdeTHOl  00JlacTW  COMJIACHO  33JaHHOMY  aJalTallMOHHOMY  KPHTEPHIO.
B03MOXXHOCTh OIEpaTUBHO HM3MEHSTH pa3Mep CeTKH mo3Boisier Mmeromam ANWC
MTHOBEHHO pearupoBarh Ha JII00ble H3MEHEHUs B MPOCTPAHCTBEHHBIX MaclITadax,
MOJJIEp KU Basi TOYHOCTh PacYeTOB Ha 33/IaHHOM ypPOBHE.

3. lMpozpammHbIe nakembi Onss AUC

B omimune oT MeTo/0B, paboTAIOIMX C CETKaMH, CTPYKTypa U pa3Mepbl KOTOPBIX
M3BECTEH 10 Hayana pacyeroB, AMC paboTaeT ¢ JMHAMHYECKH M3MEHSFOLIMMUCS
CeTKaMH, CTPYKTypa KOTOPBIX 3apaHee HEM3BECTHA, YTO CHIIBHO YCJIOXKHSIET 3aJady
3((eKTUBHOTO MPECTaBICHAS aJaITUBHON CETKH B MAMSTH KOMITHIOTEPA, a TAKXKe
MOCJIEqYONIe padOTHI C Pa3THYHBIME €€ YACTSIMU.

Bonpimas tpynoemkocTs pa3paboTku mporpammuoro koaa moa ANC mpuBena k
MOSBIICHUIO M PACIIPOCTPAHCHHIO Psa TOTOBBIX IMPOTPAMMHBEIX MPOAYKTOB IS
MOCTPOCHUS W YIPAaBJICHHSA AaJalTUBHBIMH CETKaMH. Takhe WakKeThl OOBIYHO
COZIEpXKAT CUCTEMY IIePEeMEHHBIX, (DYHKIMIA W KJIACCOB, HAIMCAHHBIX HAa OJHOM M3
SI3BIKOB IIPOTPaMMHPOBAHUSA BBICOKOTO YpPOBHA. VX MOXXKHO BKIIIOYHTH B COCTaB
COOCTBEHHOTO TPOTPaMMHOTO MPOAYKTA W HCIIONB30BaTh, HE pa3dmpast moapoOHO
BHYTPEHHHUE JIETAIN Peasi3aliy, YTO CYLIECTBEHHO COKpAIlaeT BpeMs HallMCaHHs
COOCTBEHHBIX MTPOTPAMM.

Ha pmanHBIE MOMEHT B MPOTPaMMHBEIX ITaKeTaX pPealH30BaHBl JIBE CTPATETHH
u3MenbueHus: cetku. I[lepBast cTparerusi UCHOJB3YeT HEPAPXUI0 CETOK, KOTOPHIE
NPUHAJJIEKAT Pa3HbIM YPOBHSIM pa3pelieHus] M IOKPBIBAIOT IOCJIEA0BATENbEHO
YMEHBIIAIIYIOCS YacTh HMCXOMHOW obOmacté (cM. puc. la). B aToM momxone
M3MENbYAIOTCSl  OTHOCHTENIbHO  OonbIiMEe  OJIOKM  sSY€eK  CeTKH, KOTOpBIC
UCIIONIb3YIOTCS B KaueCTBE OCHOBHBIX IPOrPAaMMHBIX €MHUIl TPH TOCTPOCHUH
CTPYKTYp JaHHBIX. M3-3a peryssipHoil (OpMbI CETOK, BXOASAIIMX B HEPapXHIO,
JIOCTAaTOYHO CJIOKHO A(PPEKTHUBHBEIM 00pa30M OXBATUTh Pa3NIMYHBIC HEPETYISIPHEIC
TEYCHHS C TEMU WIH WHBIMH OCOOCHHOCTSMH. B 3TOM ciydae CyIIECTBEHHOE
KOJIMYECTBO TOYEK OyNeT MPHUXOIUTHCA Ha yYacTKH, He TpeOyromme MoapoOHOro
paspemnicHUs. BcenencTBHE OTHOCHTENBHOW MPOCTOTHI pealu3alliy OJABIISIONIAs
4acTh IPOrPaMMHBIX IIAKETOB peaIn3yeT HMEHHO 3TOT MOAXOJ IOCTPOEHUS
amantuBHbIX ceTok: PARAMESH [1], AMRCLAW [2], AMROC [3], Enzo [4],
HAMR [5], DAGH [6], AMR++ [7], SAMRAI [8], AMRCART [9], IAMR [10].
Bropast cTpaTerus UCIoJb3yeT AJIsl K3MENbYCHUsI OT/ICNIbHbIE SIUEHKH CeTKH BMECTO
ux OmokoB. Kaxxaas sueiika MokeT ObITh IO/IENIEHa Ha HECKOJBKO JOYEPHUX siYeeK
MEHBIIIETO pa3Mepa He3aBUCUMO OT OCTAIBHBIX (CM. puc. 10). B pesynbrate nannas
cTparerusi obnamaer OoNbIIed TMOKOCTHIO, HO MPOU3BOJUT CETKH HEPETYISIpHOU

314



Cemakun A.H. TIporpaMmHoe oGecriedeHne JUisi CO3AaHus afanTHBHBIX ceTok. Tpyosr UCIT PAH, 2017 ., Tom 29, BbI.
5, ctp. 311-328

(OPMBI, UTO YCIOXXHSET UX IPOTPaMMHYIO pealu3aluio. [13-3a 3Toro JuIIb 04eHb
HeOOJIBIIOE YMCIIO IIAKETOB PEean3yeT JaHHyo crparernto (anpumep, Gerris [11]).
Ha puc. 2 moka3aHel HpUMEpHl aJalTHBHBIX CETOK, IMOCTPOEHHBIX II0 00eUM
CTpaTerusaM. AJANTHBHBIE CETKH MMCIOT JBa YPOBHS Pa3peIICHUS W ITOKPHIBAIOT
HeKkoe 00JIaKO XMMHYECKOrO0 KOMIIOHEHTa, 3aHMMAloLiee JIMIIb YacTh PacyeTHOH
obmactu. CeTka, OCHOBaHHas Ha OJIOKaX, COCTOUT U3 IBYX OJIOKOB Pa3HOTO pa3Mepa
(puc. 2a). bompimoii 010K pa3pemnaer BCIO pacueTHYIO 00JacTh Ha IIEPBOM YPOBHE,
a BTOpOH OJIOK UCTIONB3YeTCs U1l paspeleHns o0jlaka Ha BTOPOM ypoBHE. X0poIIo
BUJIHO, YTO YacTh sYEEK BTOPOro OJIOKa JIEKUT 3a IpefelaMu olyiaka H,
CJIE/IOBATENILHO, UCTIONIB3YETCSI HEepallMOHANBHO. B cBor0 ouepenp BTOpOH ypoBEHb
aJalTUBHOM  CETKHM, ITIOCTPOCHHOW IIyTeM H3MENBYCHHUsS  s49eeK, HMeeT
HEpETYJISAPHYIO CTPYKTYPY U COAEPXKHT TOJIBKO TE€ SUCHKH, KOTOPBIE pa3pellaroT
camo obOmako. Takum o0Opa3om, JaHHas CeTKa MOAPOOHO pa3pemiaeT TONBKO Ty
YacTh WCXONHOH o0ONacTH, KOoTopas HYyXZaeTrcs B 3ToM. B pesynbrate pasmep
JAHHOM CETKH CYLIECTBEHHO YMEHBIIACTCS [0 CPABHEHHIO C OJIOYHOIA.

Hamr nporpaMMHBIil TaKeT UCHONB3YeT TPEThIO CTPATETHIO H3METIBYCHHS CETKH —
U3MENBbUCHUE CETKH Ha OCHOBE y3710B (puc. 1B). Korna Bo3HMKaeT HEOOXOIMMOCTB,
T000i1 y3ed1 CeTKM Ha IAaHHOM YPOBHE pAa3pelIeHHs MOXET MOPOIUTh 10 8
JOYCPHHX Y3JIOB B JBYXMEPHOM Cllydae M JI0 26 JOYEPHHUX Y3JIOB B TPEXMEPHOM
ciydae Ha OoJiee BBHICOKOM YPOBHE paspelleHus. [IpH H3MeNbYCHHH SYEeK MBI
HOJTy4aeM TOJIBKO 4 W 8 TOYEPHHX SYEeK B IBYXMEPHOM H TPEXMEPHOM CITydasX,
COOTBETCTBEHHO (cpaBHUTE puc. 16 u 1B). B pesynprare mis obecnieueHus: Tou xe
MEJIKOCTH Hallla CeTKa TpeOyeT MEHbBIIETO YHCIIa YPOBHEW pa3pelieHus, YTO BIeYET
3a co00if MeHbIIIee BpeMsl IOCTYNA K KaKAOMY OTIEIbHOMY Y371y CETKH.

a) 6) B)

Puc. 1.Cnocobwl usmenvuenusi cemxu. (a) na ocnoge 610ko8, (6) Ha ocHoe sueex, (8) Ha
OCHOGe V31108.

Fig. 1. Approaches to the grid refinement: (a) block-based grid, (b) cell-based grid, and
(c) point-based grid.
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a) 0)

Puc. 2 [Ipumepvl adanmuguvix cemok ¢ 08yMs YPOSHAMU paspeuteHus: (a) Ha ocHoge 010K08,
(6) Ha ocHose Aueek.

Fig. 2. Examples of the adaptive grids with two levels of resolution: (a) block-based grid and
(b) cell-based grid.

4. Adanmauyusi cemku ¢ NOMoWwbio seliesiemos

PaccMoTpuM peann30BaHHBIM B HalleM MaKeTe CHOCO0 MOCTPOSHUS adalTHBHBIX
CETOK Ha OCHOBE TEOPUHU BEMBIETOB.

B mob6oi MmomeHT BpemeHnu t, aocratouHo riajakas Gyskuus f(X) moxer ObITh
pasnoxeHa B psiJ 1o BeiBneram [12]:

f(X)=zbk(Pk(X)+zz D)k (x), 1)
K =1 Kk
rne | — yposeHb paspemenus, K — monoxeHue B mpocTpaHctee, ¢ (X) —

macmrrabupyromas dynkims, W, (x) ={y| (x),n=1,...,a} — Bekrop BeiiBneToB

u Dy ={d,n=1..,a} — BexTop ko3punKenHTOB BeiiBneTOB. 3HaueHus o , K
M X 3aBUCAT OT PasMEPHOCTH MPOCTPAHCTBA: Uil TPEXMEPHOIO MPOCTPAHCTBA
a=7, k=(,j,k), X=(XY,2Z), 11 IByXMEpHOTO IIPOCTPAHCTBA « =3,
k=(@,]), x=(x,y) u s omHomepHoro mpoctpanctea a =1, K=(i), x=(x).
Hdnst psna (1) pa3paboTaHO MHOXKECTBO pa3MYHbIE CEMEHCTB BEHBIETOB H
Mmacirrabupyrommx ¢yHkimid. Mbl ucronb3yeM BeiiBieTsl cemeiicTBa Deslauriers-
Dubuc [13]. Bsibop paHHOrO cemeiicTBa OOYCIIOBJICH BO3MOXHOCTBIO Kak
MOCTPOEHMSI CaMUX BEHBIETOB, TaK M BBIYMCIEHHS HX KOI()(PHUINEHTOB B
paznoxkenun (1) ¢ MOMOMmBIO  CHENHMATBHOW  JIOCTATOYHO  MPOCTOM
HHTEPIOJISAIHOHHON cxeMsbI [14].

B psne (1) macmrabupyronme GyHKIUH @) (X) HCIONB3YIOTCA AN MPEACTABICHHUS
OCHOBHBIX KPYNMHOMAacIITaOHbIX oOcoOeHHocTeil mnoBenenuss ¢yHkuun  f(X).
BeiiBieTsl ), OMHCHIBAIOT MOBEJCHNE (QYHKUMH Ha MEIKHX MacimTabax. Yem
BBILIIE YPOBEHb paspeieHus |, Tem MeHblie Bkiaj BeiiBineroB B pyHkuuo f(X) .
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IlockonbKy BKnaj BeiiBnera i, B psan (1) ompexensercs BeaMYMHON ero

kodpduumenta d,', , MBI MOXKeEM CIKaTh NIPECTABIEHHE (YHKIMH ITyTeM OTCEUCHHS

BeifBNeTOB, YbM KOo3(ummeHTH MeHbIIe HeKkoToporo mopora ¢. Ilopor ¢
BBIOMpPAETCS TOCTATOYHO MaJIbIM, YTOOBI ynanuTh u3 psjaa (1) TOoIbKO Te BEWBIIETHI,
KOTOpBIE HECYT JIMIIb HECYIIECTBEHHYIO MH(OPMAIMIO O noBeaeHNH (QyHKuuu. B
pe3yabTaTe MoJlydyaeM pa3pexeHHbIH ps/] BEHBICTOB:

J
F200 =20 () + D] > Dy (%) )
k I=1|d]>¢
rre f°(X) — oto ammpokcumanus ¢yHkmum f(X) ¢ ommOkoil, 3amaBaeMoii
MOporoM &, J — KOHEYHBIH MaKCHMAalbHBIH YPOBEHb pPa3pelICHHs, KOTOPBIA

3aBUCHT OT BEIMYHMHBI & . PaspexeHHbId psn (2) COAEpKUT NHIIb HeOONbIIOe
YHCJIO 3HAYMMbIX BEMBJIETOB.

N3 cmocoba mocTpoeHusi BeiBiaeToB cemelictBa Deslauriers-Dubuc BeiTekaeT
B3aUMHO-0JJHO3HAYHOE COOTBETCTBHE MEXY BEHBIETaMH M TOUKaMH (HU3HIECKOTO
IIPOCTPAHCTBA, T.€. KAXKIbIM BEHBJIET ACCOLUUPYETCS C ONPEACICHHONW TOYKOM.
[ToaTomy pazpexkeHHbIN psin (2) 3a7aeT MHOXKECTBO TOYEK MPOCTPAHCTBA, KOTOPHIE
00pa3yloT CeTKy CO CTyLUICHUSMH B 00NacTsx OBICTPOrO W3MEHEHHs 3Ha4CHHH
¢byHKIHH.

MHOeCTBO 3HAYMMBIX BEHBJIETOB OIMCBHIBAET TOJILKO TCKYHICC TIOBCIACHUC
¢yHKIMM B JaHHBIE  MOMeHT BpeMeHH. OpHako (U3MYECKHE TPOLECCHI
Ppa3BUBAKOTCA CO BPEMCHCM. 9T0 MPOABIACTCA B MOCTOSSHHOM IOABJICHUNW HOBBIX
Jerajeill B IPOCTPaHCTBEHHOM pacipesielieHu GyHKuuu f , KoTopble 0TCYTCTBYIOT

B JAHHBII MOMEHT BPEMEHHM U, CIeOBAaTeIbHO, HE MOTYT OBITh OIMCAHBI
3HAYUMbIMH BeiiBiieTaMi. UTOOBI y4ecTh BO3MOXKHBIE HM3MEHEHUsI B IOBEICHUH
¢GbyHKIMHM, B paspexeHHbld psag (2) HEoOXOoIUMO J00aBUTH JIOMOJIHHUTENbHbIC
BEHBIIETHI, YbH KOG GUIMEHTH! B JaHHBI MOMEHT BPEMEHH MEHBIIIE TIOpora & , HO
MOTYT Iiepecedb ero B Ommkaiimem Oyngymem. Bwmecre 3HaumMmble #
JIOTIOJTHUTEIbHBIE BEHBIETH 00pa3yl0T MHOXECTBO aKTUBHBIX BEIBIIETOB, KOTOpHIE
HCTIONB3YIOTCS TIPH MTOCTPOSHUHN aJallTUBHOM CETKH.

5. Cmpykmypa 0aHHbIX

Baxueiimeld  petanpio  11000r0  MPOrpaMMHOrO  HakerTa,  IMPOM3BOJSIIETO
aJanTHUBHBIE CETKH, SABIAETCA CTPYKTypa JaHHBIX, HCIOJNb3yemas  IJis
MIPEICTaBICHUS 3TOW CETKH. BRIOOP CTPYKTYpHI JaHHBIX 3a/1aeT MOPSIOK PaboThI C
JAaHHBIMH, CHOCOO0 WX XpAaHEHHWS B MaMATH KOMITBIOTEpAa M AJTOPHUTM JOCTYIIA.
@DaKTHYECKN TPABMIBHBIA BBIOOP CTPYKTYpHI MJaHHBIX OIpPENENseT CTEleHb
3¢ GEKTHBHOCTH IPOTPAMMHOTO TIAKeTa.

CrpykTypa DaHHBIX — 3TO COBOKYITHOCTH HEKOTOPBIX OJHOTHUIHBIX 3JIEMEHTOB,
XpaHAIUXCA B MaMATH KOMIBIOTEpPa, W HAOOp omepanmil s paboThl C ITHMHU
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3NIEMEHTaMH. BBIIEISIIOT aBa MNOAXOAAa K CO3JAHUIO CTPYKTYp JMAAHHBIX —
CTaTUYECKHN U TUHAMUYECKHI.

Cratndeckasl CTPyKTypa JaHHBIX OCTaeTCs HEM3MEHHOW BCE BpeMsi paboThHI c ee
anemMeHTaMu. OHa nMeeT (UKCHPOBAHHBIM pa3Mep W pa3MeniaeTcs B IHaAMATH
KOMITBIOTEpPa B MOMEHT 3allyCKa NpOTpaMMbl. B pe3ynpTare naHHas CTPYKTypa
crioco0Ha MPEIOCTaBUTh OBICTPHIN JOCTYH K JI0OOMY cBoeMy 3ieMeHTy. OIHako
TaKhe ONEpalliM KakK [OOaBICHHE M YyJAJICHWE HOBBIX 3JIEMEHTOB TPeOYIOT
nepeopMUpOBaHKs Cpa3y BCEH CTPYKTYpHl JaHHBIX, YTO 3aHUMAET JOCTATOYHO
Ooubioi 06seM BpeMenu padotel CPU. IIpumepom cTaTHuecKUX CTPYKTYP JaHHBIX
CILy)KHT MaCCHB.

Jlunamudeckasi CTpPYKTypa AaHHBIX — 3TO CTPYKTYpa, KOTOpas MOXKET U3MEHSTh
CBOH pa3mep BO BpeMs paboThl porpamMmMbl. Kakzplil ee aeMeHT pa3Mmeniaercs B
MaMsTH TOJIKO TOTZA, KOT/a IOSIBIISIETCS] HOBAsl MOPLUS JaHHBIX. Bce HeakTHBHBIE
3JIEMCHTBI CBOCBPECMCHHO YAAIANOTCA W3 MaMATU. HOE)TOMy JUHaAMHUYCCKas
CTPYKTYpa JAaHHBIX COJEPKHT TOJBKO aKTyaJbHYI0 HH(POPMAIMI0 M 3aHHUMaeT
MHHHUMAaJIBHO BO3MOXHBI 00BEM MamsTH. B oTinmume oT cTaTHyecKoil CTpyKTypHI
3/lech Olepanuy I00aBIeHUS M yJaJCHHS 3JIEMEHTOB BBIIOJHSIOTCS IPEIEIHHO
ObBICTPO, HO TMHAMHYECKOE Pa3MEIICHHE B ITaMATH OUYCHb CHIIBHO 3aMEJUISET JOCTYII
K K@KIOMY OTIECIbHOMY 3i1eMeHTy. [IpumepaMn TMHAMHUYECKHX CTPYKTYpP JaHHBIX
SBJISTFOTCSI IEPEBbS M CIIMCKH.

OnHOpoAHAs CeTKa — 3TO HEM3MEHHOE MHOXKECTBO y3JIOB, 3aHHMAIOILINX OJHHU H TE
JKE€ TIO3MLIMH B TPOCTPAHCTBE BCE BpeMs pacdyeToB. PazMep W IIOJIIOXKECHHE
OJTHOPOJTHOM CETKH 3a[Jar0TCsl 3apaHee U He MOTYT OBITh H3MEHEHBI. ENMHCTBEHHAs
orieparysi, KOTopasi BBINOJIHIETCS ¢ CETKOH — 3TO AOCTYII K €€ y3iaM. [lostomy mis
OJTHOPOJIHOI CceTKM HauboJiee IMOIXOIAIIEH SBISETCS CTaTudeckas CTPYKTypa
IaHHBIX.

AnanTHBHas ce€TKa — 3TO MHOXECTBO y3JIOB NEpEMEHHOro pa3mepa. Takas ceTka
MOCTOSIHHO JTOOABIISIET M YJAQJSeT Y3Jbl, CJelys 3a JBOJIIOLMEH MOJEIHPYeMOTO
¢usnueckoro mporecca. JlroOOW UYHMCIEHHBIH aITOPUTM, OCHOBAaHHBIH Ha
aJaNTUBHOMN CEeTKe, HCIOJb3yeT BCE OCHOBHBIE ONeparuy (IIpSIMOH TOCTyTI, BCTaBKa
U ynaneHue) mpu pabore ¢ ee y3namu. Taioke aJanTUBHAas CeTKa HWMEET
MEHSIIOIIYIOCS CO BpeMEHEM HeperyisipHyo Gopmy.

Ecnu ajganTuBHYIO CETKy MpPEACTaBIATh CTAaTUYECKONM CTPYKTYpOH JaHHBIX
perynsipHoit Gopmbl (HalmpuMep, MacCUBOM), TO 3Ta CTPYKTypa JOJDKHA COJepkKaTh
M30BITOYHOE YKCIIO JJIEMEHTOB, YTOOBI YUeCTh HEPETYISIpHYIO (DOpMY aJanTHBHOM
CeTKM ¥ MHUHUMH3MPOBAaTh 4YHCIIO OIepaluii BcraBKH/ypaneHus. HeoOGxomumoe
YHCIIO 3JIEMEHTOB HAaMHOTO OoJble (IMpUMepHO Ha 3-4 mopsisika), 4eM MpeJiesbHOe
YHCIIO Y3JI0B CETKH, KOTOpBIE DEAbHO HCIONB3YIOTCS B pacyerax. IlosTomy
CTaTHYECKHWE CTPYKTYpbl JaHHBIX KpalHe Hed(Q(EKTUBHBI ISl  ONUCAHHA
aIalTUBHBIX CETOK, IIOCKOJBbKY IporpaMma 3a0upaeT CYIIECTBEHHO OOJIBIINMA
00bEM MaMsITH, YeM PEeabHO UCIIOIBb3YeT.

Bonee addextuBHas ¢dopma TpencraBieHHs AJaNTUBHBIX CETOK — 3TO
JMHAMHUYecKass CTPYKTypa JaHHbBIX. Ee cBoiicTBa MOJIHOCTBIO OTBEYAIOT BCEM
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TpeboBaHusAM d()PEKTHUBHOTO TPEICTABICHHUS ATANTHBHON ceTKU. JluHammueckas
CTPYKTypa JAHHBIX MOXET MMETh HeperypHylo (opMy, ¥ KaIbli ee JJIeMEHT
MOJKET OBITh OBICTPO INOOABIICH WIHM yNAJIEH NPH HEOOXOIWMOCTH. JTH CBOMCTBa
HO3BOJIIIOT HaM pa3MeliaTbh B HAaMATH CTOJBKO 3JIEMEHTOB JAHHBIX, CKOJIBKO MBI
MMEEeM Y3JIOB B CETKE, M JIETKO MOAM(PHUINPOBATH CaMy CETKY BO BpEMs PacyueToB.
EnuHCTBEHHBIN HEOCTATOK TAKOro NMPENCTaBJICHHUS — 3TO MEMJICHHBIH JOCTYI K
y3J1aM.

D¢ dexTrBHas peau3anys aJalnTHBHBIX AITOPUTMOB MOAPA3yMEBAET CIEAYIOLIHE
TpeOOBaHUs K IUHAMUYECKOH CTPYKType NaHHBIX: 1) OBICTPBIA JOCTYI K JH000MY
JNIEMEHTY CTPYKTYpbI, 2) OBICTpOE yAajeHWe CTapblX M J00aBJe€HHE HOBBIX
JJIEMEHTOB B CTPYKTYpe, 3) JIMHEeHHas 3aBUCUMOCTh pa3Mepa MaMsTH, 3aHUMaeMOH
CTPYKTYpO#l JaHHBIX, OT pa3Mepa aJanTHBHOW CeTKH, 4) BO3MOXXHOCTb
3¢ }eKTHBHOro pacnapaieIHBaHNs BEIYUCIUTEIHHOTO aITOPUTMA.

Kak Ob110 YIIOMSHYTO BBIIIE, HaH6onee IOAXO0AAIITUM BI)I60pOM T TpEACTaBJICHU
aJanTHUBHOM CETKM sABJIseTCAd JUHAMHUYECKas CTPYKTypa maHHBIX. JlroOyro
aIaNTHBHYIO CETKYy MOXKHO INPEACTaBUTh B BHIE JepeBa WM CBS3HOTO CIIMCKA.
Kaxgas W3 9THX CTPYKTyp HMEET CBOM NpPEUMYLIECTBA M HENOCTAaTKH. [lepeBo
NPEIOCTABISCT OBICTPBIN TOCTYN K CBOMM JJIEMEHTaM, a CBSA3HBIA CIUCOK Ooiee
HOAXOIUT JUIsl OpraHU3alNH IapaUIebHbIX BEIYUCIICHHUH.

B Hamieil paboTe MBI IPEICTABIIIM AJANTHBHYIO CETKY B BHIE KOMOWHAIIMY JepeBa
M CBS3HOTO CHUCKa (cM. pHC. 3), YTO TO3BOJACT BOCIOJB30BATBCA HUX
NPEUMYLIECTBAMH W B3aHMHO HEHWTpanM30BaTh MX HENOCTaTKH. Tak, MBI
UCIIONB3yeM JIepeBO A OBICTPOro JOCTyHNa K HEOOXOAMMBIM Y3J1aM CETKH H
CBSI3HBIN CHHCOK /IS HapaJlIeNbHBIX BBIYUCICHUI. B mocienHeM ciydae CBSI3HBII
CIIMCOK JICJIUTCS HA HECKOJIbKO JIOYEPHHMX CIIMCKOB, KOTOPBIE PAaCHpEIelIsIoTCs
MEX/1y MapajuIeIbHBIMK MPOLIECCOPAMH.

JepeBo — 3TO CTPYKTypa JIAHHBIX, COCTaBJICHHAas M3 3JEMEHTOB, COJICpIKALIUX
yKa3arelid Ha Jpyrue 3JeMeHThl. B aepeBe, UCTIONb3YIOIEeMCs sl IPEICTaBICHUs
OJTHOMEPHOM CeTKH, KaX/Iblil DJIeMEHT UMeeT He Oojiee 2 ykazaTesell Ha 3JIEMEHTBI,
NPE/ICTABIISIONINE Y3JIbl CETKU Ha CJIEYIOLIEM YPOBHE pa3pelieHus. B 1ByxmepHom
U TPEXMEPHOM CIIydasx KaXIbIi 3JEMEHT MMeeT 1o § wiau 26 ykasaTeneidl Ha
JIOYEpPHUE DJIEMEHTHI C 00Jiee BBICOKOTO YPOBHS paspelleHHs, COOTBETCTBEHHO.
[NonoxxeHne NOYEPHUX DIEMEHTOB B TPEXMEPHOM Cllydae IOKa3aHo Ha puc. 4.
CBSI3HBII CHHMCOK MpEACTaBIsIeT COOOHW TpPYMIy 3JIEMEHTOB, BBICTPOCHHBIX B
HEKOTOPO# MocieoBaTeIbHOCTH. Ka bl 2JIEMEHT COAEPKHUT JaHHbIE M CCHUIKY
Ha CJICTYIOIIMH 3JIEMEHT CIINCKA.

Jnsi npencTaBieHUsl JepeBa U CBSI3HOTO CIUCKA B OJHOMEPHOM CIIy4ae MBI
OTpe/IeNiIM TPOM3BOAHBIN THI maHHBIX type Point ... end type Point. Kaxmprii

9JIEMEHT COJEP>KUT HHIEKCHI (i,l), JIEBBIM M TPaBblil yKa3aTelIW Ha JOYEpPHUE
JJIEMEHTHl B JI€pEBE€ U yKas3aTelb Ha CIEAYIOIIMH 3JIEMEHT B CBS3HOM CIHCKE.
VHaeKcsl 2eMeHTa ONpeAesioT ero Mecto B aepeBe (I — ypoBeHb, Ha KOTOPOM
HAaXOJUTCSI DJIEMEHT B IEPeBe, CUNTAs OT KOPHS, | — MHJCKC MO3HLUH dJIEMEHTA Ha
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ypoBHE |) W TONOXKEHWE B IMPOCTPAHCTBE COOTBETCTBYIONIETO y3Jla CETKH Kak

x=i/2". Jlessuit yKa3aTelb CChUIAETCS Ha ONIDKaWIIMK y3el CETKH C YPOBHA
paspemierust | +1, 4psi mpocTpaHCTBEHHAs KOOPJAMHATA MEHBIIE, YeM KOOpJIUHATA
JAHHOTO 3ieMeHTa. [IpaBeIi ykas3aTenb CChUIACTCS Ha ONDKAHIIHMKA y3eN CETKH C
ypoBHSL paspemieHust |+1, 4Yps mpocTpaHCTBEHHas KOOpAWHATa OOJIbILE, YeM
KOOpAMHATa IaHHOTrO smeMenTa. Kaxapri snemeHt thma Point oxHOBpeMeHHO
UMEeT YKa3aTelH, HeoOXOIUMbIC Ui €ro BKIIOUEHHA KaK B JIEPEBO, TaK WU B
CBSI3HBII CIIHCOK, T.€. MBI HE AYyOJHMpYyeM 3JIEMEHTbI — 00€ CTPYKTYpPBI JaHHBIX
COCTOSIT U3 OJHHUX U Te ke deMeHToB. Ha puc. 3 xaxaplil y3en ceTKu 0JHO3HAYHO

UAeHTUUIUPYETCST apon (i,l), KOTOpasl ONpEIEsIeT €ro IOJO0XKEHHE KakK B

JIEpEBE, TAK U B CBSI3HOM CITUCKE.
(5,4) (7,4)(9,4)

Tree

(U-1)
® © 000000 0o 0 o
Adaptive grid

(0 1X1.3) (1 2) (5.4) (33) (7.4) 51 1) (9.4) (53) (3,2) (7,3) (1,0)

Linked list 011 3) -
Parallel list 1 (O—iO—HS!S) T4 (11) 0)
Parallel list 2 (m.ﬂ)
Parallel list3 e—e—e—@

Puc. 3 Ilpedcmasnenue adanmueHoil cemku 8 8Ude 0epe6a U C8s13H020 CNUCKA.

Fig. 3. A representation of the adaptive grid in the form of a tree and a linked list.

Puc. 4 Hexomopuiil a1emenm (mpeyeoibHuK) co cGOUMU OOYEPHUMU dNeMeHmamu (Kpyeu) 8
mpexmepHoMm depege.

Fig. 4. A node (triangle) and its child nodes (circles) in the three-dimensional tree data
structure
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JIByMepHbIE W TpexXMepHbIE CETKH OTIUYAIOTCA OT OJHOMEPHON OJHOW M ABYMS
JOTIONTHUTEIBHBIMA ~ Pa3MEPHOCTSMH,  COOTBETCTBEHHO.  31eChb  DJIEMEHTHI

XapaKTepu3yloTcs Tpemst Wi 4detbipbMs uHaekcamu — (i, 1) B aByxmepHOM
cayaae u (i, j,k,1) B TpexmepHOM ciyuae. JlaHHBIE MHJEKCHI ONMPENEIAIOTCS M3

POCTPAHCTBCHHBIX ~KOOPAMHAT ~COOTBETCTBYIOIUMX y3MOB CeTkdH X =i/2',
y=jl 2' 1 z=k/2". Taxxe kasplii oneMenT coJiepkuT 8 wiu 26 ykaszaTesnei Ha
JIOYEPHHE DIEMEHTHI HAa ypoBHE |+1 B JepeBe M OMMH yKasaTesb Ha CIAEMYIOIHH
JJIEMEHT B CBS3HOM CIIHCKE.

JInst TUCKPETH3alUU MPOCTPAHCTBEHHBIX IMPOM3BOIHBIX HAll MAkeT (OPMHUPYET
KOHEYHO-PA3HOCTHEIE MA0IOHEI 10 8 MOPsIAKa TOUHOCTH BKIIOYUTENLHO. J{JIs 3TOro
CrenranbHas MpOIeAypa MINET DJIEMEHT JepeBa, ONKaUmui K JaHHOMY, |
NPMHUMAET PACCTOSHME 10 HEro B IPOCTPAaHCTBE 3a uar mabinona. Jlaiee
npoueaypa I00aBiaseT B WIa0JNOH BCE HEOOXOAMMBIE COCEIHHME DIIEMEHTHI,
PAcCTOSHME 0 KOTOPHIX KPaTHO WIary ImabioHa. B ciydae AByX u Tpex U3MepeHuit
wa6aoHbl GOPMHUPYIOTCA BIOJb KaXKIOr0 HAIpaBJIeHUs. 3aMETUM, 4TO IA6IOHbI B
pasHBIX HANpaBICHHAX MOTYT WMETh pasHble mard. B Tume Point ma6non
PEJICTABIEH MACCUBOM YKa3aTellell Ha COOTBETCTBYIOIINE 3JIEMEHTBL

I[J'If[ pa6OTI>I CO CTPYKTypaMU OAHHBIX HaM TAKXC HYKHblI BHCIIHHUC CCBUIKH Ha
KOpEHb JiepeBa U Ha MEPBBIM 3JIEMEHT CBA3HOTO CIUCKA. JIMCTUHT mporpamMmsbl s
OOHOMEPHOI'O U TPEXMCPHOI'O CJIYYa€B MPUBECACH HUXKC!:
1. Program listing for the 1D case in FORTRAN
type Child
type(Point), pointer :: ref
end type Child
type Point
integer :: i, |
type(Child), allocatable, dimension(:) :: d_dx
type(Child), dimension(1:2) :: links_ to_the_children_in_the_tree
type(Point), pointer :: link_to_the_next_node_in_the_list
end type Point
type(Point), pointer :: head_of the_linked_list
type(Point), pointer :: root_of the tree
2. Program listing for the 3D case in FORTRAN
type Child
type(Point), pointer :: ref
end type Child
type Point
integer i, j, k, |
type(Child), allocatable, dimension(:) :: d_dx,d_dy,d_dz
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type(Child), dimension(1:26) :: links_ to_the children_in_the_tree
type(Point), pointer :: link_to_the_next_node_in_the_list

end type Point

type(Point), pointer :: head_of the_linked_list

type(Point), pointer :: root_of the tree

6. MNapannenbHas peanu3sayus

JIro60i1 YMCTICHHBIH METOA, NCTIONB3YIOIINN afalTHBHEIC CETKH, BEITIOIHACTCS B IBa
mara: TMOCTPOEHUE aJalTHUBHOM CETKM W YUCJICHHOE pEIIeHHWE MOJENIbHBIX
ypaBHeHmil. Ha o0Oomx miarax BBINOJNHSAETCS MOCICIOBATEIBHOCTE HEKOTOPBIX
omepanuil B KaXI0W TOYKe aJanTHUBHOW CETKU. DTH omepanuud OepyT TeKylIHe
3HAYCHUS THIPOMEXAHMUYCCKUX MEPEMCHHBIX B OJIMKAWIINX TOYKAX CETKH M JAIOT
HOBOE 3HAYEHHUE JJIs JaHHOW TOYKH:

new _

ooV = £(cM, e, c%) k=12,..,n, ?)
rac CEeW nu Cgld — HOBOC U TeI(YH.lee 3HAYCHU FH,Z[pOMexaHI/I‘IeCKOfl HepeMeHHOﬁ

new v
B Touke k. Tak kak PE3yabTaThbl BBIYMCIICHUSA Ck B JTaHHOM TOYKE HC 3aBHCAT OT

AHAJIOTUYHBIX PpE3YyJIbTaTOB B JAPYrux TOYKaX, KaxJaad olepaius MOXKCT
BBITIOJIHATHCA B IapaJlJICJIbHOM PEKUME.

AjanTrBHas CeTKa Kak MHOXKECTBO TOYEK CIYXXHUT 0a3ucoM JUlsl NapajieibHOM
peanu3alyy YUCIeHHBIX MeT0I0B. C IOMOIIBIO OTAENBHON HPOLETypPbl MHOXKECTBO
Y3JIOB CETKU JIENUTCS Ha IOJMHOXKECTBA OJIMHAKOBOTO pa3Mepa, KOTOphIE B
JaJbHEeHIIeM MOTYT OBITh NepeJaHbl MapaIebHBIM MIpoIieccopaM I 00paboTKH.
Torma mocienoOBaTENHHOCTh OIEpAlUil, COCTABISIONAS YHUCICHHBIH alropuTM,
OyZeT BBITONHATHCS KaXIBIM IMapajuIeIbHBIM IPOIECCOPOM Ha BBIACICHHOM eMy
MTOJIMHOKECTBE TOUEK ceTku. Hampumep, ceTka Ha puc. 5 coctout u3 12 y3m0B. Ot
Y3JIBI paCTIPEICISIFOTCS MEXKIY 3 TPOLIECCOPAMH TaK, YTO KaXKIIBIA TIPOIIECCOp MMEeT
4 y3ma. [lanee mpoIieccopsl BHITOTHSIOT TOCIEIOBATENBFHO Omnepayu 1 1 2 TOJIBKO
Ha MIPUHAIISKAIINX UM TOYKAaX, T.. OJHOBPEMEHHO oOpabaThiBaroTcs 3 y3ma. [lis
KaXJI0TO0 y3jla BPEMS BBINTOJIHCHUA OT}IeJ’IbHOﬁ ornepanuu OAUMHAKOBO. Taxxke Y3JIbI
MOTYT 00pabaTbIBaThCsl B J000H mocienoBarenbHOCTH. [loaTOMY pacmhpeneneHue
Y3JIOB MEXJAy MpoleccopamMH IMpou3BojibHO. Hanpumep, Ha puc. 5 y3isl
pacnpezienieHbl 110 IPOIECCOpPaM  IOCIENOBaTeIbHO ClIeBa HampaBoO: IEpBbIil
mporeccop obpadateiBaeT y3ibl 1-4, BTOpoMy MPUHAIIEKAT Y3IIbI 5—8, a TpeTheMy
JocTaroTes mocieanue y3uel 9—12. Ecim Obl MBI pacmpelnenwin Y3Ibsl B JIPYroi
MIOCJIE/I0BATENILHOCTH, 00I1Iee BpeMs: paboThl He U3MEHUIIOCH OBI.

7. MpumepsbI pacyemoes

Msl npuMeHmIH pa3paboTaHHBIA MPOTPAMMHEIA TTAKET K PEIICHHI0 HECKOJIBKUX
¢dusnueckux  3ajad:  JOBIDKEHHE B [OCJIEIOBATENIBHO  CYXKAlOLIEeMCs |
pacmupsitonieMcst moroke (puc. 6), mepeHoc obiaka npuMecu depe3 Tuxuii oxeaH
n3 Kuras B CIIA (puc. 7) 1 mogbeM Kariy ToyryoJia B Boje (puc. 8).
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‘ ‘ ‘ ‘ Data after operation 2

operation 2

‘ ‘ ‘ ‘ Data after operation 1

operation 1

‘ ‘ ‘ ‘ Initial data

1 2 3 CPU number

* o sepssns s » @ Jrid

Puc. 5 Pacnpedenenue mouex cemxu mexncoy npoyeccopamiu.

0711 NPOBedeHUs NAPATIETbHBIX BbIYUCTEHULL

Fig. 5. Distribution of grid nodes among CPUs for the parallel implementation.

JIBrmXeHue B CyXKaroLIeMCs-PacIIUpSIOIIEMcs MOTOKE M B aTMOc(epe ONMChIBaCTCS
OJIHUM YPAaBHEHHMEM aJBEKLIUU MACCOBOM JJOJU HEKOTOPOIO MOAEIBHOIO BEUIECTBA,
KOTOpasi MCIIOJIb30BAJIaCh B KAUE€CTBE BXOJAHOU NEPEMEHHOM IIPOrPaMMHOIO MAKETa
Il TOCTPOEHUS aNanTHBHON ceTku. JIBWKeHHe Kalii Tojyoja B BOJE
ONHKCBHIBAETCSI TIONHOM CHCTEMOH ypaBHEHHMH THUIAPOMEXaHMKH (ypaBHEHHE
Hepa3pBIBHOCTH, ypaBHEHHE UMITyJIbCa u ypaBHEHHE AIBEKIHH
XapaKTepUCTUYECKON (YHKIMHK). AJaNTUBHASL CETKa B 3TOM ClIydae CTPOWJIACh 10
JIBYM II€PEMEHHBIM — XapaKTePUCTHIECKOH (QYHKIIMN ¥ KHHETHYECKOH SHEPTHH.
Puc. 6-8 mnoxa3pIBalOT, YTO ajanTHBHAs CETKa, IOCTPOCHHAs C MOMOUIBIO
pa3pabOTaHHOTO MPOTPAMMHOTO TIaKeTa, MOAPOOHO pa3pemaeT YYacTKH, IJe
THIPOMEXaHUYECKUE TIEPEMEHHbIE IPETEPIEBAIOT PE3KHe H3MEHEHUs (BHYTpH
obyaka TpUMeCH M Kalllh), W HCIOJb3YeT KPYNHBIM IIar MeXIy Yy3JlaMH B
OCTalIbHOM 00JacTH. AJanTHBHAS CETKa MMEET MUHHMAJIBHO BO3MOXHBIH pa3Mep
(Ha 3—5 MOPSAAKOB MEHBIIHH, YeM KBHBAJICHTHAS € OJTHOPOJHAS CETKa), IPH ATOM
OHA JIOCTATOYHO BEJHMKA, YTOObl YUYMTHIBATH BCE BO3MOJKHBIE IMHAMHUYECKHE
W3MEHEHHS B TIOTOKE M HE BHOCHUTH KakuX-MHOO wnckaxeHuid. Hampumep,
YHCJICHHBIE 3KCIIEPUMEHTHI IIOKAa3aJM, YTO IOCTOSIHHAS IEPECTPOIKA CETKU B XOAE
pemieHns MPUBOANT K KpaifHe HE3HAUHTEIbHOM OMMOKEe B COXpaHEHHH MacChl, He
peBocxoismIeH mo xoay pacuetos 0.02%.

JleTanbHBI aHanMW3 JBYXMEPHOTO JIBWXEHHsS oOnaka mpumeced Han Tuxum
OKEaHOM MOKeT ObITh HaiimeH B [15]. AHanu3 TpeXMepHOTO IBWXEHHS 00JaKa
npuMecei B aTMocdepe U IBIKEHHUS KAk TOIyoja B BoJe OyAeT OImyOIMKOBaH B
HNOCJIEAYIOLUX CTaThsX.
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b) Adaptive grid
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Puc. 6 [euscenue obnaxa npumeceii () u 2601104UsL COOMEEMCmMayroueti a0anmusHou
cemxu (b) 6 cyscarowemes-pacuupsiowemcss nomoke 0Jist Pa3IUYHbIX MOMEHMOE 6PEeMEHU

@, @), @)

Fig. 6. Evolution of (a) a plume and (b) the corresponding adaptive grid in the convergent-
divergent flow at different time moments (1), (2), (3).
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Puc. 7 Ilepenoc obnaxa npumeceti nao Tuxum oxearom 1-o02o mas 2001 200a (sepxmsis
nawnenv) U cOOMEemcmeyouas a0anmueHdas Cemxa (HUMCHAA NAHeNb).

Fig. 7. Pollution plume transport over the Pacific Ocean in the free troposphere on May 1,
2001 (the upper panel) and the corresponding adaptive grid (the lower panel).
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1 a) Droplet 1 b) Adaptive grid
gravity
™
N
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Puc. 8 [Toovem kannu monyona 6 6ode. 30ece Kanis u cOOMEemcmseyouds a0anmueHas
cemKa NoKa3anwvl 01 Ha4aIbHo2o (1) u Hekomopo2o NPomeNCcymouHozo (2) MoMeHmos
BPEMEHU.

Fig. 8. Evolution of a toluene droplet rising in water. Here the droplet and the corresponding
adaptive grid are shown for the initial time moment (1) and some intermediate time moment
(2) in the left and right panels, respectively.

8. 3aknroyeHue

MBsI pazpaboTany MporpaMMHBIH MaKeT JUIs CO3JaHus OHO-, IBYX- U TPEXMEPHBIX
a/IalTUBHBIX CETOK. AJaNTalys OCHOBaHA HA TEOPUH BEHBIICTOB M OCYILECTBIISIETCS
yepe3 pa3lIOKeHHE OJHOM WM Oosiee THIPOMEXaHHMYECKHX MEPEMEHHBIX B DAl
BeiiBNIeTOB. B KOMIBIOTEpHOH NaMsATH TOCiEe IOCTPOCHMS aIalTHBHAs CeTKa
NPE/ICTABISsIETCST B BUJIE KOMOMHAIMM JABYX PAa3HBIX JWHAMHYECKHX CTPYKTYD
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JAHHBIX — JiepeBa U CBA3HOTO crucka. COBMECTHOE MCIOJIB30BAaHUE ABYX CTPYKTYP
JAaHHBIX TIO3BOJISIET IOJJICP)KUBATH COOTBETCTBUE MEXKIY IPOCTPAHCTBEHHOM
CTPYKTYpO#l CeTKM M ee NpOrpaMMHBIM IpEICTaBICHHEM, NP HEOOXOIUMOCTH
MONMy4aTh OBICTPBIH  JOCTYm K J000H Touke ceTkn W APPEKTHBHO
pacrnapauieiuBaTh BHIYNCICHUSI.

[IporpamMmHBIH MakeT ObUT MPUMEHEH K MOAEIHPOBAHNIO HECKONBKHX (HH3MYECKUX
npo6sieM. BeIo mokasaHo, 4TO aganTHBHAsS CETKA, MOCTPOCHHAS HAIIUM ITAKETOM,
MO3BOJISIET MOJYy4aTh YUCIEHHOE pEIIeHHEe XOPOUIero KauecTBa U IPH 3TOM
HOJIEPKUBATh pa3Mep CETKU Ha MUHUMAJIbHO IPHEMIIEMOM YPOBHE.
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AHHoTanmus. Pabora mocBsmieHa YHCICHHOMY  HCCIENOBAaHHMIO  TEIUIOOTAAYH B
HOPSMOYTOJIBHBIX ~ KaHAJlaX C  OJHOCTOPOHHHM  HAHECEHWEM  HETNyOOKHX  JIYHOK.
MaremaTnuueckoe MOJCIMPOBaHUE BBINOJNHEHO Ha Oase ypasHeHus Hasbe-Ctokca,
YPaBHEHUS HEpa3pbIBHOCTH, YpaBHEHMs SHepruu. s 3aMbIKaHHUSA CUCTEMBl ypaBHEHUH
ucrmonp3oBana  K-w-sst  momenb TypOysneHTHOCTH. UYHMCIEHHOE pelIeHHe IONyYEeHO C
HIOMOIIIBIO TIporpamMmHoOro makera Code Saturne, pacmpocTpaHsIeMOro Ha OCHOBE CBOGOIHOM
nuren3un. Jis MoCTpOeHHs CEeTKH MCIOJIb30BaICs MporpamMMHbiil maker Salome. B paGore
paccMOTPEHBI BOMNPOCH BepH(UKANM IOTy4aeMOro 4HCIeHHOTo pemieHus. Ha ©0ase
BBIIIOJJHEHHOTO YMCJIEHHOTO MCCJIEIOBAaHUS NPOBEJCHA OLIEHKa TEIUIOTUAPABINYECKOM
3¢ (QEeKTUBHOCTH HErNTyOOKHX JIYHOK pa3IN4HONH KOHQUIypauud Uil HPSMOYTOJBHBIX
KaHAaJIOB C OJJHOCTOPOHHUM HAHECEHUEM HETJTyOOKHX JTyHOK.

KnroueBble ciioBa: cBoOOAHOE MpOrpaMMHOE OOecHedeHHe, YHCICHHOE MOMASIHPOBAHHUE,
a3pOoIMHAMHUKA, TETUIO0OMEH, JTyHKH.
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1. BeedeHue

IIpu pa3paboTke TEMI0OOMEHHBIX amllapaToB Ha OCHOBE IEPCIEKTHBHBIX METOJIOB
MHTeHCUpHUKAIUK TemooOMeHa [l] dYHCIIeHHOE MOJAEIMPOBAaHUE SBISAETCA
Croco0OM CHIDKEHHSI BPEMEHHBIX M MaTePUAbHBIX 3aTpaT Ha MPOEKTHpoBaHHE. B
HACTOSIIEE BpeMs sl YUCIEHHOIO PEIIEHMs] TAKMX HAyYHO-TEXHHUYECKUX 3a/1ad
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IIIPOKO TMPHMEHSIOTCS MporpamMHbie Komruiekcsl OpenFoam u Code_Saturne,
pacmpocTpaHsemble Ha Oa3e cBOOOAHOM nneH3un [2,3].

Crnemyer OTMETUTbH, YTO IPOTPaMMHBIE KOMIUIEKCH cO CBOOOIHOH nunenH3ueit [2,3]
HUMEIOT OTKPBITHIN KOJ, 1 MOTYT OBITh Kak C TpaduueckiuM HHTEpdeticoM, Tak u 6e3
Hero. [Tpr 3TOM Ka)XABIi OTB30BaTENb MOI0MPACT TAKOW IPOTPAMMHBIN KOMIDIEKC,
KOTOPBIIl COOTBETCTBYET €r0 3aIpOCcaM M BOZMOKHOCTSIM.

OcHOBHOW 3ajaueil CO3JaHUS MEPCIEKTHBHBIX TEMIOOOMEHHBIX —allapaToB
ABISICTCA pa3paboTKa TAaKMX METOJOB HWHTCHCHU(DHUKAIMKA TEIUIOOOMEHa, It
KOTOPBIX POCT THIPABINYECKOTO CONPOTHBICHHUS OyAET HE CTONb 3HAYUTECIHHBIM
[1,4,5]. K Takum MeTongaM CiieAyeT OTHECTH HCIOIb30BAHHE BBHIEMOK pa3IHYHOI
KOoH(pUrypauuu: chepuueckre, TpaHIICHHBIE, IBYXIIOJIOCTHBIC, TaHTENIe00pa3HbIe
JYHKA U T.JA. [4-7]. [l cpaBHEHHS MapamMeTpOB BBIEMOK OOBIYHO HCMOJB3YeTCS
COOTHOIIEHHE KO3((UIMEHTa TEIIooTHayl K KOd(pQUIMEHTY THAPaBIMYECKOro
TPeHHs, OINpECISIoNIee TEeMIOIHAPABINYECKYI0 3(P(PEKTUBHOCT, MOBEPXHOCTH
TemiooOMeHa. Vcnosnb3oBaHWE MaTeMaTHYECKOTO MOZEIMPOBAHUS  MO3BOJISET
CHHU3WUTh YHCIIO SKCHEPHUMEHTAIBHBIX HCIBITAHWH M OLEHHUTh 3((EKTHBHOCTH
Ipe/aIaraeMpIX pEHICHHH Ha CTaaWd TNpOeKTHpoBaHus. IIpm 3TOM paspaboTka
HOBBIX DEIICHMH MOMET OCYIIECTBIATHCA HE TOJNBKO C IPHUBICYCHUEM
MPOTPAaMMHBIX KOMIUICKCOB Ha 0a3e cBOOOAHOHN smreH3un [2,3,8], HO u ¢
HCTIONIb30BaHUEM 00IaYHBIX CEpBUCOB [9].

Iporpammusiii kommeke Code_Saturne [2], BbIOpaHHBII aBTOpaMH B Ka4decTBE
MHCTPYMEHTA HCCIIEIOBaHMS, H3HAYAJIbHO pa3padaThIBaliCS C LENBIO0 PELICHUS
3aJad TUAPOAMHAMHKH M TEIUIOOOMEHa ISl SHEPTeTHYECKOro 000pYHOBaHUS
aToMHbIX ctaHiuid [2]. [Ipu 3ToM, MMeromuiics B HEM MaTeMaTHYEeCKH ammapar,
BO3MOXXHO  HCHOJIb30BaTh M TIPH  HUCCIENOBAaHMM CHUCTEM  oOecriedeHHs
MHKpOKJIMMaTa U uX 31eMeHToB [10], npu uccieoBaHuN €CTECTBEHHOH KOHBEKIIUH
[11], npu pa3paboTKe mepCreKTHBHBIX TeMI000MeHHbIX ammaparos [12,13]. Kpome
TOrO, COMJIACHO  JOKyMEHTAallMd, OSTOT IPOTPaMMHBIH  MPOJYKT  MOXKET
UCIIONb30BAThCSl  JUISl  YUCIEHHOTO  HCCIIEAOBaHUS  aTMOC(HEpHBIX TEYCHH,
AJIEKTPOMArHUTHBIX SIBIICHUH 1 IByX(a3HBIX MOTOKOB [2].

2. ®opmynupoeka 3adayu, pac4emHbie Cemxu

PaGora mocCBslieHA YUCICHHOMY MCCIICIOBAHUIO TEUYEHHs M TEIIoOoOMEHa B
NpsSMOYrOJIbHOM — KaHajle ¢  JBYMEPHBIMH  IOJKOBOOOPa3HBIMH  JIyHKaMH
oTHocuTenbHOM rnyounoi h/D<0.15, rae h — rny6una nysku, D — auameTp JyHKH.
Takue snyHkn cuuraioTcs HernmyOokumu [4]. B kauectBe pabouero Ttena 3a/aH
BO3JIyX.

2.1 MaTtemaTtn4yeckasi mogenb

MareMaTHueckoe MOJAETHPOBAHUE TEUCHHS M TEIUIOOOMEHAa BBINIOJHCHO B
nporpammHoM  komiuiekce Code_Saturne ¢ momomsio RANS  moaxona.
MareMaTnueckass MOJENb BKJIOYANTa B ceOsS ypaBHCHHE COXPAaHEHHS MAacChl
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(ypaBHEHHE HEPa3pHIBHOCTH), YpaBHEHHE COXPAHCHHUSI KOJMYECTBA JIBMIKCHHS
(HaBwe-CToKca), ypaBHGHHWE OHEPTHH, YpaBHEHHE COCTOSIHHSA. [Ipoekmuu Ha
KOOpJMHATHBIE OCH X, Y, Z ypaBHeHus 1Bwkenuss B ¢opme Hasbe-Ctokca:

,du oP a“au ﬂ a{ [au avﬂ a“au awﬂ
=Q0y——+— —diw — ||+ ==}
dt oX  OX OX oyl \oy ox oz|"\oz ox
LU Al I cCc | A Y Py v | A Y LR |
I e an e vy v e T e | e R e |

dw oP 0o (au awj 0 N oW 0 [&N 2 j
p—=0;, ——+—| Y —+— ||+ — |y —+— ||+ = — ——diw
dt ox ox| \oz ox oy| \oz oy 0z 0z

rie p — IIOTHOCTh; U,V, W — MPOEKIHH BEKTOpa CKOPOCTH IOTOKa Ha OCH X, Y, Z,

t — Bpems; Oy, Oy, §; — IPOEKUUH BEKTOpPAa BHENIHEH MacCCOBOM CHIIBI Ha
KOOpAMHATHBIC ocH; P — naBnenue; # — KO3GGUIMECHT JUHAMUYECKOH BI3KOCTH;

YPaBHeHI/Ie HEPA3pbBIBHOCTH B BHUAY OTCYTCTBUA IIPpU PCHICHHUHN IIOCTaBJICHHOU
3aAa41 UCTOYHUKOB MACChl IPUHUMACT BUA!

do . i

— +div (pV])=0 i
il ’
YpaBHEHHE SHEPrUU:

P§=—div q")+q’”—PdiV67)+s* ' X

n ~ ”n
rue e — BHYTPEHHss dHeprus; (" — BEKTOp IOTOKA TEeIUIOTHI, paBHbIA (" =—AVT

[2,14]; 9" =0 - TemoBas MOIMHOCTh BHYTPEHHHX WCTOYHHKOB TEILIOTHI;
A — k03 QUIHMEHT TEIUIONPOBOHOCTH; T — TEMIIEpaTypa.
HuccunatuBHas GyHKIMA S omnpezensercs Beipakenuem [2,14]:

s E@“T 5355 58] 33
=2 — | +H| = | +|— | |+ + — | =+ -
oX oy oz ox oy oy oz oL ox

, (4)
oau ('?v . ow
x 8y o) |
Tak, kak B KadecTBe paboduero Teja paccMaTPHUBAJICS BO3AYX, TO YpaBHECHHE
COCTOSIHHS IPUHUMAJIO BU ypaBHeHus: Menneneesa-Kiaiinepona [14]:

P Ry

T, (%)
P mg

rac Rm — YHUBECpCaJibHas ra3oBas MOCTOAHHAS, mg — MOJICKYJIsIpHas Macca rasa.
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B RANS mnoxxome manst 3ambikanus guddepeHiuansHbIX  ypaBHEHHH ObLia
ucnons3oBana k- Sst mozens TypGynentHocTH [15], BBIGOp KOTOPO# 00yCIOBICH
OTBITOM HYHCJICHHBIX HCCJICJOBAaHUN aBTOPOB, a TaKKe MO pPe3yJabTaTaM aHaju3a
pabor [6,10,11,12,13,16].

YucneHHOE pelIeHre MOJTYYeHO METOI0M KOHEUHBIX 00BEMOB, B paMKax KOTOPOTO
YpaBHEHUsI HHTETPUPYIOTCS 0 KaXIOMY KOHTPOJIbHOMY 00bemy Q; ceTku [2].

2.2 YcnoBusi MopenupoBaHMA M XapakKTepHble MacwTabbl
3apaum

YuCcIeHHOE WCCIICNOBAHHE TEIUIOOOMEHA W THAPABIMYECKOTO COMPOTHBICHHS B
KaHaJle MOAKOBOOOPA3HBIMU JYHKaMH BBIMOIHEHO JUIsI MPSMOYTOJBHOTO KaHaia
(puc. 1) ceuennem axb=150x150 mm u mmmHo#t L=1000 mm. OmHa H3 CTEHOK
KaHala WMEeT [MOAKOBOOOpa3sHbIe JYHKH C OTHOCHTEJIBHOH  TIIyOWHOM
h/D=2/17,913=0,111<0.15, mmomans mnaTHa JyHKH cocTaBiasier 252.02 MM,
PacnonoxeHne JyHOK Ha CTEHKE — KOPHIOOPHOE, B TPH psifa, MPOAOIBHBIA H
HOMEePEYHbIH mar Mex Iy JiyHkamu coctaBisieT 50 mm. KonudecTBo nyHOK B 0JHOM
psifly 1O JMHE KaHanma cocTaBisieT 20 INT, HA CTCHKE JIYHKH BBIIOJIHCHBI B TPU
psima. Ha puc. 1 Take mpencTaBiIeHbl TEOMETPUUCCKHE XaPAKTEPHCTUKH JIYHOK U
UX pa3MEIICHHe Ha IOBEPXHOCTH KaHAIIA OTHOCHTENBHO APYT APYra.

25.5 3255
22
@85
1 ]
of /7 %a.s
4 885 .5

25—~

()

Bal, o

85

50

(D
4

¢17.913 #17.913

50

O

332



IpiHaeBa A.A., Pazopenos C.E., Benast B.B. Unciennoe ucciiejoBaHue TEIUIOOTAAUH B KaHANAX ¢ HENIyOOKUMU
noaxkoBoobOpasHeiMu IyHKamu. Tpyost UCIT PAH, 2017 ., Tom 29, Beim. 5, ctp. 329-344

]

45

Puc. 1. Kongpueypayus kanana u bleMok Ha e20 nogepxnocmu kanana: (a) obwuti 6uo
pacuemnoti oonacmu: 1 — 6xo0; 2 — 6v1x00; 3 — 0bozpesaemasn cmeHka KAHANA C
Heanybokumuy IyHKkamu, 4 — neobozpesaemvie cmenku kanana 6e3 iyHok, (0) npocmole
nookosoobpasnvie 2d nynku, (8) yurunopuueckue ayuxu, (2) n00k0800bpasHvle HAKIOHEHHbLE
K nomoky na 45 epadycoe 2d nynxu
Fig. 1. Configuration of the channel and notches on its channel surface: (a) general view of
the calculation area: 1 - input; 2 - output; 3 - heated channel wall with shallow wells; 4 -
unheated canal walls without holes; (b) simple horseshoe-shaped 2d wells; (c) cylindrical
wells; (d) horseshoe-shaped inclined to the flow at 45 degrees 2d wells

s anamuza 3QeKTUBHOCTH pa3pabOTaHHONW KOHCTPYKIIUH IOJAKOBOOOpa3HOU
JYHKA TMPOBOJMJIOCH CPaBHEHHE MapaMeTPOB C TIOKA3aTeIAMH TEILIOOOMEHA W
TpeHus ISl KaHaua C [IHHAPHYSCKUMHU IYHKAMU TOHM JKe IUIOMaAM MSTHA W
TITyOUHBI

Onucanue yCJ'IOBI/II\/'I MOACJINPOBAHUA, B TOM YHCJIC TPAHUYHBIX yCHOBHﬁI Ha BXOJI€C B
KaHal 3a7aBajach CKOpoCTh moToka (Ugg=15;10 m/c), HampaeienHas 110

HOpMaJIM, Ha BbIXOAC W3 KaHajla 3aJlaHbl YCJIIOBUA CBO6OI[H01"O HUCTCYCHHUA B
OKPYKaromyrn cpeay, CTCHKHU KaHalJla IOJiarajuCb TIJIaIKMMH, Ha 060rpeBaeM0171
CTCHKC C JIYHKaMH 3aJlaBajiiCb YCJIOBUA BTOpPOro pozaa, TEIUIOBOM IOTOK K

oborpesaemoit crenke (mo3. 3, puc. 1, a) gy, =500 BT/M2, Ha HEoOOTrpeBaeMbIX
creHKax (mo3. 4, puc. 1, a) q,, =0. Pacuer nposenen npu kpurepun Pefinomnsaca
Re| =11278, Re; =56390, Re;=112782, | - ruapaBiauyeckuii JUaMeTp

MPSIMOYTOJIEHOTO  KaHaja I:2ab/(a+b), B kadectBe pabodero Tema NPUHST

BO3lyX, KOIQOHUIMEHT  KUHEMATHYECKOW  BSI3KOCTH v=13,28-107° M2/c;

¢p =1005 JIx/kr, yCKOpeHUue CBOOOJHOrO MajeHus g=9,81M/cz. Tak kak mo

HpeJBapuUTEIbHON OLEHKe NpousBelneHue kputepues Gr - Pr >106, TO BJIMSIHUE
BHEIIHMX MAacCOBBIX CHJI Heo0Xoammo yuuteiBath [17]. Dta oueHka Obuia B
JlanbHEHIIeM TOATBEPKICHA B pe3yJsIbTaTe YHCIEHHOTo uccienoBanus. [1moTHoCcTh
MOTOKA OTPeIeIISIeTCS TEMITEpaTypoit B cootBeTcTBHM ¢ ypaBHenueMm (5). 3amanue
TPaHUYHBIX YCIIOBHUIT OCYIIECTBISUIOCH B IporpaMMHOM Komiuiekce Code_Saturne.
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2.3 InckpeTusaumus pacyeTtHom obnacrtu

ITocTpoeHne ceTku OBLIO BEIIONHEHO C TIOMOIIBIO OTKPBITOW WHTETPUPYEMOM
marpopmer Salome [8]. Jlmst cosmanust 3-d 31IeMEHTOB HCIONB30BANICS AITOPUTM
Tetrahedron (3D), mapamerps! omnpenessnch mo Netgen 3D Parameters: Netgen
1D-2D ¢ muanMansHEIM pazmepom 0,002, makcumanbsHEIM pazMepom 0,005. Kpome
TOTO, BOJNW3M CTEHKH C HEITyOOKHMH JIyHKaMHU BBINOJHSUIOCH JONOJIHUTEIBHOE
CTYIIICHHE CETKH, Ha MOBEPXHOCTU CTEHKH CETKa BBINOJHAIACH M3 TPEYTOJBHBIX
anemMeHToB [6]. Ha puc. 2 mnpencraBieH aHajdM3 3aBUCHMOCTH BpPEMEHHU
JMCKPETH3AIMH ty,, PacueTHON 00IACTH M BPEMEHM MOJNY4eHHs peuenus t,, oT

KOJIMYCCTBA A4YCCK Ne| .

107 10°

y Ve
/
’/
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/A
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™
% 4
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/ A
7 \'\
/ *
/
/
&
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4 5 6 7
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Puc. 2. Xapaxmepucmuka ouckpemusayuu pacuemnou obnacmu: 1 — zampamol 6pemenu Ha
auc1<pemu3auuio pacqemnoﬁ 06]!616’7}11,{,' 2- sampamaul 6pemMenu Ha nojyyeHue 4YucienHoco
peuienus
Fig. 2. Characterization of the discretization of the computational domain: 1 - the time spent
on the sampling area; 2 - the time required to obtain a numerical solution

Pasmeprl sueex ompenersuIich W3 COOTHOUIEHHS BPEMEHM JIUCKPETH3AlMU H
BPEMCHH TMIOJYYCHUSA YHCICHHOTO pPCEHICHUA TIPpU COXpPAaHCHUU HpHeMHeMOﬁ
TOYHOCTH pacueTa [6], 4TO OCHOBaHO Ha UMEIOLIEMCS Y aBTOPOB OIBITE YHCICHHOTO
MOJIETUPOBAHUS 3a/1a4 Mo00HOTO TUMa (cM. paboTy [6]). MccnenoBanue ceTOUHOM
CXOAUMOCTH TIPpU  MOJACIIUPOBAHHMU TCYECHHUA B IMPAMOYTOJIBHOM KaHaJIC C
HCFHy6OKI/IMI/I JIJYHKaMH 110 Ol]HOﬁ U3 CTCHOK BBIIIOJHEHO OJHMM H3 aBTOPOB
(IIprHaeBoit A.A.) B pabore [6]. B pesympraTe wHcclIeqoBaHHS CETOYHOM
cxomuMocTH B pabore [6] BeisBIeHO, uTo npH Ng =700000 nanbHeitmee
YBEIMYEHNE KOJIMYECTBA PACUYETHBIX SYEEK CETKM HE BIMSAET Ha KadeCTBO
nomydaemoro pemenus. Ilpum kxommdectBe sueek Ngj <500000 wabmromaroTes
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(bIyKTyanmuu CKOpOCTH TIOTOKa B NMPHUCTEHOYHOH obmactw [6]. PesympTaThl 3TOTO
UCCIENOBaHMsA  JOKJiaibiBamkck Ha  KoH(pepenmuu — OpenClouds 2015,
opraamsoBanHoit VICII PAH (r. Mockga, aek. 2015 r.). B 310l CBA3M, B HaHHOM
paboTe MmpecTaBlIeHbI Pe3yIbTaThl MOACIUPOBAHUS IJIsI IPSIMOYTOIBHOTO KaHAla C
HernyOOKMMM JyHKaMHM ans ceTku ¢ Ng =77/6904 00BEMHBIX 3JIEMEHTOB.

YaenpHOE KONMWYECTBO SUEEK Ha JUIMHY pacdeTHOH O0OJacTH  COCTAaBUIIO
Nel = Ng/L=776904/1 =776904 .

I'paHnuHBIC YCNOBHS 3aJaBalNCh C TOMOIIBIO MHCTPYMEHTApHs NPOTPAMMHOTO
maketa Code Saturne [2,6] w omnmcansr panee. B pabore wncmonabp3oBajcsa
rpaduyeckuii uatepdeiic mporpammuoro nakera Code Saturne [2,6], BerUHCIEHUS
NPOU3BOAMINCH HAa KOMIBIOTEPE CO CICHYIOIMUMH XapakTepuctukamu: Intel
Corei5, uerpipe sapa, 4 I'6, 2,6 ITu. Jlna paspemieHuss Moasl AaBICHUS
ucroJb30Banach cxema Multigrid, Taxoke, kak B pabote [6], IS TOJISI TEMIIEPATYPBI
W Ul CKOPOCTH, ISl KHHETHYECKOW SHEprHU TypOyJEHTHBIX MyJbCaluil U s ,
NMPUMEHEHBI AaBTOMaTHYECKHE HACTPOHKH, MaKCHMAJIbHOE KOJIMYECTBO UTEPALUH 110
KOKIOMY LUKy 3agaHo paBHeiM 10000, TO4YHOCTH pelnatens Onpeaessiach
Benmumuoil  paBHoit  10%, Cxema Multigrid Gasmpyercs Ha npuMeHeHHH
MOCJICI0BATEILHOCTH YMEHBINAIOIINXCSI CETOK, a TAK)KE OIIEpaTopOB, MO3BOJISIOIINX
OCYIIECTBIISITH TIEPEXO OT OTHON CETKH K APYroi. UnciieHHOE pelIeHne OoIydeHO
UTEPAllIOHHBIM METOJIOM, IIAr IO BPEMEHHW ONPENENUICS B 3aBUCHMOCTH OT
CKOPOCTH TE€YEHUs], MPOAOJDKUTEIBHOCTh YUCICHHOTO DKCIIEPUMEHTA OIIPEeIsiach
BPEMEHEM TPEXKPATHOTIO MPOXOKAEHHS pabouero Tejia B KaHalle, MaKCUMaJbHOE
3HaveHue uncia KypaHTa mpHHHManoch paBHBIM ISATH. MaKCHMalbHBIM LIar 1o
BpEeMeHH ObLJI ONPEIEIICH U3 CIEAYIONIETO BhIPAKEHUSL:

ATmax :M’ (11)

Ugo

rae Al — nuHEHHbIA pasMep sYeiKn pacyeTHON CETKH; Ugq — CKOPOCTh NOTOKA Ha

Bxoze B kaHan; Cr — umcno Kypanra. MakcumansHoe 3HadeHue uucia KypaHta
orpanndeHo BenmunHoit Cr=5. DT0 omnpexensercs ¢ TeM, 4TO JJIsl CBS3aHHOTO

peliieHnsl ypaBHEHHWi OanaHca WMIyIbca W HEPa3pbIBHOCTH ObUT MPHMEHEH
amroput™ SIMPLEC [2].

3. MMpoeepka adekeamHocmu

IIpoBepka afgeKBaTHOCTU UYHUCIIEHHOTO PEIICHHs BBIMOJHATIACH IMYTEM CPAaBHEHUS
pe3yabTaTOB  MAaTeMaTHYECKOrO0  MOAEIMPOBAHUS € OKCHEPUMEHTaIbHBIMU
UCCIIEIOBaHUSAMU.

Bo-nepBbIX, NPOBOAMIOCH CPaBHEHUE PACCUMTAHHBIX U OKCHEPUMEHTAIBHO
OINpPENENEHHBIX adPOANHAMMUYECKHX XapaKTEPUCTHUK [ TEYEeHUs B KaHale C
HerIyOOKNMH TaHTeIe00pa3HBIMU JIyHKaMH. DKCIIEpUMEHTHI IPOBOIMIINCE Ha Oase
a’poauHaMuyueckord TpyOsl kadenpsl «TemnorazocHabxkenus» @OI'BOY BO
CamI'TY. PesynbraTsl CpaBHEHHUs  OKCIEPUMEHTAIbHBIX M  MOJAEIBHBIX
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adPOJMHAMHYIECKUX XapaKTEPUCTUK OIyOJIMKOBaHBI aBTopamu B pabortax [18,19].
IIpz cpaBHEHWH a’pOAMHAMHYECKHX XapaKTEPUCTHK IIOTOKA PAacXOXKICHHE
pacUeTHBIX M  OSKCIIEPUMEHTANBHBIX 3HAYCHWH HAXOTWIOCH B  IIpenenax
MOTPEIIHOCTH 3KcriepumMenTa [18,19].

Juis mpoBepKM KauyecTBa peIIeHWS IPH HAIHYHMH TEIIo00MEHa IPOBEACHO
CpaBHEHHE PACCUMTAHHBIX M JKCIIEPUMEHTAIBHO OIPENeICHHBIX XapaKTePUCTUK
TEIUT00OMEHA B Y3KOM HPSAMOYTOJEHOM KaHajle ¢ HEerTyOOKMMH HWIHHAPUICCKAMHU
JYHKaMU TpH pa3jM4yHBIX IapamMerpax TedyeHus. B 3Tom ciydae, ObuH
ucnob3oBanbl skcriepumentsl KHUTY um. Tynonesa-KAU (r. Kazans) [20].
Okcnepument B KHUTY um. Tynonesa-KAU (r. Kaszanp) [20] ObL1 BBIMOTHEH 115t
IENICBOr0 KaHama ¢ cedeHneM axb=2x96 mm u mnuHOit L=196 MM, nyHKH
WIMHAPHYECKHE ¢ oOcTpoil kpomkoi ¢ h=1,6 mm, D=16 wmm, h/D=0.1,
PacIoJIOKCHBI BHIEMKH B IIAXMATHOM TOpSIKE ¢ IiaroM 8§ M, pabodee Teilo —
Bo31yX, Re| =200..20000. B pabore [20] Taxke NpeAcTaBIEH pe3yJbTaT
0000IIeHNsT TO KPHUTEPHATIbHON 3aBHCHMOCTH AKCHCPUMCHTANBHBIX JTaHHBIX
KHUTY um. Tynonesa-KAU no temnoornade s KaHajaoB ¢ LUMIMHAPUYECKUMU
BeleMKamu ipu Re; =2500...20000 :

0.85 0.07

Nu = 0.0164 - Re,”%°- (h/D)**7, (12)
Nu — xpurepuii Hyccensra, Nu=a'-1/4; o' — xoapduuuent rermoornauu;
| — xapakTtepHbBIi pasmep, M; A— KO3(OHUIHEHT TEIIONPOBOAHOCTH pabouero
Tena.

Tak kak 3TH pe3ynbTaThl HE OBUTH aBTOpaMH OIyOJIMKOBaHBI paHee, TO CpaBHEHUE
pacyeTHbIX U IKCIEPUMEHTAILHBIX XapaKTePUCTHK TEIUIO0OMEHa MPECTaBIeHO Ha
puc. 3. AHanu3upys, NpeiCTaBICHHbIE Ha PUC. 3 PE3yJbTaThl, CICAYET OTMETHTH,

qTo Ha6J’IIOI[aeTC$I JOCTATOYHO Ka4YCCTBCHHOC COOTHOMICHUE PE3YJILTATOB pacye€Ta C
OKCIICPUMCHTAJIbHBIMU JAHHBIMU, HO UMCIOTCA U HEKOTOPBIC PACXOKIACHUSA.

Ilpn Re; =3000 pacxoxneHue He npepbimaeT 10 NPOLEHTOB, Jajee PacXokIeHHe
yBenuuupaercs, Ho npu Re| =12000 BHOBBL cHumkaercs. Takoe paccornacoBaHue

JaHHBIX CBs3aHO, Mo-BUAMMOMY ¢ TeM, uto mpu 2300 <Re; <10000 pexum

TE4YEeHHUs SBIAETCS mepexonHbM. OAHAKO pacXOoXXJEHHE He IpeBbImaeT 25
OPOIEHTOB. B 3TO# CBfA3M, YKMCIICHHOE WCCIICIOBAaHHE TEIIOOOMEHA B KaHaje C
HEeTTyOOKHMH IOJKOBOOOPA3HBIMHM JIYyHKAMHM OTPaHMYEHO pe3yiabTaTaMH s
pa3BUTOTO TypOyJleHTHOTO pexknMa TedeHms mpu Rey >>10000 , xkak Hambonee

pacopoCTpaHCHHOT' O, I1I0 MHCHUIO aBTOPOB, MJI TEII000MEHHBIX anrapartosB.
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100

Nu a1

3000 Rel 30000

Puc. 3. ﬂaHHble no mennoomoaue C yuemom paseumus n06EPXHOCMU NPU HAJIUYUU 6bIEMOK.
1 — pesynomamet pacuema (12) no kpumepuanvnoi sasucumocmu [20]; 2 — sxcnepumenm
KHUTY um. Tynonesa-KAH [20]; 3 — uucnennsiii pacuem asmopos ¢ Code Saturne
Fig. 3. Heat transfer data taking into account surface development in the presence of
depressions: 1 - calculation results (12) according to the criterial dependence [20]; 2 -
experiment Knitov. Tupolev-KAI [20]; 3 - numerical calculation of authors in Code Saturne

4. Pesynbmambl  YUuC/IeHHO20 ModeslupogaHuss U  Uux
obcyx0deHue

YucneHHOE MOJIEIMPOBAaHUE BBIMOJIHEHO IS TPEX THUIIOB pacyeTHOi oOsacTu:
NpsSMOYrOJILHOTO  KaHajla ¢ LWIMHIPUYECKMMH  JYHKaMHu, KaHaja C
MOAKOBOOOpasHeIMU JyHKamu [19], kaHama ¢ MOJKOBOOOpAa3HLIMU JYHKAaMH,
MOBEPHYTHIMH K TIOTOKY Ha 45 rpaaycoB (cm. puc. 1).

Llenbr0 YHMCIIEHHOTO MOJICIMPOBAHMUS SIBJSUICS aHAJIM3 TEYEHHs U TeIIooOMEHa B
OpSIMOYTOJNIBHOM KaHale ¢ HEriayOOKHMH TOAKOBOOOpasHbIMH 2d JTyHKAMH st
OIIpe/IeIeHUs! TeTUIOTUIPaBINYecKol 3((HEKTUBHOCTH KaHAJIOB C TAaKMMHU JyHKaMH.
Jnsi  KOpPpeKTHOro  CpaBHEHHWs  TeIUIOTHIpaBindeckod  3ddexkTuBHOCTH
MOBEPXHOCTEH C PAa3NMYHBIMU JIYHKAMH OBLTH BBIMOJHEHBI CICAYIOIINE YCIOBUSL:
omunakoBass rnyomna (h/D=0.11, h=2 mM) nyHOK, paBHBbIE IUIOMIATH «IISATHAY
HcceyeMbIX JTyHok (Sp=252.02 MM?), OJXMHAKOBBIN THIT PACTIONOKEHHS M 9HCIO
psioB styHOK (N=3).

[anee moka3aHbl pe3yJbTaThl YUCICHHOTO MCCIICIOBAHUS TEUCHUSI M TEIUIOOOMEHa
B KaHasle ¢ HerryOokumu JyHKamu (puc. 1). Ha puc. 4 npencraBieHsl 3HaUeHHS
TEeMIIepaTypbl CTEHKHM KaHaJla Julsl LEHTPaJbHOTO psijia JIYHOK, OCpPEIHEHHBIE IO
IO JTYHKH:

t-FE
thound :%1 (13)
1
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rae  thound CpelHsis TeMmIepaTypa CTCHKH Ui JyHKH; F; — Iuiomans
IMMOBEPXHOCTHU quﬁKH; tl — TeMmIreparypa CTCHKU B i'TOﬁ sTueiiKe CCTKH,
>FK=S p — TUIOMIAh TIATHA TYHKH.
ound® & - a 1
K I L ag o | R = " s
A O- ~ 0o A
30— a-3 Tt e 120078 Rwalatas
A ., +* =} *
st 15 Daf L ecaete o
_ : . . . : ? M
20 Lt g
. 10 1+
2
10 : : 5 s
. 0.4 0.6
0 02 04 06 08 08 . m
a) 0)

Puc. 4. Temnepamypa oua aynku (a) ons Rei=56391, (6) oz Re;=112782:
1 — nookoeoobpasnas rynka; 2 — YyuiuHOPUYECcKas iyHka,; 3 — OOKOB0OOPA3HAsL IYHKA,
NOBEPHYMAsk OMHOCUMENLHO NOMOKA Ha 45 2padycos
Fig. 4. The bottom of the well temperature (a) for Rel = 56391, (b) for Rel = 112782:
1 - horseshoe hole; 2 - a cylindrical hole; 3 - horseshoe hole, rotated relative to the flow by

45 degrees
Kax BunHO 13 puc. 4, KOHCTPYKLHMSI JIYHKH ONIPEAEISAET TEMIIEPATYpy MOBEPXHOCTH
JIYHKH.
Bennuunna JIOKAJIBHOI'O KOS(I)(l)I/IL[I/IGHTa TECILIOOTAAYN OoIpeacisiiacb 110
BBIPAKCHUIO!:
a'= q/(tbound —ts )! (13)

. . 2.
rae (— yAeNnbHbII TEemIoBOH MOTOK OT CTeHKH, BT/M”; Ty — Temmneparypa notoka,

orpezernseMas Ha OCH IOTOKa HaJl IyHKOH.

3HaueHHMs1 JIOKAJIbHOTO KO3 (GUIKEHTa TEIIOOTIaYH ISl LIEHTPAILHOTO psijia JIYHOK
MOKa3aHbl HAa pHUC. 5. AHAJIU3UPYyS pHUC. 5, cleAyeT OTMETUTh, YTO HaMOOJIbIINE
3HaueHMs  Kod(UIMEHTa  TEIUIOOTHAuYM  XapakTepHBl  JUId  KaHajga C
MoaKOBOOOpa3HbIME JNyHKamu (puc. 1, ©). [nsa moBepHYyTHIX Ha 45 TpamycoB
OTHOCHTEJIFHO TMOTOKa ITOJKOBOOOPA3HBIX JIYHOK W JUISI IWIMHAPUYECKUX JYHOK
K03((ULINEHTHI TEIUIOOTJauH 110 BEIMUYMHE OKA3bIBAIOTCS OJIM3KUMHU.
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Puc. 5. Koagppuyuenm mennoomoauu (a) o Rej=56391, (6) ors Rej=112782 : 1 —
NOOK0800OPA3HAs NYHKA, 2 — YUNUHOPUYECKAsL TYHKA, 3 — NOOKO80OOPA3HASL IYHKA,
NOBEPHYMAsL OMHOCUMENbHO NOMOKA Ha 45 epadycos

Fig. 5. Heat transfer coefficient (a) for Rel = 56391, (b) for Rel = 112782: 1 - horseshoe
hole; 2 - a cylindrical hole; 3 - horseshoe hole, rotated relative to the flow by 45 degrees

Ha puc. 6 mpencraBiieHbl pe3ysbTaThl YUCICHHOTO HccienoBaHus 3(deKkTuBHOM

TEIJIOOTAAYN )58 THUAPOCONPOTUBIICHUA JJIs1 IpAMOYTOJIbHBIX KaHaJIOB (&
OJTHOCTOPOHHHMM HAaHECEHHUEM HEeTJTyOOKHX JIYHOK pa3inuHoi reomerpuu (puc. 1).
700 y 0.05
-1 — 1
-2 4: —g--2
a-=3
Nu Z\ s -3
y ’u 0.04 AN -
0.03
&
70 002 o 5
11278 Re, 112780 10 3100 5100 710 910" 11100 1310 Re,
a) 0)

Puc. 6. Pesynomamel wucaenno2o mooenuposanus (a) oannvie no menioomoave, (6) danmvle
no eudpagiuieckomy conpomugienuio. 1 — nookosoobpasunas nyuka; 2 — yurunopuieckas
JYHKA; 3 — N0OK0B80OOPA3HASL IYHKA, NOGEPHYMAsL OMHOCUMENbHO NOMOKA Ha 45 2padycos

HOJ'Iy‘ICHHLIC PE3YJbTAThl I[MOKa3aJiu, HYTO KO3(1)(1)I/IIII/ICHTLI TCIJIOOTAAQYHU B

paccMOTpeHHOH 007acTH  M3MEHEHMs CKOpocTH ToToka (Ugy =1..10 m/c)
Re=11278...112780 nna kaHasa ¢ NOAKOBOOOpasHBIMH JyHKamu (puc. 1, 0)
OKa3aJIMCh BBIIIE, YeM Ul KaHaja ¢ [UIMHAPHMYECKUMH JyHKamHu (puc. 1, a) win
MOAKOBOOOPa3HBIMU JIYHKaMH, ITIOBEPHYTHIMH K IOTOKY Ha 45 rpamycos (puc. 1, B).

Koaunment ruppaBindeckoro CONpPOTHBICHUs KaHajla C OJHOCTOPOHHUM
HaHECEHHEM HeTIIyOOKHX MOIKOBOOOPA3HBIX IMMOBEPHYTHIX K MOTOKY Ha 45 rpasycos
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nyHok (puc. 1, B) or 11 mo 15 mpomeHTOB BhINIE, 4YeM JUId KaHajga C
[MIMHOPUYECKUMU JIyHKamH (puc. 1, a). I'mapoconpoTuBiieHHMEe KaHana C
MOIKOBOOOpa3HEIMH JTyHKaMH (puc. 1, ©) TONBKO [0 5 TPOLEHTOB BHINIE, YEM
COIIPOTHBIICHHE KaHAJA ¢ LWIMHAPUYCCKUMH JIyHKaMH. [Ipu sToM Koddduument
TEIJIOOTAAYHM ISl KaHaja ¢ MOJKOBOOOPa3HBIMH JIyHKaMH J10 15,6 npolieHTa BhILLE,
yeM JUIs KaHaja C IWJIMHAPHUYECKUMH JIyHKaMH. AHalu3 TEIUIOTHAPaBINYECKOi
3¢ (PEeKTUBHOCTH KaHAJIOB C OJHOCTOPOHHMM HAaHECEHHEM HErIyOOKUX JIyHOK
pa3nuuHOil  KoH(Wrypauuum 10  pe3yibTaTaM  YHCJICHHBIX  HCCIEAOBaHMI
IIPEJICTaBJICH Ha pUC. 7.

315-10'

Nu

g

21510"

115-10°

015-10°

1ot 310t 510

7100 910° 11100 1310 Re

Puc. 7. Ananuz mennozudpasnuueckoi 3pghexmueHocmu KaHaio8 ¢ 00HOCMOPOHHUM
HaHeceHuem He2yOoKux IYHOK: 1 — nookogoobpasuas nynka, 2 — yunuHOpuYeckas 1yHKa;
3 — nodKk0800OpasHas IYHKA, NOGEPHYMASI OMHOCUMENLHO NOMOKA HA 45 2padycos
Fig. 7. Analysis of thermal and hydraulic efficiency of channels with one-sided application of
shallow holes: 1 - horseshoe hole; 2 - a cylindrical hole;3 - horseshoe hole, rotated relative
to the flow by 45 degrees

Kak BupHo wu3 puc. 7, remnorunapasiuyeckas 3((eKTHBHOCTh KaHama C
MOAKOBOOOPa3HBIMH JYHKaMHU BBIIIE, YeM KaHAIA C LMIHHIPUYECKUMH JIyHKaMH
WU C TTOJIKOBOOOPA3HBIMH JIyHKaMH, TIOBEPHYTHIMH K MOTOKY Ha 45 TpaaycoB NpH
Pa3BUTOM TypOyJICHTHOM TE€UEHHH IOTOKA.

5. 3aknroyeHue

Ha 6a3e otkpsiToro makera Code Saturne mpoBeAeHO YHCICHHOE MOJACIHUPOBAHUE
TEUEHHsI U TEIIOOOMEHa B NMPSMOYTOJbHOM KaHaJIe OJJHOCTOPOHHMM HAaHECCHHEM
HerryOOKux JiyHOK. IIpoBeseHa OILlEHKAa IOCTPOEHHSI KayeCTBEHHOM pacdeTHOH
CeTKM TNPHUMEHUTEIBHO K TEYEHHSIM B KaHajlaXx C HErayOoKMMH JyHKamHu. [lo
CPEICTBY CpaBHEHHS pe3yJIbTAaTOB YHCICHHOTO M (PH3MUECKOrO SKCIEpUMEHTa
BBIIIOJIHEHA MPOBEPKAa aJEKBAaTHOCTH pa3pabOTaHHOW MOJENH, IIOKa3aBIIas
aJIeKBaTHOCTh BBIOPAHHBIX METOJOB 1 HHCTPYMEHTOB YHCIIEHHOTO HCCIIEIOBAHUS.
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B pesympraTe mHccienoBaHMA BBIABIEHO, YTO B KaHajlax C HErIyOOKHMH
MMOJIKOBOOOPa3HBIMH JTYyHKaMH 3(PQPEKTUBHOCTh TEIUIOOTHAYM 10 15,6 MpOIEHTOB
BBIIIE, YeM B KaHAJIAX C [HIMHIPUYECKUMH JTyHKaMu. [Ipu 3TOM ruapaBinygeckoe
COIPOTHBIICHHE KaHala ¢ IOJAKOBOOOPAa3HBIMH  HEITyOOKHMMH  JIyHKaMH,
BBINIOJTHEHHBIMU Ha OJJHOM W3 €ro CTOPOH, OKa3bIBAeTCS IO 5 INPOIIEHTOB BBHIIIE,
CONPOTHBJICHHSl KaHala C IWIMHAPUYECKUMH JyHKamu. Tak, mpu Re=11278
k03¢ duimeHT rugpasnundeckoro tperus papeH & = 0.0487 | mpu Re=56390 Tonbko

¢ =0.03, npu Re=112780 cocrasnsier & =0.0255 . Tak uTo TeroruapaBiInIecKas

3(h(eKTUBHOCTh KaHaja C IOAKOBOOOpPA3HBIMH JIYHKAMH BEIIMIE 3(PPEKTHBHOCTH
KaHaJa ¢ LWIMHAPHYCCKUMH JIyHKaMd. Kpome Toro, Iony4eHHBIE IaHHBIC
NOKa3ajM, YTO HAKJIOH IIOJKOBOOOPAa3HBIX JIYHOK IO HANpPAaBICHUIO K IIOTOKY
3HAYUTEJHHO CKa3bIBACTCSl Ha BEIMYMHE TUAPABIMYECKOTO CONPOTUBICHHUS U
MHTEHCUBHOCTH  TemwnooTrnauu.  Okasanoch,  4YTO  TEIUIOTHIpaBIIMYECKas
3 PEeKTUBHOCTH KaHaJIa CYIIECTBEHHO 3aBUCUT HE TOJILKO OT KOH(HUTYPALUH JIyHOK,
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Abstract. Numerical investigation is focused to heat transfer of rectangular channel with
dimples. Developed model was tested for adequacy by simulating of experiment, conducted
by Kazan National Research Technical University named after A. N. Tupolev — KA.

342


mailto:bonyparkery@gmail.com

[1]

[2].
[3].
[4].

[5].

[6].

[71.

[8].
[9].

IpiHaeBa A.A., Pazopenos C.E., Benast B.B. Unciennoe ucciiejoBaHue TEIUIOOTAAUH B KaHANAX ¢ HENIyOOKUMU
noaxkoBoobOpasHeiMu IyHKamu. Tpyost UCIT PAH, 2017 ., Tom 29, Beim. 5, ctp. 329-344

Numerical model was verified too for adequacy by reproducing of experiment by A.
Tsynaeva, S. Razorenov. The test has been held with Reynolds number Re=3000...30000.
The results was found in enough agreement. The heat transfer in rectangular channel with
shallow curly dimples was modeled with source Code_Sarurne. Numerical modeling are
based by RANS approach with k-w SST model. The study was conducted to air (v=13.28 10®
mé/s, cp =1005 J/(kgK) ). The 3D computation domain was meshed with source Salome

by version 7.6.0. The SIMPLEC algorithm are used for U-p calculation. Generation time of
mesh and calculation was estimated. The study of heat transfer was demonstrated by
efficiency of curly dimples. Developed model shows heat transfer advantage up to 15.6 % of
curly dimples over cylindrical ones of the same depth (h/D=0.11, h=2 mm) and contact patch
area (S = 252.02 mm?).
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